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ABSTRACT 
Objective(s): The current research focused on the development of a Cremophor-free Paclitaxel (PTX)–Calix[6]arene (C6A) inclusion 
complex. To determine its apparent aqueous solubility and in vitro cytotoxicity against MIA-Pa-Ca-2 pancreatic cancer cells. 

Materials and Methods: An optimised PTX–C6A inclusion complex (3:5 mole ratio) was synthesised through physical mixing, and the 

drug loading was estimated using a validated HPLC technique. The physical characterisation of the inclusion complex was performed 
using FTIR, DSC, XRD, FESEM, and EDX techniques. The aqueous solubility of the complexes was comparatively studied at pH 6.8 

and 7.4 using the UV-visible spectrophotometer technique, and their cytotoxicity in vitro against the MIA-Pa-Ca-2 cell line was evaluated. 
Results: The optimised 3:5 inclusion complex (IC) showed 84.7 ± 0.2 % (n=3) drug content, which was calculated using the HPLC 

technique. The inclusion complex exhibited higher apparent aqueous solubility than free PTX at both pH 6.8 and 7.4, with a more 

pronounced enhancement at pH 6.8. XRD analysis suggested partial amorphisation of the inclusion complex, while FESEM examination 
revealed predominantly spherical particles with diameters ranging from approximately 45–60 nm. The FTIR spectra showed no significant 

variation in the characteristic absorption bands after 12 weeks of storage, indicating no detectable changes in the characteristic FTIR 

profile during storage. In addition, the inclusion complex showed in vitro cytotoxic activity against MIA-Pa-Ca-2 cells with an IC50 of 
5.641 nM, which was better than that of PTX (6.705 nM) and C6A (9.498 nM). 

Conclusion: The apparent aqueous solubility of the PTX–C6A inclusion complex was slightly higher than that of PTX, accompanied by 

partial amorphisation of PTX. It also showed higher in vitro cytotoxic activity against MIA-Pa-Ca-2 cells as compared to free PTX. The 
overall anticancer activity of the inclusion complex could be affected by the intrinsic cytotoxicity of Calix[6]arene; however, further 

investigation is needed to confirm this contribution. 
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ABBREVIATIONS  
 ANOVA: Analysis of Variance 

 ATR-FTIR: Attenuated Total Reflectance–Fourier-Transform 
Infrared Spectroscopy 

 BCS : Biopharmaceutics Classification System 

 C6A : Calix[6]arene 

 DMEM : Dulbecco's Modified Eagle Medium 

 DMSO : Dimethyl Sulfoxide 

 DSC : Differential Scanning Calorimetry 

 EDS : Energy-Dispersive X-ray Spectroscopy 

 FBS : Foetal bovine serum 

 FESEM : Field Emission Scanning Electron Microscopy 

 

 HPLC : High-Performance Liquid Chromatography 

 IC : Inclusion complex 

 IC₅₀ : Half-Maximal Inhibitory Concentration 

 MTT : 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
Bromide 

 PBS : Phosphate-Buffered Saline 

 PEG : Polyethylene Glycol 

 PTX : Paclitaxel 

 UV-Vis : Ultraviolet-Visible Spectroscopy 

 XRD : X-ray Diffraction 

 

INTRODUCTION 
Cancer remains a significant global health 

burden throughout the world and is a major cause 
of morbidity and mortality. Cancer development 
and progression rely on complex molecular 
signalling mechanisms, changes in the tumour 
microenvironment, and progressive resistance to 
current therapeutic approaches (1). Pancreatic 
ductal adenocarcinoma (PDAC) is one of the 
deadliest cancers, with a rapid rate of progression, 
limited treatment options, and poor overall 
prognosis (2). PTX is a widely used 
chemotherapeutic drug for the treatment of breast, 
ovarian and pancreatic cancers. The anti-tumour 
effect of PTX is mainly due to microtubule 
stabilisation leading to mitotic arrest and ultimately 
apoptotic cell death. However, Paclitaxel is 
classified as a BCS Class IV drug, possessing poor 
solubility in water and limited intestinal absorption, 
which contribute to its low oral bioavailability. To 
increase solubility and to administer the drug 
through the parenteral route, the marketed 
formulation of Taxol® uses Cremophor EL 
(polyoxyethylated castor oil) as a solubilising agent. 
The clinical application of Cremophor EL is limited 
by dose-related toxicity, such as peripheral 
neuropathy, nephrotoxicity, and hypersensitivity 
reactions, which require corticosteroid and 
antihistamine pretreatment before the 
administration of Cremophor EL. Therefore, 
developing a Cremophor EL-free formulation of 
Paclitaxel is important to for improving the safety of 
Paclitaxel therapy (3, 4). 

Even though the albumin-bound Paclitaxel 
(Abraxane®) does not employ Cremophor EL and 
improves the treatment of pancreatic cancer, its 
clinical utilisation is limited by its high production 
costs and complicated formulation. Such limitations 
have made it imperative to develop a delivery 
system that is cost-effective, devoid of Cremophor 
EL and promotes solubility of Paclitaxel in water 
(5,6). Supramolecular host–guest systems, like 
calixarenes, cyclodextrins, and similar molecular 
carriers, have emerged as promising approaches for 

improving the delivery of poorly water-soluble 
drugs. In comparison with β-cyclodextrin 
derivatives, C6A offers a large hydrophobic cavity of 
9.8 Å as opposed to 4.7 – 8.0 Å of β-cyclodextrin and 
pH-sensitive phenolic hydroxyl groups, thereby 
facilitating interactions with hydrophobic 
molecules like PTX (7). According to the literature, 
the formation of a complex between PTX and the 
C6A cavity is thought to be stabilised by 
hydrophobic interactions, π–π stacking, and 
hydrogen bonds. Previously, it has been shown that 
complexation with calixarenes can significantly 
improve the apparent aqueous solubility of 
hydrophobic drug molecules. However, the degree 
of improvement depends on the physicochemical 
properties of the drug, the type of calixarene 
derivative used, and the experimental conditions 
used to prepare and test the complexes. Moreover, 
the thermal stability of C6A is excellent 
(decomposition temperature >300 °C), and its solid-
state stability exceeds 2 years (8). In addition, 
calixarene derivatives have been shown to possess 
intrinsic antiproliferative activity, and their host–
guest interactions can potentially improve drug 
delivery (9). Because of the larger hydrophobic 
cavity that Calix[6]arene possesses compared with 
traditional β-cyclodextrins, making it potentially 
suitable host for the bulky PTX molecule (10). 

Supramolecular drug delivery has emerged as a 
promising field demonstrating the potential of 
calixarenes as host molecules that increase the 
effectiveness of drugs through host–guest 
complexation. Some calixarene derivatives have 
been reported to possess biological activity by 
themselves (11). Nevertheless, research on 
Calix[6]arene as a carrier of Paclitaxel is limited, 
particularly its ability to increase the pH-dependent 
aqueous solubility and in vitro anticancer activity of 
PTX. Despite extensive research on cyclodextrins 
for Paclitaxel delivery, PTX–C6A complexes are rare 
(12). MIA-Pa-Ca-2 cells were chosen because they 
are a well-characterised human pancreatic ductal 
adenocarcinoma cell model with aggressive cancer 
features and are widely used for evaluating 
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anticancer agents. Thus, MIA-Pa-Ca-2 cells provide 
a well-established in vitro model for evaluating the 
cytotoxic effects of the PTX–C6A inclusion complex. 
In addition, according to the available literature, the 

creation of a Cremophor-free PTX–C6A inclusion 
complex in MIA-Pa-Ca-2 pancreatic cancer cells has 
not been previously described (Table 1).  

Table 1. A comparison and summary of previously reported PTX host-guest delivery systems 
Formulation (host; notes) Solubility (mg/mL or 

fold‑increase; 
method/conditions) 

IC50 / in‑vitro test (cell line, 
units) 

Reported drawback/limitation Ref 

Bridged bis (β-CDs) with 
tetraethylenepentaamino 

spacer 

Up to 2 mg/mL in water (phase-
solubility) 

K562 leukemia: IC50 = 
6.0×10⁻¹⁰ mol/dm³ (complex) 
vs 9.8×10⁻¹⁰ mol/dm³ (PTX) 

None specified; focus on 
improved solubility and activity 

[13] 

Oligo(ethylenediamino)-
bridged bis(β-CDs) 

Up to 2 mg/mL and 0.9 mg/mL 
in water 

K562: IC50 = 6.0×10⁻¹⁰ 
mol/dm³ (complex) vs 

9.8×10⁻¹⁰ mol/dm³ (PTX) 

None specified [14] 

PTX/DM-β-CD Inclusion 
complex in Pluronic F127 

gel (buccal delivery) 

Inclusion complex solution: 0.1 
mg/mL PTX released >90 % 

drug in 3 days in PBS pH 7.4; 
free PTX showed little release 

due to poor solubility 

KB oral cancer cells: MTT assay 
showed “acceptable 

cytotoxicity” vs blank gels (>80 
% viability); no numeric IC50 

given 

No clear drawback; focus on 
sustained release and buccal 

system 

[15] 

PTX/DM-β-CD Inclusion 
complex in chitosan 

nanoparticles 

“Dramatically enhanced” PTX 
solubility in water; loading 

efficiency of NPs was 30.3-fold 
higher than PTX-loaded CS NPs; 
no explicit mg/mL value given 

Sustained release; 
pharmacokinetics vs Taxol®, 
but no IC50 values reported 

No specific toxicity drawback 
reported; improved AUC and 

MRT vs Taxol® 

[16] 

β-CD derivatives with PTX 
(various CDs; 

preformulation study) 

Increased aqueous solubility up 
to 500 times vs Taxol vehicle at 

≤5:1 molar ratio CD:PTX 

PC-3, A2780, MCF-7, HT-29, 
A549: ID50 values for 

complexes lower than free PTX 
(higher cytotoxicity); exact 

numbers not given 

CDs showed no cytogenotoxicity 
up to 50 mg/mL; no specific 

drawbacks listed 

[17] 

β-CD-g-polyglycerol 
hybrid nanocarrier with 
PTX Inclusion complex 

Significant enhancement in 
aqueous solubility of PTX (no 

numeric value provided) 

Not reported in the 
abstract/full text excerpt 

provided 

None described in the 
abstract/excerpt provided 

[18] 

β-CD-poly(N-
isopropylacrylamide) star 

polymer/PTX Inclusion 
complex 

(thermoresponsive) 

Significantly improved 
solubilization of PTX by 

inclusion; no numeric value 
given in abstract/excerpt 

provided 

AT3B-1 multidrug-resistant 
cells: better antitumor effects 
than commercial PTX; no IC50 

given in abstract/excerpt 
provided 

None specified in 
abstract/excerpt provided 

[19] 

PTX/DM-β-CD complex in 
PEGylated liposomes 

(“double-loaded”) 

Aqueous solubility increased 
~3×10¹⁰-fold vs pure drug after 
DM-β-CD complexation (exact 
baseline not stated); liposomal 

system size ~163 nm, zeta 
potential -5.6 mV, drug loading 
doubled vs standard liposomes 

SKOV-3 ovarian cancer cells: IC 
value improved by 4.2-fold vs 

Taxol at 48 h; higher 
cytotoxicity observed but exact 

IC50 not stated here 

Low haemolytic potential for 
blank liposomes; no major 

drawback reported in 
abstract/excerpt provided 

[20] 

Amphiphilic CD 
nanoparticles with PTX 

Inclusion complex 
(various charge types) 

Inclusion complexes formed; no 
numeric solubility data given in 

abstract/excerpt provided 

Breast cancer models: stronger 
antitumor activity than drug 

solution in both 2D and 
especially 3D cultures; no IC50 

numbers given here 

Activity differed between culture 
models; no specific safety 
drawbacks reported here 

[21] 

β-CD Inclusion complex 
with PTX (“Trojan horse” 

sugar-cyclodextrin 
conjugate) 

Entrapped hydrophobic PCTX 
within hydrophilic shell of 

carbohydrate-cyclodextrin; 
increased solubility implied but 
not quantified numerically here 

A549 lung cancer cells: 
internalized via caveolin-1 
endocytosis and triggered 

apoptosis via ROS formation; 
zebrafish larvae showed lower 

toxicity compared to PCTX 
alone; no numeric IC50 given 

here 

None specific—described as 
more innocuous to non-

cancerous cells than free PCTX 
alone based on zebrafish model 

data presented here 

[22] 

β-CD/PTX Inclusion 
complex for triple-

negative breast cancer 
cells (MDA-MB-231) – 
optimal ratio found by 

docking & experiment is 
β-CD:PTX = 1:2 molar 

ratio (“IC”) 

>95 % entrapment efficiency 
and “improved PTX solubility”; 
no numeric mg/mL value given 

here 

MDA-MB-231 breast cancer 
cells: “critical cytotoxicity”, 

decreased colony formation 
and migration were observed, 
but no numeric IC50 value was 

stated 

No specific drawback noted [23] 

PTX-Calix[6]arene 
Inclusion complex (3:5 

molar ratio; Cremophor-
free supramolecular host-

guest system) 

UV-visible spectrophotometric 
analysis showed higher 

aqueous apparent solubility for 
the inclusion complex than for 
free PTX at pH 6.8, indicating 

an enhanced aqueous 
solubility. 

MIA-Pa-Ca-2 pancreatic cancer 
cells; MTT assay; IC50 = 5.641 
nM vs 6.705 nM for free PTX 

pH-responsive solubilisation and 
enhanced cytotoxicity against 

pancreatic cancer cells 

Present 
study 
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Notes: Genexol-PM is an approved Cremophor-
free micellar PTX (PEG–PLA) injectable; the 
reported concentration is 6 mg/mL (Park et al., CCR 
2004). Citations: See references above; data taken 
from the stated publications (solubility measured 
by HPLC or spectrophotometry in water or buffer) 
and 50 % inhibitory concentration (MTT or similar 
assays). “Not reported” indicates that the source 
did not explicitly provide that value (although 
formulations generally retain PTX’s low-nanomolar 
IC50) (24). 

Accordingly, the present study was undertaken 
to design and characterise a Cremophor-free PTX–
C6A inclusion complex and to assess its apparent 
aqueous solubility and in vitro cytotoxicity against 
MIA-Pa-Ca-2 pancreatic cancer cells (Figure 1). 
 
MATERIALS AND METHODS 
Chemicals and reagents 

Paclitaxel (PTX) was received as a gift sample 
from N.N. Enterprises, Pune. Calix[6]arene was 
purchased from Tokyo Chemical Industry (Tokyo, 
Japan). Ethanol, polyethylene glycol (PEG-400), 
phosphate-buffered saline (PBS), and other 
analytical-grade reagents were purchased from 
New Neeta Chemicals (Pune, Maharashtra, India). 
The human pancreatic ductal adenocarcinoma cell 
line MIA-Pa-Ca-2 was obtained from the National 
Centre for Cell Science (NCCS; Pune, India). 
 
Ethical Compliance 

All experimental procedures were performed at 
the School of Pharmacy, Vishwakarma University, 
Pune, India, in accordance with the institutional 
laboratory and biosafety guidelines. Institutional 
Ethics Committee approval was not required for 

this study, as it involved only authenticated 
established human cell lines obtained from the 
NCCS and did not involve any human participants or 
animal experiments. 
 
Preparation of the Inclusion Complex 

PTX–C6A inclusion complexes were prepared at 
PTX: C6A molar ratios of 1:2, 2:4, and 3:5 using 
three different preparation techniques: kneading, 
physical mixing, and solvent evaporation. 

Kneading method: C6A was transferred to a 
mortar and moistened with a small volume of 
ethanol. PTX in powder form was incorporated and 
kneaded for 30 min. PEG-400 (1 ml) was added as a 
stabiliser. The mixture was dried overnight at room 
temperature (26 ± 2°C) and sieved with a 60-mesh 
sieve (25). 

Physical mixing method: PTX and C6A were 
dissolved separately in 10 ml of ethanol, and the 
solutions were maintained at 60 °C during 
sonication for 15 min using a probe sonicator. The 
C6A solution was added dropwise to the PTX 
solution under magnetic stirring (600 rpm for 12 h). 
PEG-400 (1 mL) was added as a stabiliser. The 
mixture was centrifuged (10,000 rpm, 15 min, 25 
°C), washed once with 5 mL of distilled water, and 
dried in a desiccator for 24 h (26). 

Solvent evaporation technique: PTX and C6A 
were separately dispersed in 10 mL of ethanol. C6A 
was sonicated in a probe sonicator, stirred for 30 
min at 55 °C, and PTX was added dropwise (600 
rpm, stirring for 6 h). PEG-400 (1 mL) was added, 
and the solvent was evaporated, and the final 
product was frozen at -80 °C and then lyophilised 
for 24 h (27). 

 

 
Fig. 1. Schematic illustration of the formation process of the PTX–C6A host-guest inclusion complex. Formation of the complex is hypothesised to take 

place due to the formation of noncovalent bonds such as hydrogen bonding, π-π stacking, and hydrophobic interactions. This results in increased solubility 
in water, which increases the accessibility of PTX to the target site and improves its in vitro cytotoxic activity against MIA-Pa-Ca-2 pancreatic cancer cells 
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The optimised PTX–C6A inclusion complex was 
prepared separately three times (n = 3) for 
physicochemical characterisation and further analyses 
to ensure reproducibility. The formulation showing 
the highest drug content was selected as the 
optimised formulation for further physicochemical 
characterisation and biological evaluation.  
 
Analytical characterisation 

The PTX–C6A inclusion complex was extensively 
characterised using multiple analytical methods to 
explore its physicochemical properties. 
 
ATR-FTIR spectroscopy 

The possible interactions between the functional 
groups of PTX and C6A were examined using ATR-FTIR 
spectroscopy. The spectra were collected on a Bruker 
Alpha-II spectrometer equipped with an ATR crystal 
between 4000–400 cm -1 with 2 cm -1 resolution at 
ambient temperature. The shifts in peak positions, 
changes in band intensity, and peak broadening of the 
samples were compared with the characteristic 
absorption bands of PTX and C6A (28). 
 
Differential Scanning Calorimetry (DSC) 

DSC was used to investigate the thermal behaviour 
and physical state of PTX, C6A, and the PTX–C6A 
inclusion complex. Samples (approximately 2 mg of 
each sample) were sealed in aluminium pans and 
heated from 25 to 300 °C at 10 °C/min under nitrogen 
flow (50 mL/min) using a Mettler Toledo DSC 1. 
Temperature calibration was performed using indium 
standards (29). 
 
X-ray Diffraction (XRD) 

XRD was used to evaluate the crystallinity and 
amorphous characteristics of the samples. Patterns 
were recorded on a Rigaku Miniflex 600 
diffractometer (Tokyo, Japan) using Cu Kα radiation (λ 
= 1.5406 Å) over a 2θ range of 5–50°, step size of 0.02°, 
and scan speed of 2°/min, at 40 kV and 15 mA (30). 
 
Field Emission Scanning Electron Microscopy (FESEM) 

FESEM imaging was used to visualize the particle 
morphology and size of the PTX–C6A inclusion 
complex and its individual components. The samples 
were sputter-coated with gold (~10 nm thickness) to 
enhance conductivity and imaged using a Nova 
NanoSEM 450 microscope operating at 15 kV under 
high vacuum (31). 
 
Energy-Dispersive X-ray Spectroscopy (EDS) 

Elemental compositional analyses through EDS 
were performed to acquire both qualitative and 
semi-quantitative information about the elemental 
composition. The distribution of elements such as 

carbon, oxygen, and nitrogen were evaluated to 
assess the elemental composition of inclusion 
complex. Signals from gold coating sputtering were 
not included in the analysis (15 kV in a high vacuum) 
(32). 
 
High-Performance Liquid Chromatography (HPLC) 

HPLC was used to quantify PTX and calculate the 
drug content (%) of the PTX–C6A Inclusion complex. 
The procedure was performed using Shimadzu 
HPLC equipment under the control of LabSolutions 
software (C18 analytical column 250 × 4.6 mm, 5 
μm). The separation was carried out via isocratic 
elution with acetonitrile and phosphate buffer (pH 
4.5; 65:35, v/v) at a flow rate of 1.5 mL/min. PTX 
was identified via UV detection at 254 nm with a 20 
µL injection volume, and the temperature of the 
column was kept constant at 25 °C. Prior to analysis, 
the samples were filtered through a 0.22 μm 
membrane filter. The PTX concentration was 
determined from the PTX calibration curve 
obtained by HPLC, and the drug content (%) of the 
inclusion complex was calculated using the 
following equation (33): 

Drug Content = Measured Amount of PTX in 
IC/Theoretical Amount of PTX in IC *100 
 
Evaluation of apparent aqueous solubility at 
physiological (pH 7.4) and tumour-mimicking (pH 
6.8)  

The apparent aqueous solubility of pure PTX and 
the PTX–C6A inclusion complex was assessed under 
physiological (pH 7.4) and tumour-mimicking (pH 
6.8) conditions using UV–visible 
spectrophotometry. Pure PTX (10 mg) and a PTX–
C6A Inclusion complex containing an equivalent 
quantity of PTX, as determined from the HPLC-
derived drug content, were separately dispersed in 
10 mL of phosphate-buffered saline (PBS; pH 6.8 or 
7.4). The dispersions were stirred at 50 °C and 600 
rpm for 1 h. Following dispersion, each sample was 
serially diluted with acetonitrile to obtain nominal 
PTX concentrations of 10, 20, 30, 40, 50, and 60 
μg/mL. The solutions obtained were filtered using a 
0.45 μm syringe filter, and their absorbance at 254 
nm was measured using a UV–visible 
spectrophotometer. The absorbance of pure PTX 
and the PTX–C6A inclusion complex were measured 
at different pH values to determine and compare 
their apparent aqueous solubility. All experiments 
were carried out in triplicate, and the data are 
represented as mean ± SD (n = 3). All data were 
subjected to statistical analysis using GraphPad 
Prism software (Version 11.0.2). A two-way analysis 
of variance (ANOVA) test was applied to assess the 



 

B. Gidwani et al/ Paclitaxel–calix[6]arene inclusion complex 

 
 

6                                                                                                                                                                                     Nanomed J. 13: 1-, 2026  

 
 

differences among groups, and a p-value < 0.05 was 
considered statistically significant. There was no 
absorbance recorded for the blanks containing 
Calix[6]arene, PEG-400, and PBS at the 254 nm 
wavelength used for the UV–visible 
spectrophotometric analysis (34). 
 
Stability studies 

To determine stability, the inclusion complex 
was placed in airtight containers at 4°C for 12 
weeks. The physical appearance was visually 
checked periodically to determine whether there 
was any colour change, aggregation, or caking. 
Changes in characteristic functional groups that 
may indicate degradation or structural changes 
were determined by measuring the ATR-FTIR 
spectra at baseline and at the end of 12 weeks (35). 
 
MTT assay  
Cell culture 

Human pancreatic carcinoma MIA-Pa-Ca-2 cells 
were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10 % foetal 
bovine serum (FBS), 1 % penicillin-streptomycin, 
and 2 mM L-glutamine under standard conditions 
(37°C, 5 % CO₂, humidified atmosphere). 
 
MTT cytotoxicity assay 

The cytotoxic effects of the test samples were 
assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. MIA-Pa-
Ca-2 cells were seeded in 96-well plates at a density 
of 8,000 cells per well and allowed to attach 
overnight under standard cell culture conditions. 
The cells were then treated with PTX, Calix [6] arene 
(C6A), and the PTX–C6A inclusion complex (IC) at 
final concentrations of 0.001, 0.1, 0.25, 0.5, 1, 5, 
and 10 nM. Untreated cells were used as controls, 
and each concentration was evaluated in triplicate. 

Following a 48-h treatment period, MTT 
solution (0.5 mg/mL) was added to the cells, which 
were then incubated at 37 °C for 4 h to generate 
formazan crystals. The culture medium was 
removed, and the crystals were dissolved in 150 μL 
of HPLC-grade dimethyl sulfoxide (DMSO). The 
plates were left at room temperature for 30 min to 
ensure complete dissolution before recording the 
absorbance at 540 nm using a microplate reader. All 
experimental conditions were tested in triplicate 
(36). 

Data Analysis and IC50 Determination 
The values of absorbance were normalised to 

control wells to determine the % cell viability of 
each sample, which was calculated as follows, 

 % Cell Viability = (Absorbance 
treated/Absorbance control) *100 

The absorbance and cell-viability data were 
expressed as mean ± standard deviation (SD) of 
three replicate wells. Concentration–response data 
were subjected to nonlinear dose–response 
regression using the Dose Curve online IC₅₀ 
calculator. IC₅₀ values were determined from the 
fitted concentration–response curves, and the 
corresponding 95% confidence intervals (CIs), Hill 
slopes, upper and lower asymptotes, and R2 values 
were recorded. A successful convergence of the 
nonlinear regression model was confirmed for each 
treatment (37). 
 
RESULTS  
Optimisation of PTX–C6A inclusion complex and 
determination of drug content  

Among the three preparation techniques 
evaluated, physical mixing produced the highest 
drug content for the PTX–C6A inclusion complex at 
a PTX: C6A molar ratio of 3:5. The optimised 
formulation yielded a drug content of 84.7 ± 0.2 %, 
whereas the drug contents obtained from the 
solvent evaporation and kneading techniques were 
78.25 ± 0.03 % and 50.11 ± 0.11 %, respectively 
(Table 2). These results indicate that physical mixing 
produced the highest PTX content under the 
investigated conditions. Based on the higher drug 
content achieved with the physical mixing process, 
this approach was selected as the most suitable for 
preparing the PTX–C6A inclusion complex. The 
higher drug content observed at the 3:5 molar ratio 
may be attributed to the greater availability of 
Calix[6]arene host cavities, which may facilitate 
interactions with the bulky PTX molecules. 
Complete encasement of PTX within a Calix[6]arene 
unit is not possible, taking into account the size and 
structure of the PTX molecule. Therefore, partial 
inclusion along with noncovalent interactions such 
as hydrophobic interactions, hydrogen bonding, 
and π–π stacking may have contributed to the 
stabilisation of the supramolecular complex. 

 

Table 2. Drug content (%) across preparation methods (mean ± SD, n=3) 

Drug complex Methods Percentage drug content 

PTX–C6A inclusion complex 

Kneading method 50.11 % ± 0.11 % 

Physical mixing method 84.7 ± 0.2 % 

Solvent evaporation method 78.25 % ± 0.03 % 
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Fig. 2. Comparative FTIR spectra of PTX (green), C6A (orange), and the PTX–C6A Inclusion complex (brown) showing changes in the 

absorbance peak positions and intensities following complexation, indicative of hydrogen bonding, π–π stacking, hydrophobic 
interactions, and partial inclusion of PTX within the Calix[6]arene host structure. 

ATR-FTIR analysis 
The ATR-FTIR spectra of PTX, C6A, and the PTX–

C6A inclusion complex are shown in Figure 2. The 
absorption peaks of pure PTX appear at around 
1730 cm⁻¹ (C=O stretching), 1240 cm⁻¹ (asymmetric 
C–O–C stretching) and 3500–3300 cm⁻¹ (O–H 
stretching). After complexation, the carbonyl 
stretching peak at 1707.75 cm⁻¹ shifted to 1615.43 
cm⁻¹, while the C–H stretching peak at 2928.71 cm⁻¹ 
shifted to 2838.65 cm⁻¹. Additionally, broadening of 
the O–H stretching region and slight changes in 
characteristic absorption peaks of C6A were 
observed. 

The shifts in the peak positions and broadening 
of the peaks demonstrate the change in the 
molecular environment of PTX after complexation. 
This implies that host–guest interactions between 
PTX and Calix[6]arene occurred. The observed 
results are indicative of hydrogen bonding, 
hydrophobic interactions and π–π interactions, 
suggesting the formation of the PTX–C6A 
supramolecular inclusion complex. Furthermore, 
the absence of additional absorption bands implies 
that complex formation took place through 
noncovalent interactions and not through the 
formation of new covalent bonds. 

 
Differential Scanning Calorimetry (DSC) 

The DSC thermograms of PTX, C6A, and the PTX–
C6A inclusion complex are presented in Figure 3, 
and the corresponding thermal parameters are 
summarised in Table 3. PTX exhibited a clear and 
sharp melting peak at 224.13 °C, confirming the 
crystalline characteristics of the material. On the 
other hand, C6A showed a broad thermal transition 
with a midpoint of 193.37 °C. These findings suggest 
that C6A crystallises at a lower degree of 
crystallinity than PTX. In addition, the PTX–C6A 
inclusion complex showed a faint melting 
endotherm at 238.22 °C. 

The decrease in the intensity of the PTX melting 
peak and the shift in its peak suggest that PTX 
changed its physical state after complexation (Table 
3).These thermal changes suggest reduced 
crystallinity and improved molecular dispersion of 
PTX within the Calix[6]arene matrix. The 
suppression of the PTX melting transition may be 
attributed to host–guest interactions between PTX 
and Calix[6]arene, which interfere with the 
crystalline organisation of the drug.

 
Table 3.  Thermal parameters of PTX, Calix[6]arene (C6A), and the PTX–C6A Inclusion complex were determined by differential scanning calorimetry (DSC). 

 

Sample Onset (°C) Peak (°C) End set (°C) 

PTX 224.77 224.13 243.78 
C6A 192.11 193.37* 324.00 

PTX–C6A Inclusion complex 237.62 238.22 239.67 
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Fig. 3. Overlay of DSC graphs of PTX (P, red), Calix[6]arene (C6, green), and the PTX–C6A Inclusion complex (IC, blue). PTX exhibited a 
distinct endothermic melting peak at approximately 16.2 min, suggesting that the compound was crystalline. C6A exhibited a broad 

and weak thermal transition, suggesting an amorphous character. On the other hand, the PTX–C6A inclusion complex exhibited a 
marked reduction in the intensity of the PTX melting endotherm, indicating reduced crystallinity, enhanced molecular dispersion of PTX 

within the Calix[6]arene matrix, and successful host–guest complex formation. 

These observations support the formation of 
the PTX–C6A inclusion complex and are consistent 
with the partial amorphisation observed in the XRD 
analysis. 
 
X-ray Diffraction (XRD) 

The XRD diffractograms of PTX, C6A, and the 
PTX–C6A inclusion complex are presented in Figure 
4. Pure PTX exhibited sharp and intense diffraction 
peaks, confirming its highly crystalline nature. On 

the contrary, C6A exhibited a broad halo-type 
pattern, which is typical of an amorphous 
substance. 

The PTX–C6A inclusion complex exhibited a 
significant decrease in the intensity of the 
characteristic PTX diffraction peaks, along with the 
appearance of a broad diffraction pattern, 
suggesting partial amorphisation of PTX after 
complex formation. 

 

 
Fig.  4. The peaks of PTX and C6A, along with their PTX–C6A inclusion complex in the XRD diffractograms, have distinct peaks of pure 

PTX along with reduced peaks in the inclusion complex, indicating a reduction in crystallinity upon complex formation. 
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The decrease in the intensity of the 
characteristic PTX diffraction peaks indicates the 
reduction in crystallinity after complexation with 
the Calix[6]arene. The decrease in crystallinity was 
consistent with changes in the physical state of PTX 
and could be responsible for the increased aqueous 
solubility of the inclusion complex. This is in 
accordance with the DSC findings and supports the 
partial amorphisation of PTX in the PTX–C6A 
inclusion complex. 
 
Field Emission Scanning Electron Microscopy 
(FESEM) 

Figures 5 and 6 show FESEM images of the PTX, 
C6A, and PTX–C6A inclusion complexes. While pure 
PTX showed irregular crystalline particles with 

sharp edges, C6A demonstrated irregularly 
aggregated particles with a relatively smooth 
surface structure. The PTX–C6A inclusion complex 
appeared as mostly spherical nanoparticles with 
smooth surfaces. The particle size based on FESEM 
images revealed that the diameter of the particles 
was approximately 45–60 nm. 

The observed alteration in the particle 
morphology following complexation is consistent 
with the changes in the physiochemical 
characteristics of the formulation. The formation of 
uniformly distributed spherical particles is 
consistent with the formation of the PTX–C6A 
inclusion complex and supports the 
physicochemical findings obtained from the DSC 
and XRD analyses. 

 

 
Fig.  5. The FESEM micrographs of pure PTX and C6A show the irregular crystalline morphology of PTX and the aggregation of C6A. 

 
 

 
Fig. 6. Representative FESEM micrograph of the PTX–C6A inclusion complex (100,000×; scale bar = 100 nm) showing predominantly 

spherical nanoparticles with smooth surfaces and particle diameters ranging from approximately 45 to 60 nm. 
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Fig. 7. EDS elemental mapping of the PTX–C6A inclusion complex demonstrated a uniform distribution of carbon, oxygen, and nitrogen 

within the nanoparticles. 

Energy-Dispersive X-ray Spectroscopy (EDS) 
Elemental distribution maps obtained by EDS for 

the PTX–C6A inclusion complex are shown in Figure 
7. The distributions of carbon, oxygen, and nitrogen 
were even throughout the investigated area, 
suggesting detection of the elemental distribution 
of the PTX–C6A inclusion complex. No signs of 
elemental segregation or phase separation were 
observed. 

Although EDS cannot prove the formation of 
host–guest complexation of PTX and C6A, the even 
elemental distribution provides indirect evidence of 
the homogeneous elemental distribution within the 

formulation. These findings further support the 
results of the morphological analysis obtained from 
FESEM. 
 
High-Performance Liquid Chromatography (HPLC) 

The chromatograms of the PTX standard, C6A, 
and PTX–C6A inclusion complex are shown in 
Figures 8-10. The HPLC calibration curve, 
constructed from PTX standard concentrations of 
10–150 µg/mL, showed good linearity (y = 50431x + 
254567; R² = 0.9948), confirming that the method 
was suitable for PTX quantification over the tested 
concentration range. 

 

 
Fig. 8. Representative HPLC chromatogram of the PTX standard showing the characteristic retention peak of PTX. 
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Fig. 9. Representative HPLC chromatogram of the C6A standard 

 

 
Fig.  10. Representative HPLC chromatograms of standard PTX, calix[6]arene, and the optimised PTX–C6A inclusion complex showed 

well-resolved chromatographic peaks and the absence of observable interference, enabling the accurate quantification of PTX. 

The PTX peak in the chromatogram of the PTX–
C6A inclusion complex was sharp and well defined, 
with no detectable degradation products or 
impurities, indicating that PTX remained stable 
throughout the complexation process. Based on the 
calibration equation (Table 4), the PTX 
concentration in the optimised inclusion complex 
was calculated to be 37.76 μg/mL, corresponding to 

a drug content of 84.7 ± 0.2 % (n = 3). The relatively 
high drug content reflects effective incorporation of 
PTX into the optimised PTX–C6A inclusion complex 
prepared using the physical mixing method. Overall, 
these findings are consistent with the successful 
preparation of the optimised PTX–C6A inclusion 
complex. 

 
Table 4. HPLC analytical parameters and quantitative determination of PTX in the optimised PTX–C6A Inclusion complex. 

Parameter Result 

Retention time (PTX) 4.550 
Concentration range 10–150 µg/mL 
Regression equation y = 50431x + 254567 

R² 0.9948 
PTX concentration 37.76 µg/mL 

Drug content 84.7 ± 0.2 % 
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Apparent aqueous solubility at physiological (pH 
7.4) and tumour-mimicking (pH 6.8) conditions 

The apparent aqueous solubility of pure PTX and 
the PTX–C6A inclusion complex was evaluated by 
comparing their UV absorbance under physiological 
(pH 7.4) and tumour-mimicking (pH 6.8) conditions. 
As shown in Figure 11 and Figure 12, the PTX–C6A 
inclusion complex exhibited higher absorbance 
than free PTX at both pH values, which suggests 
greater aqueous solubility due to complexation. 

The absorbance increased more markedly at pH 
6.8 than at pH 7.4, suggesting greater apparent 
aqueous solubility of the inclusion complex under 
slightly acidic conditions. Two-way ANOVA 
indicated significant differences among the 
formulations and pH conditions (p < 0.05). Thus, the 
PTX–C6A inclusion complex exhibited greater 

apparent aqueous solubility under slightly acidic 
conditions (pH 6.8). 
 
Stability studies 

No change in colour and appearance of the PTX–
C6A inclusion complex was observed over the 12 
weeks storage period at 4 ºC (Figure 13b), and there 
was no significant change in the characteristic 
absorption peaks of the complex compared to the 
spectral data obtained before storage (Figure 13a). 
The lack of significant changes in the ATR-FTIR 
spectra suggests that the PTX–C6A inclusion 
complex maintained good stability during storage. 

Based on the favourable physicochemical 
characteristics and stability of the optimised 
formulation, its in vitro cytotoxic activity was 
evaluated against MIA-Pa-Ca-2 pancreatic cancer 
cells. 

 

 
Fig.  11. Apparent aqueous solubility of pure PTX and the PTX–C6A inclusion complex at pH 6.8, determined by UV–visible 

spectrophotometry. Data are presented as mean ± SD (n = 3). Statistical significance was evaluated using two-way analysis of variance 
(ANOVA). 

 

 
Fig.  12. Apparent aqueous solubility of pure PTX and the PTX–C6A Inclusion complex at pH 7.4, determined by UV–visible 
spectrophotometry. Data are presented as mean ± SD (n = 3). Statistical significance was analysed using two-way ANOVA 
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Fig. 13. a) FTIR spectra of the PTX–C6A Inclusion complex. b) Comparative ATR-FTIR spectra of the PTX–C6A Inclusion complex recorded 

before and after storage at 4 °C for 12 weeks. No significant changes in the characteristic FTIR absorption bands were observed after 
storage. 

Cytotoxicity assessment by MTT assay 
The in vitro cytotoxic effects of Paclitaxel (PTX), 

Calix[6]arene (C6A), and the PTX–C6A inclusion 

complex on MIA-Pa-Ca-2 pancreatic cancer cells 
were assessed using the MTT assay 48 h after 
treatment (Table 5). 

 

Table 5. Cell viability (%) of MIA-Pa-Ca-2 cells following treatment with PTX, C6A and the PTX–C6A inclusion complex. Data are expressed 
as mean ± SD (n = 3). Statistical significance was observed between PTX and the PTX–C6A inclusion complex at 5 nM (p = 0.017) and 10 nM 

(p = 0.0045). No significant differences were observed between C6A and the other treatment groups (p > 0.05) 

Formulation PTX C6A IC 

0.1 nM 0.509 ± 0.056 0.509 ± 0.056 0.509 ± 0.056 
0.25 nM 0.504 ± 0.056 0.507 ± 0.056 0.491 ± 0.055 
0.5 nM 0.477 ± 0.051 0.499 ± 0.053 0.480 ± 0.052 
1 nM 0.469 ± 0.049 0.492 ± 0.052 0.451 ± 0.045 
5 nM 0.313 ± 0.021 0.400 ± 0.032 0.290 ± 0.037 

10 nM 0.240 ± 0.018 0.304 ± 0.024 0.236 ± 0.029 
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Fig. 14. Cell viability of MIA-Pa-Ca-2 cells following treatment with PTX, C6A, and the PTX–C6A inclusion complex for 48 h. Data are 

presented as mean ± SD (n = 3), with error bars representing standard deviation. 

Cell viability analysis 
The cytotoxic responses of PTX, C6A, and the 

PTX–C6A inclusion complex were investigated over 
a concentration range of 0.001–10 nM using the 
MTT assay. As illustrated in Figure 14, all 
formulations produced a concentration-dependent 
decline in cell viability. At lower concentrations 
(0.001–0.25 nM), cell viability remained above 90 % 
in all treatment groups, indicating negligible 
cytotoxic effects. Cell viability progressively 
decreased as the concentration increased, but an 
antiproliferative response was observed at 1 nM. 

Among the various formulations used, the PTX–
C6A inclusion complex exhibited the highest in vitro 
cytotoxic activity at 10 nM concentration. At 1 nM, 
the cell viability upon treatment with the inclusion 
complex was about 39 %, whereas the cell viabilities 
were 49 % for free PTX and 71 % for C6A. At the 
highest concentration of 10 nM, the cell viability 
with the inclusion complex was 19 %, whereas the 
cell viability values were 28 % for PTX and 48 % for 
C6A alone. The above results suggest that the PTX–
C6A inclusion complex exhibited greater 

antiproliferative activity than PTX alone against 
MIA-Pa-Ca-2 pancreatic cancer cells (Table 6). 

The greater cytotoxic efficiency of the PTX–C6A 
inclusion complex may be attributed to the 
improved dispersion and solubilisation of Paclitaxel 
within the Calix[6]arene molecule, thereby 
enhancing its availability to cancer cells. On the 
other hand, Calix[6]arene alone exhibited relatively 
weak inhibition of cell growth, even at the highest 
concentration tested, indicating that the enhanced 
antiproliferative activity was primarily associated 
with PTX in the inclusion complex. 
 
Determination of IC50 Values 

The in vitro cytotoxic activity of PTX, C6A and 
the PTX–C6A inclusion complex was determined in 
MIA-Pa-ca-2 cells after an exposure of 48 h, using 
the MTT method to evaluate cell viability. As shown 
in Figure 12, the applied formulations showed 
cytotoxic activity, reducing cell viability. A 
concentration-dependent increase in 
antiproliferative activity was observed.  

 
Table 6. Cell viability of MIA-Pa-Ca-2 pancreatic cancer cells following treatment with PTX, C6A, and the PTX–C6A Inclusion complex for 48 h. 

Concentration (nM) PTX (%) C6A (%) PTX–C6A IC (%) 

0.001 nM 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00 
0.1 nM 97.57 ± 0.95 99.07 ± 0.47 95.48 ± 1.28 

0.25 nM 92.83 ± 0.90 97.12 ± 0.21 91.33 ± 0.49 
0.5 nM 89.28 ± 0.54 96.22 ± 0.88 83.25 ± 0.31 
1 nM 49.44 ± 0.47 70.93 ± 0.87 38.88 ± 0.46 
5 nM 30.64 ± 0.36 50.92 ± 0.67 24.48 ± 0.49 

10 nM 28.10 ± 0.13 40.73 ± 0.47 18.84 ± 0.19 
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Table 7. IC₅₀ values obtained from nonlinear regression analysis of the MTT assay 

Formulation IC₅₀ (nM) 95 % Confidence Interval (nM) R2 

Paclitaxel (PTX) 6.705 6.175–7.253 0.9972 
Calix[6]arene (C6A) 9.498 8.039–10.91 0.9851 

PTX–C6A Inclusion complex 5.641 5.109–6.210 0.9960 

 
The data were analysed using four-parameter 

logistic regression, which showed a good fit to the 
experimental data, with R² values ranging from 
0.9851 to 0.9972. The inclusion complex (IC) 
showed the highest cytotoxic activity among the 
tested formulations (IC₅₀ = 5.64 nM). This was 
followed by free PTX (IC₅₀ = 6.71 nM) and C6A (IC₅₀ 
= 9.50 nM) (Table 7). The PTX–C6A inclusion 
complex showed improved antiproliferative activity 
compared with free PTX and C6A. 

The experimental IC₅₀ values indicated that the 
potency of PTX in the form of its complex was 1.19 
times higher than that of free PTX and 1.68 times 
greater than that of C6A. Collectively, these findings 
suggest that the complexation of Paclitaxel with 
Calix[6]arene contributes to enhanced in vitro 
antiproliferative activity against MIA-Pa-Ca-2 
pancreatic cancer cells. 

The IC₅₀ values were determined using four-
parameter logistic nonlinear regression analysis of 
the concentration-response data in GraphPad Prism 
11.0.2 (Figure 15). The reported values represent 
the best fit estimates obtained from three 
independent experiments. 
 
DISCUSSION 

Paclitaxel (PTX) is a major drug in the 
chemotherapy of many cancers, including 
pancreatic ductal adenocarcinoma (PDAC). 
However, its clinical use is limited by poor water 
solubility and the use of Cremophor EL as a 
solubilising agent, which is associated with 
hypersensitivity reactions and peripheral 

neurotoxicity (38). Since the use of Cremophor can 
lead to various side effects, the development of a 
Cremophor-free PTX formulation has become an 
important subject for investigation. In this study, a 
PTX–C6A inclusion complex was prepared using a 
simple physical mixing method. The findings 
suggest that the inclusion complex possesses 
improved physicochemical properties, greater 
apparent aqueous solubility, good stability under 
the investigated storage conditions, and enhanced 
in vitro antiproliferative activity against MIA-Pa-Ca-
2 pancreatic cancer cells. These results provide 
evidence that Calix[6]arene can be used as an 
alternative macrocyclic compound for PTX delivery, 
thus enriching the literature on supramolecular 
systems based on Calixarene for pancreatic cancer 
treatment. 

The preparation procedure and molar ratio of 
the host to guest are important factors in the 
formation of supramolecular complexes. Among 
the preparation methods investigated, the physical 
mixing method using a PTX:C6A molar ratio of 3:5 
resulted in the highest drug content, suggesting 
that it was the most suitable method for preparing 
the PTX–C6A inclusion complex. The controlled 
stirring conditions may promote host–guest 
interactions between PTX and Calix[6]arene, 
thereby facilitating inclusion complex formation. 
Reversible noncovalent interactions may contribute 
to the enhanced aqueous solubility of PTX, as 
demonstrated in peptide-based supramolecular 
systems. 

 
Fig. 15. Dose–response curves of PTX, C6A, and the PTX–C6A Inclusion complex against MIA-Pa-Ca-2 cells, showing the calculated IC₅₀ 

values obtained by nonlinear regression analysis using GraphPad Prism 11.0.2. 
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Due to the large diterpenoid structure of PTX, 
full encapsulation in a Calix[6]arene cavity is 
unlikely. Consequently, for a significantly better 
drug content, partial PTX inclusion and subsequent 
stabilisation through multiple noncovalent 
interactions between PTX and the aromatic cavity 
of Calix[6]arene is more plausible (39). These are 
typical features of supramolecular host–guest 
systems that allow modulation of the 
physicochemical properties of a drug without 
changing its chemical structure. The successful 
realisation of the PTX–C6A inclusion complex 
indicates that a relatively simple supramolecular 
strategy can enhance PTX incorporation while 
altering its chemical structure and can potentially 
serve as a feasible alternative to sophisticated 
carrier systems. 

Physicochemical characterisation provided 
complementary evidence supporting the successful 
formation of the PTX–C6A inclusion complex.  The 
ATR-FTIR spectra retained the characteristic 
absorption peaks of PTX and C6A, with minimal 
changes in peak position and bandwidth, indicating 
that no major chemical structure alteration of PTX 
occurred. Such results are consistent with the 
inclusion complex formation by means of reversible 
noncovalent host–guest interactions, involving 
hydrophobic interactions, hydrogen bonding, and 
π–π stacking, without altering the chemical 
structure of PTX. The lack of noticeable spectral 
changes upon storage of the samples at 4 °C for 12 
weeks demonstrates the stability of the molecular 
interactions under the studied conditions. 

The DSC thermograms and XRD patterns 
provide complementary evidence of the altered 
solid-state characteristics following supramolecular 
complexation. The suppression of the characteristic 
melting endotherm of PTX, together with the 
marked reduction in crystalline diffraction intensity, 
indicates partial amorphisation and disruption of 
the ordered crystal lattice. Unlike complete 
amorphisation, which may compromise physical 
stability, partial amorphisation can improve 
dissolution while retaining acceptable solid-state 
stability (40). The observed reduction in crystallinity 
is likely to have contributed to the enhanced 
apparent aqueous solubility of PTX by increasing 
molecular mobility and facilitating interactions with 
the dissolution medium. Similar effects on 
crystallinity have also been demonstrated for PTX 
supramolecular systems using cyclodextrin carriers, 
which correlate with increased dissolution and 
biological efficacy. 

FESEM morphological examination showed that 
there was a change in the form of PTX from the 
irregular crystalline form to more consistent 

particles in the PTX–C6A inclusion complex. The 
results obtained through morphological 
examination support the structural modifications 
shown in DSC and XRD analyses. Additionally, EDS 
revealed that the elemental composition and 
homogenous distribution of C, O, and N in the 
formulation were as expected. This suggests a 
successful and homogeneous elemental 
distribution of the PTX–C6A inclusion complex with 
no elemental impurities detected. Overall, the 
results show that the optimised formulation 
constitutes a stable supramolecular system based 
on molecular recognition phenomena.  

Structural modifications caused by 
supramolecular complexation were evident from 
the apparent aqueous solubility. The PTX–C6A 
inclusion complex showed higher aqueous solubility 
than free PTX under physiological (pH 7.4) and 
mildly acidic (pH 6.8) conditions. Notably, the 
enhancement in solubility is more pronounced at 
pH 6.8. This phenomenon could be due to 
favourable guest-host interactions, a reduction in 
crystallinity, and better molecular distribution of 
PTX within the supramolecular structure. Although 
no direct studies have been conducted on the 
molecular mechanisms underlying this pH-
dependent behaviour, the observed improvement 
in apparent aqueous solubility at pH 6.8 suggests 
that the PTX–C6A inclusion complex may be a 
promising candidate for further pharmaceutical 
development in the tumour microenvironment. 
There are studies focused on the improvement of 
PTX solubility using noncovalent interactions 
between peptides or cyclodextrins, highlighting the 
significance of guest-host interactions in improving 
the performance of poorly water-soluble drugs 
[37]. 

Moreover, the PTX–C6A inclusion complex was 
characterised by higher in vitro antiproliferative 
activity against MIA-Pa-Ca-2 pancreatic cancer cells 
than free PTX, which may be related to improved 
physicochemical properties. Although all three 
forms caused a concentration-dependent viability 
decrease, the inclusion complex had the highest 
growth inhibition rate and lowest IC₅₀. As no major 
chemical structural alteration of the Paclitaxel was 
observed, the increased antiproliferative activity 
may be related to improved pharmaceutical 
properties rather than a change in the intrinsic 
pharmacology of PTX. It is believed that increased 
apparent solubility and decreased crystallinity may 
increase the amount of dissolved PTX available to 
interact with the tumour cells during the 48 h 
treatment period, thus increasing drug availability 
under in vitro conditions. The good consistency of 
the nonlinear regression model is another piece of 
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evidence of the reliability of the calculated IC₅₀ 
values and the good R² of the concentration–
response curves obtained. Such improvements in 
the biological properties of PTX after 
supramolecular complexation have been 
described earlier for PTX–Cyclodextrin complexes. 
Increased drug dissolution and availability result in 
increased antiproliferative activity of PTX without 
changing its chemical structure. 

Though an enhancement in the 
antiproliferative activity of the PTX–C6A inclusion 
complex could be attributed to the improved 
physicochemical properties of the drug, the 
specific mechanisms at the cellular level have yet 
to be elucidated. The current research was not 
designed to test the cellular uptake of inclusion 
complexes, intracellular drug transport, 
microtubule stabilisation, cell cycle arrest, or any 
form of apoptosis induction. As such, no 
conclusions regarding the underlying molecular 
mechanisms of the enhanced biological activity 
can be made at this stage. Notably, Calix[6]arene 
itself displayed some degree of antiproliferative 
activity, implying that apart from acting as a 
supramolecular carrier, the macrocycle itself 
exhibits some biological activity. In fact, there are 
several reports on the modulation of receptor 
tyrosine kinase signalling, induction of 
endoplasmic reticulum stress, and activation of 
autophagy via selected derivatives of calixarenes, 
which contribute to their antiproliferative effects. 
However, these mechanisms have never been 
associated with the parent Calix[6]arene used in 
this study. Hence, the enhanced biological activity 
of the PTX–C6A inclusion complex could be 
attributed to the improved pharmaceutical 
properties of PTX, as opposed to the cytotoxicity 
of the carrier itself. 

The present results are consistent with prior 
reports showing that supramolecular 
complexation is a viable approach for improving 
Paclitaxel pharmaceutical performance without 
chemically altering its Paclitaxel molecular 
structure. Most reported PTX delivery systems 
employ β-cyclodextrin-based carriers because of 
their well-established ability to enhance aqueous 
solubility and dissolution via host–guest 
interactions. For example, Liu et al. developed 
bridged bis(β-cyclodextrin) inclusion complexes 
that improved the solubility and antitumour 
activity of PTX. In contrast, Shah reported 
enhanced aqueous solubility and cellular uptake 
using β-cyclodextrin derivatives [14]. Similarly, 
Zarrabi and Vossoughi demonstrated improved 
PTX complexation using β-cyclodextrin-grafted 
polymeric carriers [18], while Ye et al. 

incorporated PTX–cyclodextrin inclusion 
complexes into chitosan nanoparticles to further 
improve drug delivery and pharmacokinetic 
performance [16]. Collectively, these studies 
demonstrate that host–guest complexation is an 
effective strategy for overcoming the poor 
aqueous solubility of PTX. 

In contrast to these studies, which mostly 
involve cyclodextrins as host molecules, studies 
involving Calix[6]arene as a supramolecular host 
for PTX are few. This present study expands 
current knowledge of calixarenes-based drug 
delivery by demonstrating that a PTX–C6A 
inclusion complex formulated through a relatively 
simple physical mixture can achieve better drug 
loading, alter the properties of PTX in its solid-
state form, increase its apparent solubility in 
water, and increase its in vitro antiproliferative 
activity towards MIA-Pa-Ca-2 pancreatic cancer 
cells. Unlike some previous formulations of PTX, 
which involve polymer and nanomaterial-based 
formulations, the present approach uses a simpler 
strategy based solely on supramolecular 
complexation without the use of Cremophor EL. 
However, one should be careful in comparing 
results from these different studies because of the 
possibility of these differences being explained by 
variations in the formulation design and 
preparation methodologies. Nonetheless, 
although there are some limitations, Calix[6]arene 
is established as a viable host molecule for making 
non-Cremophor formulations of PTX. 

Despite the promising evidence for the PTX–
C6A inclusion complex, several limitations should 
be discussed. This study focused solely on 
physicochemical characterisation and in vitro 
evaluation using only a pancreatic cancer cell line. 
Cellular uptake, signalling related to the apoptosis 
death pathway, pharmacokinetic properties, as 
well as biodistribution and in vivo therapeutic 
efficacy were not examined in this study. 
Moreover, although C6A itself exhibited 
antiproliferative activity, the mechanism 
underlying this effect remains unclear and 
requires further investigation. Therefore, future 
studies must assess both the intracellular fate of 
the inclusion complex and the molecular 
mechanisms underlying its anticancer action, 
pharmacokinetic parameters, and therapeutic 
efficiency in suitable animal tumour models for 
pancreatic cancer to confirm its translational 
relevance. 

Overall, it can be concluded that 
supramolecular complexation with Calix[6]arene is 
a viable method to improve the physicochemical 
properties, apparent solubility, and in vitro 
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antiproliferative activity of Paclitaxel, without the use of 
Cremophor EL. In particular, the increased efficiency of 
drug incorporation into the matrix, solid-state 
properties, aqueous solubility, stability and 
antiproliferative effect of the compound in vitro show 
that Calix[6]arene is an appropriate macrocyclic carrier 
or host for PTX transport. Although further 
comprehensive studies are required before any 
potential clinical applications, these findings provide a 
basis for further development of simple Cremophor-
free supramolecular formulations. 

 

CONCLUSIONS 
This study describes an optimised physical mixing 

method for preparing a Cremophor-free PTX–C6A 
inclusion complex at a PTX:C6A molar ratio of 3:5, 
offering a simple supramolecular approach to improve 
the pharmaceutical performance of Paclitaxel. 
Extensive physicochemical characterisation by ATR-
FTIR, DSC, XRD, FESEM, EDS and HPLC provided 
complementary evidence supporting host–guest 
complex formation, partial amorphisation and 
successful PTX incorporation into the PTX–C6A inclusion 
complex. The PTX–C6A inclusion complex showed a 
significantly higher apparent aqueous solubility than 
free PTX both under physiological and at tumour-
mimicking conditions, acceptable physicochemical 
stability during the storage period, and higher 
antiproliferative activity in vitro against MIA-Pa-Ca-2 
pancreatic cancer cells. Overall, these findings support 
the potential of Calix[6]arene as a supramolecular host 
for future Cremophor-free PTX formulations, 
supporting the enhanced pharmaceutical performance 
of poorly water-soluble anticancer agents. These 
findings provide a basis for further investigation of 
calixarene-based supramolecular drug delivery systems 
for hydrophobic anticancer drugs. Nevertheless, there 
is a need for additional research on how these PTX–C6A 
inclusion complexes are internalised by cells, their 
mechanism of action and pharmacokinetic profiles. 
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