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This study aimed to develop docetaxel (DTX)-loaded polymeric nanoparticles based on chitosan and its combinations 
with β-cyclodextrin or Poloxamer 188 to improve the dissolution profile of DTX. Three nanoparticle groups were 
formulated using the ionic gelation method: chitosan-based (F1CS, F2CS, F3CS), chitosan/β-cyclodextrin-based (F1βCS, 
F2βCS, F3βCS), and chitosan/Poloxamer 188-based (F1PCS, F2PCS, F3PCS). The compatibility between DTX and the 
formulation components was confirmed using FTIR. Nanoparticle morphology was examined via SEM, and the physical 
state of the drug was analyzed using DSC and TGA. In vitro drug release was determined using the dialysis bag method. 
Entrapment efficiency ranged from 55.90 to 82.07% for chitosan-based nanoparticles, 80.80% to 95.13% for β-
cyclodextrin-chitosan nanoparticles, and 86.36% to 98.90% for Poloxamer 188-chitosan nanoparticles. SEM analysis 
showed spherical morphology, and DSC confirmed the amorphous state of DTX. The optimized formulation (F3PCS) 
demonstrated a sustained release profile. The findings suggest that chitosan-based nanoparticles, combined with β-
cyclodextrin and Poloxamer 188, provide a promising approach for enhancing the solubility and bioavailability of DTX. 
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INTRODUCTION  

Polymeric nanoparticles (NPs) have been 
widely investigated as carriers for anticancer drugs 
to enhance their therapeutic efficacy by improving 
solubility, bioavailability, and permeability, while 
reducing associated toxicity. Various polymers, 
such as poly(lactide-co-glycolide) (PLGA) and 
methyl-β-cyclodextrin, have been extensively used 
in nanoparticle formulations due to their favorable 
physicochemical properties and biocompatibility.1 
Recent advancements in nanoparticle-based drug 
delivery have shown significant potential in 
improving the solubility and systemic availability 
of hydrophobic drugs like docetaxel (DTX). 

DTX is a semi-synthetic taxane derivative (Fig. 
1) widely used for the treatment of breast, ovarian, 
prostate, gastric, and non-small cell lung cancer.2 
However, its hydrophobic nature and severe 
systemic toxicity necessitate the use of pre-
administration of corticosteroids and 
antihistamines, limiting its clinical utility.3 To  

 
overcome these limitations, nanoparticle-based 
drug delivery systems incorporating biocompatible 
polymers, such as chitosan, β-cyclodextrin,4,5 and 
Poloxamer 188, have been proposed to enhance the 
aqueous solubility and bioavailability of DTX.  

Various polymers are also extensively 
employed for oral administration of drugs, 
including chitosan, dextran, gelatin, PLGA, 
alginate, acacia gum and acrylic acid derivatives. 
Polymeric nanoparticles have the ability to provide 
sustained release of a drug up to several days, so 
these are of great interest as they aid overcoming 
the tissue barriers before reaching systemic 
circulation.6 
      Chitosan derived from polysaccharide chitin, 
which has a positive charge due to the presence of 
the glucosamine group on its backbone, is used as 
a promising polymer in the formulation of 
polymeric nanoparticles for drug delivery. 
Chitosan-based polymeric nanoparticles are of 
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great interest due to their biodegradability, 
biocompatibility, non-toxicity and low 
immunogenicity.7 Chitosan exerts its action by 
interfering with the cell metabolism by acting on 
tumor cells and thus causing inhibition of cell 

growth, resulting in cell death. Chitosan also 
interacts with the mucous membrane and has a 
strong mucoadhesive interaction with the tumor 
associated mucous membrane, thus enables 
effective anticancer drug delivery.2

 

 
Figure 1: Structure of docetaxel 

 
The mucoadhesive properties of chitosan can 

also be increased extensively by the 
immobilization of thiol groups on its structure. 
Because of the immobilization of thiol groups on 
the polymer, the mucoadhesive properties of 
chitosan have been increased up to 140-fold.5 The 
reason behind this is the development of disulfide 
bonds between the cysteine-rich subdomains of the 
mucous layer and the thiolated polymer. There is 
an increase in permeability through the intestine 
membrane due to thiolation of the polymer. 
Thiolated chitosan causes the regeneration of 
glutathione and inactivation of proteases in GIT by 
capturing and withdrawing bivalent cations from 
the medium, thus enhancing permeability through 
the intestine membrane. All these characteristics 
make thiolated chitosan a preferable polymer for 
improving the absorption and permeability of 
nanoparticles through the mucosa.5 

Cyclodextrins, oligosaccharide 
macromolecules fabricated by enzymatic 
degradation of starch, are physically and 
chemically stable moieties. They are 
comparatively low cost, biocompatible, water-
soluble, and have outer hydrophilic surface and 
inner lipophilic cavity. 𝛽𝛽-cyclodextrin is a 
compound of interest as it forms ideal inclusion 
complexes due to absolute cavity size, remarkable 
drug loading capacity and availability.8 Many 
researchers reported that the cyclodextrin 
derivatives can form complexes with a drug to 
improve its hydrophilicity and oral absorption, 
while also preventing drug instability due to 
degradation and retarding the P-glycoprotein (P-
gp) efflux mechanism, thus improving drug 
pharmacokinetics.9  

Other studies have reported on using PLGA as 
a biocompatible and biodegradable polymer to 
produce polymeric nanoparticles with distinctive 

drug delivery characteristics. Sustained release 
delivery of anti-cancer drugs by PLGA 
nanoparticles can remarkably modify 
pharmacokinetics and pharmacotherapy of the 
drug in cancer patients.10 

In order to improve the dissolution profile of 
DTX, this study developed chitosan-based 
polymeric nanoparticles. A novel aspect of the 
study is the incorporation of β-cyclodextrin and 
Poloxamer 188 within the chitosan nanoparticles. 
This has not been extensively explored in prior 
studies, particularly regarding the impact of the 
combinations between chitosan and β-cyclodextrin 
or Poloxamer 188 on drug-polymer interactions 
and sustained drug release kinetics. 
 
EXPERIMENTAL 
Materials 

HCl, ethanol, chitosan (MW = 50,000-190,000 Da, 
degree of deacetylation = 75.5-85%), Poloxamer-188 
(MW = 7680-9510 g/mol, polyoxyethylene content = 
79.9-83.7%), TPP, phosphate buffer, Tween-80, sodium 
chloride, and dialysis membranes (cut-off 12-14 kDa) 
were obtained from Sigma Aldrich, Germany. 
Docetaxel was purchased from Wuhan Hengheda 
Pharm Co., Ltd., China, and β-cyclodextrin from TCI 
Chemicals (India) Pvt. Ltd.  
 
Preparation of DTX loaded polymeric nanoparticles  
Chitosan-based polymeric nanoparticles  

DTX-loaded chitosan-based nanoparticles were 
prepared using the ionic gelation technique.11 Chitosan 
(0.3% w/v) was dissolved in 1% acetic acid solution, 
and 4 mg of DTX, dissolved in 1 mL ethanol, was 
added. A 0.2% TPP solution was prepared and added 
dropwise under continuous stirring (900 rpm, 45 min, 
RT), followed by ultracentrifugation (15,000 rpm, 45 
min, 4 °C) to collect nanoparticles. The obtained 
nanoparticles were then further characterized. The 
composition of the chitosan polymeric nanoparticles 
(PNPs) is presented in Table 1. 
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Chitosan-β-cyclodextrin based polymeric 
nanoparticles 

This type of nanoparticles were prepared by the 
same method as described above, except that β-
cyclodextrin (10 mg/mL) was dissolved in distilled 
water and incorporated into the chitosan-DTX mixture 
before TPP addition.11 
 

Chitosan-Poloxamer 188 based polymeric 
nanoparticles 

The technique of ionic gelation (ionic cross-linking) 
was used to develop DTX loaded chitosan-Poloxamer 
188 nanoparticles, as reported earlier.12 Poloxamer 188 
(10 mg/mL in cold distilled water) was used instead of 
β-cyclodextrin, following the same process as described 
above. 
 

Table 1 
Composition of polymeric nanoparticles loaded with model anticancer drug DTX 

 
PNPs 
formulation groups 

Formulation 
code 

Drug 
(mg) 

Chitosan 
(mg) 

β-Cyclodextrin 
(mg) 

Poloxamer 188 
(mg) 

Group I 
(Chitosan) 

F1CS 4 20 - - 
F2CS 4 40 - - 
F3CS 4 60 - - 

Group II 
(β-Cyclodextrin-chitosan) 

F1βCS 4 60 4 - 
F2βCS 4 60 8 - 
F3βCS 4 60 10 - 

Group III 
(Poloxamer 188-chitosan) 

F1PCS 4 60 - 4 
F2PCS 4 60 - 8 
F3PCS 4 60 - 10 

 
Characterization 
Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopic (FTIR) 
analysis was performed to evaluate any chemical 
interaction and compatibility among formulation 
components.13 The FTIR spectra of DTX, chitosan, β-
cyclodextrin, Poloxamer 188 and sample formulations 
of polymeric nanoparticles were recorded using an 
FTIR spectrophotometer (Bruker, USA). The samples 
were prepared as KBr pellets. Absorption spectra were 
obtained over a frequency range of 650-4000 cmˉ1 with 
a resolution of 4 cmˉ1.  
 
Construction of standard curve of DTX 

A calibration/standard curve of DTX was developed 
by dissolving 10 mg DTX in phosphate buffer saline 
(pH 7.4) according to the previously employed method. 
The UV spectrum of DTX was recorded using UV-
visible spectrophotometer (UV-1800 Shimadzu, Japan) 
and standard dilutions of DTX (2.5 µgmL-1, 5 µgmL-1, 
7.5 µgmL-1, 10 µgmL-1, 12.5 µgmL-1 and 15 µgmL-1) 
were prepared and the absorbance was noted.  
 
Entrapment efficiency and drug loading capacity 

The percent entrapment efficiency (%EE) and 
loading capacity (LC) of DTX loaded chitosan, β-
cyclodextrin-chitosan and Poloxamer 188-chitosan 
based polymeric nanoparticles were determined using 
the centrifugation technique.14 Briefly, non-
encapsulated DTX was quantified from nanoparticle 
formulations by centrifuging the nanoparticle 
formulations in a centrifuge for 45 min at 15,000 rpm. 
After centrifugation, the supernatant was separated, and 
the concentration of DTX in the supernatant was 
assessed using a UV-Visible spectrophotometer at λmax 

= 231 nm. All readings were made in triplicate and taken 
as the mean ± SD. The following equations were used 
to calculate %EE and %LC: 
EE (%) = 
Total amount of drug−unentrapped amount of drug

 Total amount of drug
 ×100       (1) 

LC (%) = 
Total amount of drug−unentrapped amount of drug

weight of nanoparticles
×100        (2) 

 
Particle size, polydispersity index (PDI) and zeta 
potential 

A Zetasizer Nano ZS (Malvern Instruments, UK) 
was used to perform the particle size analysis, and 
determine the polydispersity index (PDI) and zeta 
potential of the prepared docetaxel loaded polymeric 
nanoparticles.15 Freshly prepared fabricated DTX 
loaded nanoparticles were properly diluted with double 
distilled water before measurements.16 The analysis was 
done in triplicate using a disposable sizing cuvette at 25 
°C with field strength of 20 V/cm, and the pH range of 
diluted samples was adjusted to 6.9-7.2.  
 
Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) was used to 
characterize the surface morphology of polymeric 
nanoparticles. For the analysis, a droplet of formulation 
(10 times diluted) was placed on a glass slide and the 
liquid was removed after the particles were permitted to 
settle. Afterwards, particles were coated for 30 seconds 
with a platinum layer by using an automatic fine 
platinum coater JFC-1300 (JEOL),17 and the images 
were captured at 20,000X and 5kV.18  
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Differential scanning calorimetry (DSC) 
Thermal stability of DTX, physical mixture of the 

components and selected formulations was evaluated 
through DSC analysis using DSC-Q100 (TA 
instrument, USA) as a function of time and temperature 
in a controlled atmosphere. The phase transition in the 
sample was estimated by scanning the samples from 50 
℃–400 ℃ at a heating rate of 10 ℃/min, and DSC 
thermographs were obtained by plotting the graph 
between temperature on (°C) on the horizontal x-axis 
and flow of heat (w/g) on the vertical y-axis.19,20  
 
Thermogravimetric analysis (TGA) 

TG analysis was performed to evaluate the % weight 
loss using a DSC Q100 (TA instrument, USA). Samples 
of DTX, physical mixture of the components, and 
selected formulations were scanned in the temperature 
range of 50-400 ℃ and under nitrogen flow at a heating 
rate of 10 ℃/min, and the graphs were plotted between 
temperature °C and percent weight loss.20 
 
In-vitro drug release studies 

The study of in-vitro drug release from docetaxel 
loaded chitosan, β-cyclodextrin-chitosan and 
Poloxamer 188-chitosan based nanoparticle 
formulations was performed in a USP dissolution 
apparatus II (at 37 ± 0.5 °C, under stirring at 100 rpm) 
using a dialysis membrane (membrane cut-off value 12-
14 KD, previously soaked in 100 mL of release media 
(PBS pH 1.2 and PBS pH 7.4 for 24 h), and the results 
were compared with the release of the drug from a plain 
drug solution. The study was performed in acidic media 
(PBS pH 1.2) for 3 h, followed by basic media (PBS pH 
7.4) for 12 h. Briefly, the developed optimized 
formulations equivalent to 4 mg of DTX were 
suspended individually in 1 mL of distilled water, 
followed by packing in a dialysis membrane. 1-2 drops 
of Tween 80 were also added in the release media to 
provide sink conditions.21 At specified time intervals 
(for acidic media at 0, 0.5 h, 1 h, 1.5 h, 2 h, 3 h, and for 
basic media at 0, 0.5 h, 1 h, 1.5 h, 2 h, 4 h, 6 h, 8 h, 10 

h, 12 h), an aliquot of 3 mL was withdrawn from the 
drug release media and substituted with the same 
volume of fresh phosphate buffer.14 The samples were 
analyzed by the UV spectrophotometer at 231 nm (λmax) 
for determining the amount of docetaxel in the 
samples.22 To ensure reproducibility, each formulation 
was prepared in triplicate, and all experiments were 
conducted under strictly controlled conditions 
(temperature 25 °C, humidity 60%). All reagents used 
in the study were from the same batch to maintain 
consistency. 

 
Statistical analysis 

The results of %EE, %LC, particle size and in-vitro 
drug release were subjected to ANOVA (one way 
analysis of variance) followed by appropriate post-hoc 
t-test (SPSS version 21) for statistical analysis. A P-
value < 0.05 was considered statistically significant. 
The data were presented as the mean ± standard 
deviation (S.D) of 3 experiments.23 
 
RESULTS AND DISCUSSION  
Preparation of DTX loaded PNPs 

Polymeric nanoparticles with varying polymer 
concentrations were fabricated successfully by the 
ionic gelation method using three different 
polymers (chitosan, β-cyclodextrin and Poloxamer 
188) and tripolyphosphate as crosslinker. In the 
first series, PNPs loaded with docetaxel were 
prepared using chitosan only (F1CS, F2CS, F3CS), the 
second class of PNPs was prepared using chitosan 
and β-cyclodextrin (F1βCS, F2βCS, F3βCS), whereas 
the third class of PNPs was prepared using chitosan 
and poloxamer 188 (F1PCS, F2PCS, F3PCS). The 
prepared PNPs visible at the bottom of Eppendorf 
tubes are shown in Figure 2.  

The ionic gelation method was found to be 
suitable for the fabrication of docetaxel loaded 
polymeric nanoparticles.  

 

 
Figure 2: (A) DTX loaded chitosan based PNPs, (B) DTX loaded β-cyclodextrin-chitosan based PNPs, (C) DTX loaded 

Poloxamer 188-chitosan based PNPs 
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Figure 3: Standard curve of DTX 
Figure 4: FTIR spectra of (A) DTX, (B) chitosan,  

(C) β-cyclodextrin, (D) Poloxamer, (E) F3CS, 
(F) F3βCS, (G) F3PCS 

 
Previously, it was reported that the ionic 

gelation method was believed capable of yielding 
relatively larger nanoparticles with high 
entrapment efficiencies.24 In this study, the 
entrapment efficiency of polymeric nanoparticles 
increased as polymer concentration increased, 
which is in agreement with previous findings 
reported by Khalid et al.25 The ionic gelation 
method is well documented and frequently used for 
the fabrication of polymeric nanoparticles as this 
method is convenient, controllable, organic solvent 
free and nontoxic. Particles in nanometer range 
were obtained in the current study; similar size 
nanoparticles have been reported in the literature 
when using the ionic gelation method.11 
 
Construction of standard curve of docetaxel 

The standard calibration curve of DTX is 
shown in Figure 3. The standard curve showed 
linearity, having an R2 value of 0.998. 
 
Fourier transform infrared spectroscopy 

The FTIR analysis verified the compatibility of 
the polymers with the drug, leading to successful 
formation of nanoparticles. Docetaxel, chitosan, β-
cyclodextrin, Poloxamer 188, docetaxel loaded 
chitosan based NPs, docetaxel loaded β-CD-CS 
based NPs and docetaxel loaded P188-CS based 
NPs were subjected to FTIR analysis. The obtained 
spectra are shown in Figure 4.  

The FTIR spectrum of the docetaxel showed 
absorption bands in the following regions: primary 
amide N–H group stretching at 3480 cm-1, acidic 
O–H group medium, broad stretching at 3274 cm-

1, NH2 deformation band at 1650 cm-1, C=O acid 
anhydride strong stretching at 1721 cm-1 and 1740 
cm-1, C–H group at 2981 cm-1, aromatic C–C 
medium stretching at 1510 cm-1, and C–O medium 
stretch at 1260 cm-1.  

The FTIR spectrum of chitosan showed peaks 
at 1150 cm–1 (out-of-plane bending C–O), 1420 
cm-1 (bending of alkane C–C group), 1640 cm-1 
(weak to medium stretching of alkene C=C group), 
1181 cm-1 (C–O ether group stretching), 2875 cm-

1 (C–H SP3 alkyl group stretching) and broad 
stretching at 3472 cm-1 (−OH stretching).  

The spectrum of β-cyclodextrin shows 
alcoholic O–H symmetrical and asymmetrical 
stretching at 3485 cm-1, and another stretch at 2825 
cm-1, which is linked to alkane C–H group 
vibration. Meanwhile the absorption band at 1641 
cm-1 corresponds to the C=C alkene group bending 
and the bands at 1161 cm-1 and 1027 cm-1 are 
linked with asymmetrical and symmetrical 
stretching of C–O–C group, respectively.  

The spectrum of Poloxamer 188 shows a broad 
stretching at 3340 cm-1 for O–H group, weak 
stretching at 2290 cm-1 for C≡C alkyne group, 
intense stretching at 1550 cm-1 for the aromatic 
ring of the C=C group and medium stretching at 
1380 cm-1 for the alkane C–C group.  

Docetaxel loaded CS based NPs showed a weak 
to medium peak at 1650 cm-1 for the C=C alkene 
group and a broad O–H absorption band within 
3230-3300 cm-1. Docetaxel loaded β-CD NPs gave 
the characteristic N–H stretch at 1650 cm-1, the 
C=O stretch at 1721 cm-1, the C=C stretch at 1510 
cm-1and a broad O–H absorption band within the 
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3100-3300 cm-1 region. Docetaxel showed the 
characteristic C=O group with a shift of frequency, 
revealing the activity of the drug remained intact 
when nanoparticles formed. Docetaxel loaded 
P188-CS based NPs gave the characteristic broad 
stretch in the 3240-3340 cm-1 region for the O–H 
group, an intense stretch at 1640 cm-1 for the C=C 
aromatic ring. FTIR spectra confirmed the 
successful synthesis of polymeric nanoparticles.  

The FTIR spectra of the nanoparticles exhibited 
similar peak patterns across formulations. This can 
be attributed to the presence of overlapping 
vibrational bands from chitosan, β-cyclodextrin, 
and Poloxamer 188, which all contain hydroxyl (-
OH) and amine (-NH2) functional groups. The 
disappearance or broadening of the DTX 
characteristic peaks at 1721 cm⁻¹ (C=O stretching) 
and 3480 cm⁻¹ (N-H stretching) in the spectra of 
loaded nanoparticles suggests strong hydrogen 
bonding interactions with the polymeric carriers. 
Given that chitosan and β-cyclodextrin possess 
multiple hydroxyl (-OH) groups, these interactions 
likely contribute to the successful integration of 
DTX within the nanoparticle matrix. FTIR results 
confirm that DTX was successfully embedded into 
the polymer matrix. The observed peak shifts 
suggest hydrogen bonding interactions between 
DTX and polymeric carriers, which may enhance 
nanoparticle stability and drug retention. 
 
Entrapment efficiency and drug loading 
capacity 

The %EE and LC of PNPs were determined by 
an indirect method, as described above, after the 
isolation of nanoparticles by centrifugation. The 
entrapment efficiency and drug loading capacity of 

all formulations are given in Table 2. Chitosan 
based PNPs showed an EE value in the range of 
55.90 ± 0.05% - 82.07 ± 0.06%, and LC in the 
range of 18.63 ± 0.02% - 22.12 ± 0.03%. β-
Cyclodextrin-chitosan based PNPs showed an EE 
in the range of 80.80 ± 0.14% - 95.13 ± 0.07%, and 
LC in the range of 22.69 ± 0.07% - 25.89 ± 0.05%. 
Meanwhile, Poloxamer 188-chitosan based PNPs 
showed an EE in the range of 86.36 ± 0.09% - 
98.90 ± 0.10%, and LC in the range of 24.09 ± 
0.04% - 27.74 ± 0.10%, respectively. Based on 
%EE and LC values, the formulations F3CS, F3βCS 
and F3PCS were considered as optimum. 

The EE% and LC% are key indicators for the 
use of polymeric nanoparticles as a carrier for 
therapeutic drugs.26 If %EE and %LC are higher, 
then less effort and less time is required to remove 
unentrapped material. The %EE and %LC of all the 
polymeric nanoparticle formulations were 
determined by the ultra-centrifugation of samples 
in a cooling centrifuge at 4 ºC and 15000 rpm.27 It 
is well established that the polymeric nanoparticles 
function as a cargo space for lipophilic drugs by 
enhancing their stability and solubility. The core 
space capacity is restricted, and it is very specific 
to the polymeric nanoparticle’s preparation 
method and the chemical structure of both the drug 
and the polymer used. As a result, the amount of 
docetaxel loaded polymeric nanoparticles was 
variable. The chitosan, β-cyclodextrin-chitosan 
and Poloxamer 188-chitosan based polymeric 
nanoparticles were prepared by using different 
polymer concentrations, and the Poloxamer 188-
chitosan combination was found to be more 
effective in terms of EE% and LC%. This result 
has confirmed previous findings.28 

 
Table 2 

Entrapment efficiency and drug loading capacity of DTX loaded 
 

PNPs 
formulation groups 

Formulation  
code 

%EE %LC 

Group I 
(Chitosan) 

F1CS 55.90 ± 0.05 18.63 ± 0.02 
F2CS 73.75 ± 0.01 19.66 ± 0.05 
F3CS 82.07 ± 0.06 22.12 ± 0.03 

Group II 
(β-Cyclodextrin-chitosan) 

F1βCS 80.80 ± 0.14 22.69 ± 0.07 
F2βCS 86.52 ± 0.12 23.23 ± 0.12 
F3βCS 95.13 ± 0.07 25.89 ± 0.05 

Group III 
(Poloxamer 188-chitosan) 

F1PCS 86.36 ± 0.09 24.09 ± 0.04 
F2PCS 97.40 ± 0.11 26.12 ± 0.13 
F3PCS 98.90 ± 0.10 27.74 ± 0.10 

 
The %EE values of chitosan based polymeric 

nanoparticle formulations, i.e., F1CS (1 mg/mL), 
F2CS (2 mg/mL) and F3CS (3 mg/mL), were 55.90 ± 

0.05%,73.75 ± 0.01% and 82.07 ± 0.06%, 
respectively, and %LC were 18.63 ± 0.02%, 19.66 
± 0.05% and 22.12 ± 0.03%, respectively. The 
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EE% of β-cyclodextrin-chitosan based polymeric 
nanoparticles formulations, i.e., F1βCS (4 mg), F2βCS 
(8 mg) and F3βCS (10 mg), were 80.80 ± 0.14%, 
86.52 ± 0.12% and 95.13 ± 0.07%, respectively, 
and LC% were 22.69 ± 0.07%, 23.23 ± 0.12% and 
25.89 ± 0.05%, respectively. The EE of 86.36 ± 
0.09%, 97.40 ± 0.11% and 98.90 ± 0.10% and LC 
24.09 ± 0.04%, 26.12 ± 0.13% and 27.74 ± 0.10% 
was observed for Poloxamer 188-chitosan based 
polymeric nanoparticle formulations, i.e., F1PCS (4 
mg), F2PCS (8 mg), F3PCS (10 mg), respectively.  

Thus, the Poloxamer 188-chitosan based 
polymeric nanoparticle formulations showed the 
highest %EE and %LC. The difference was found 
significant, with a P-value < 0.05. This indicated 
that the entrapment efficiency depends upon the 
competition between hydrophobicity and 
hydrophilicity of the nonionic polymeric 
surfactant.29  
 
Particle size, PDI and zeta potential 
measurements 

Based on entrapment efficiency and drug 
loading capacity, the optimum docetaxel loaded 
chitosan based PNPs (F3CS), β-cyclodextrin-
chitosan based PNPs (F3βCS) and Poloxamer 188-
chitosan based PNPs (F3PCS) were characterized for 
particle size, polydispersity index (PDI) and zeta 
potential. The results are presented in Table 3. The 
graphs for size distribution and average zeta 
potential for formulations F3CS, F3βCS and F3PCS are 
shown in Figure 5. 

All optimized polymeric nanoparticle 
formulations were noted to be in the nanoscale 
range, with positive zeta potential values. 
Specifically, the average particle sizes of 
optimized polymeric nanoparticle formulations, 
i.e., F3CS, F3βCS and F3PCS, were 205.9 nm ± 65.19, 
219.5 nm ± 148.9 and 290.1 nm ± 129.9, 
respectively. The smallest average particle size 
was observed for the chitosan based nanoparticles 
in comparison with the β-cyclodextrin-chitosan 
and Poloxamer 188-chitosan based formulations. 
This was because the addition of the second 
polymer, along with chitosan, increases the 
particles size.30 

The particle size of β-cyclodextrin-chitosan 
based optimized formulation F3βCS showed a 
relatively larger size (219 nm), compared to the 
pure chitosan based NPs. As described by 
Mahmoud et al., the nanoparticle size increased 
due to considerable aggregation of particles, 
caused by the reduction of positive surface charge, 
thus resulting in reduced repulsion forces among 

nanoparticles.31 Thus, the particle size of the 
nonionic surfactant coated F3PCS nanoparticle 
formulation increased notably in comparison with 
the pure chitosan based nanoparticle formulations. 
The particle size might increase owing to the 
adhesion of Poloxamer 188 on the surface of 
polymeric nanoparticles. As reported earlier, in 
coated and uncoated nanoparticles, electrokinetic 
behavior differences indicate the adsorption of 
Poloxamer 188 onto fabricated polymeric 
nanoparticles.32 The size of nanoparticles plays an 
important role in drug release, as smaller 
nanoparticles could result in faster drug release, 
due to larger particle surface area. As opposed to 
this, a large size of nanoparticles may result in slow 
drug diffusion or drug release. Accordingly, there 
is a reciprocation between smaller size and 
optimized stability of nanoparticles.33  

The polydispersity index (PDI) is a key 
parameter exhibiting the homogeneity and 
heterogeneity of any colloidal formulation. The 
drug carriers’ trend to accumulate in the target 
tissue sites depends on their physicochemical 
properties, comprising particle size distribution. 
Safe, stable and efficient formulation of carriers 
depends upon the homogeneity of nanoparticles. 
The PDI range is from 0.0 to 1.34 Optimized 
polymeric nanoparticle formulations F3CS, F3βCS 
and F3PCS showed polydispersity index values less 
than 0.3, i.e., 0.257, 0.266 and 0.298, respectively, 
thus indicating the formation of homogenous 
nanoparticle formulations.  

Zeta potential is an important aspect to indicate 
the stability of polymeric nanoparticle 
formulations. Zeta potential can be either positive 
or negative in polarity. Due to an increase in the 
zeta potential value, the electrostatic repulsion 
between the charged particles also increases, as a 
result, particles remain dispersed in the aqueous 
phase, preventing agglomeration. Colloidal 
formulations with a zeta potential value ± 30 mV 
or lower are considered stable colloidal systems. 
Ideally, NPs within 10-1000 nm size range, with 
PDI ≤ 0.3 and zeta potential ≤ ± 30mV are 
considered the most suitable for oral drug 
delivery.35 Zeta potential for all optimum 
polymeric nanoparticle formulations F3CS, F3βCS 
and F3PCS was positive (+19.9 ± 8.62, +18.8 ± 6.86, 
+24.9 ± 5.74, respectively). The high positive 
values of zeta potential may ensure the required 
stability of polymeric nanoparticles, thus results 
might show a very low coalescence and physically 
highly stable polymeric nanoparticle 
formulations.1 
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Table 3 
Particle size, polydispersity index and zeta potential values of nanoparticles 

 
PNPs 
formulation groups 

Formulation 
code 

Particle size 
(nm) 

Poly dispersity 
Index 

Zeta potential 
(mV) 

Group I 
(Chitosan) F3CS 205.9 ± 65.19 0.257 19.9 ± 8.62 

Group II 
(β-cyclodextrin-chitosan) F3βCS 219.5 ± 149.5 0.266 18.8 ± 6.86 

Group III 
(Poloxamer 188-chitosan) F3PCS 290.1 ± 129.9 0.289 24.9 ± 5.74 

 

 
Figure 5: Size distribution and zeta potential distribution of optimized PNPs 

 

 
Figure 6: SEM image of optimized docetaxel loaded P188-CS based nanoparticles at 20,000X magnification 
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Morphological evaluation 
Scanning electron microscopy confirmed the 

successful formation of PNPs. The SEM image of 
the selected optimum formulation (F3PCS) was 
obtained at 20,000X magnification, as shown in 
Figure 6. The SEM image confirmed spherical and 
well-dispersed nanoparticles. 
 
Differential scanning calorimetry (DSC)  

Any thermal behavior change due to the 
interaction of a drug with other formulation 
components can be assessed by performing DSC 
(Fig. 7). The DSC thermogram of docetaxel 
showed a sharp endothermic melting peak at 
104.78 °C, which is in agreement with previous 
findings. In comparison with it, the DSC curves of 
the physical mixture of the components and of the 
selected optimum formulation (F3PCS) revealed the 
disappearance of the characteristic endothermic 
melting peak of docetaxel, which demonstrates 
successful incorporation of docetaxel within PNPs. 
Also, the disappearance of the peak corresponding 

to docetaxel may indicate that the crystalline form 
of docetaxel converted to amorphous form when 
encapsulated in polymeric nanoparticles.36 The 
disappearance of the endothermic peak of 
docetaxel could indicate increased entrapment 
efficiency. The presence of amorphous docetaxel 
in the polymeric nanoparticles may help in 
improving the drug solubility and drug stability 
within the formulation. In comparison with the 
crystalline form, the amorphous form of the drug 
has more enthalpy and free energy, these factors 
can lead to enhanced oral bioavailability of 
lipophilic drugs.  
 
Thermogravimetric analysis (TGA) 

Similarly, the thermal behavior of the drug, 
physical mixture of the components and of the 
selected formulation (F3PCS) was analyzed by 
thermal gravimetric analysis. The TGA 
thermograms of these samples are shown in Figure 
8. 

 

  
Figure 7: DSC thermograms of (a) docetaxel,  

(b) physical mixture and (c) F3PCS 
Figure 8: TGA thermograms of (a) docetaxel, 

(b) physical mixture and (c) F3PCS 
 

The TGA curve of the pure active drug showed 
an initial thermal degradation at 102 °C, while in 
the case of the physical mixture and of the selected 
optimum formulation (F3PCS), thermal degradation 
was observed at >210 °C. This indicates the high 
thermal stability of the developed formulation and 
efficient entrapment of the drug within the PNPs, 
which was protected from fast degradation being 
encapsulated inside the polymeric nanoparticles.37  
 
In-vitro drug release studies 

Dissolution studies were performed from the 
plain docetaxel aqueous dispersion and three 
optimized polymeric nanoparticle formulations 
(F3CS, F3βCS and F3PCS) at gastric pH (1.2), as well 
as at intestinal pH (7.4) conditions. The cumulative 
release of the drug from its aqueous dispersion was 
6.56% and 12.98% at pH 1.2 and pH 7.4, 

respectively. The cumulative release of the drug 
from the optimized nanoparticle formulations 
(F3CS, F3βCS and F3PCS) were 16.03%, 28.57% and 
34.81% at pH 1.2, and 37.98%, 53.45% and 
74.45%, at pH 7.4, respectively. The release profile 
of docetaxel from different nanoparticle 
formulations is shown in Figure 9 (a and b). 
Overall, it was observed that for the first 2 hours, 
at both pH values, there was a burst drug release, 
followed by sustained drug release.  

The in-vitro drug release study at pH 7.4 
revealed that the drug in saline releases rapidly 
(Fig. 9(b)). The drug release rates of all optimized 
nanoparticle formulations were higher than that of 
the plain drug aqueous dispersion. This exhibited 
the solubilization effect of docetaxel in the 
nanoparticle carriers. The formulations of 
docetaxel loaded polymeric nanoparticles revealed 
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a significant increase in the dissolution rate of 
docetaxel, which could result in the extended and 
sustained release of drug. This significant increase 
in the dissolution rate may be attributed to the fact 
that polymeric nanoparticles can ensure an 

increased surface area for docetaxel, proportional 
to the drug release rate. Secondly, polymers could 
also ensure higher wettability, which also 
contributes to an increased drug release rate. 

 

 
Figure 9: In-vitro release profiles of F3CS, F3βCS and F3PCS in (a) 0.1N HCl (pH 1.2), and (b) in phosphate buffer saline 

(pH 7.4) 
 

The plain drug aqueous dispersion released 
only 12.98% of docetaxel at pH 7.4 within the 
same period as the nanoparticle formulations. At 
simulated basic conditions, nanoparticles 
demonstrated burst release of the drug during the 
first 1.5 hours, followed by a sustained and 
extended release for up to 12 hours in the second 
phase. Due to the effect of pH on the docetaxel 
release, at basic pH 7.4 the drug release is higher 
than at gastric pH 1.2. The increased release rate 
might be due to the swelling of polymeric 
nanoparticles at pH 7.4. Thus, nanoparticles may 
retain the drug entrapped more efficiently from the 
stomach until reaching the intestine to increase the 
drug availability in the intestine, as reported 
previously.38 

The cumulative % drug release was found to be 
higher for β-cyclodextrin-chitosan (F3βCS) and 
Poloxamer 188-chitosan based nanoparticles 
(F3PCS), as compared to pure chitosan based 
nanoparticles (F3CS). The higher drug release from 
the formulation with β-cyclodextrin was because at 
alkaline pH in phosphate buffer, the cross-linking 
density between chitosan and tripolyphosphate 
decreases due to chitosan amino group 
deprotonation, which can result in faster drug 
release other than at acidic pH, which may not 
affect the crosslinking density and thus the drug 
release.39 In other studies, it has been reported that 
methotrexate, a lipophilic drug, exhibits similar 
behavior at alkaline pH, when entrapped into β-
cyclodextrin-chitosan polymeric nanoparticles. In 
intestinal basic medium, methotrexate depicts a 
burst release for 0.5 h in the first phase, which 

becomes sustained in the second phase for 24 h. 
The sustained effect observed for methotrexate is 
due to the combination of β-cyclodextrin with 
chitosan.40 Similarly, an initial burst release, 
followed by sustained release, was observed for 
warfarin, another lipophilic drug, when complexed 
and encapsulated within β-cyclodextrin-chitosan 
polymeric nanoparticles, which resulted in 
stronger sustained effect.41  

Moreover, in the present study, it was found 
that the cumulative drug release from Poloxamer 
188-chitosan based polymeric nanoparticles 
(F3PCS) was significantly faster and higher than that 
from β-cyclodextrin-chitosan (F3βCS) and pure 
chitosan (F3CS) based polymeric nanoparticles, 
which agreed with previous findings.42 The faster 
drug release may be attributed to the fact that 
Poloxamer 188 may have the potential to increase 
the drug bioavailability by enhancing absorption 
and permeability of drug. Poloxamer 188 being a 
nonionic surfactant has the capability to prolong 
the drug’s systemic exposure by interfering with 
the lymphatic transport of polymeric nanoparticles. 
Much research has suggested that the concomitant 
administration of P-gp inhibitors and cytochrome 
P450 inhibitors will modify and enhance the oral 
absorption of highly lipophilic drugs. Poloxamer 
188 can inhibit the P-gp efflux system, thus it could 
improve oral absorption of docetaxel. In addition 
to this, polymeric nanoparticles may also provide 
protection against chemical and enzymatic 
degradation of the drug, thus they might increase 
the mean residence time (MRT) of the drug in the 
body.43 
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After performing the release studies, different 
release kinetic models (zero order, first order 
Korsmeyer-Peppas, Higuchi and Hixson-Crowell) 
were applied to the release studies data of PNPs to 
check the release behavior mechanism of the drug 
from the nanoparticles. The Korsmeyer-Peppas 

model provided the best fit (R² > 0.96), indicating 
a Fickian diffusion mechanism for F3PCS. 

The results of the release kinetics of the 
optimized formulations (F3CS, F3βCS and F3PCS) are 
illustrated in Table 4.  
 

Table 4 
Release kinetic behavior of polymeric nanoparticles 

 
Kinetic models Parameters F3CS F3βCS F3PCS 

Zero order K˚ 
R² 

3.962 
0.689 

5.599 
0.549 

8.152 
0.263 

First order K1 

R2 
0.052 
0.824 

0.084 
0.830 

0.177 
0.824 

Korsmeyer-
Peppas 

kKP 
R2 

n 

10.32 
0.968 
0.551 

15.83 
0.977 
0.510 

27.05 
0.936 
0.434 

Higuchi kH 
R2 

11.33 
0.962 

16.14 
0.976 

23.97 
0.920 

Hixson-Crowell kHC 
R2 

0.016 
0.784 

0.025 
0.767 

0.048 
0.706 

 
CONCLUSION 

The ionic gelation method was successfully 
used to prepare docetaxel loaded nanoparticles. 
The type and concentration of the polymer used 
affected the results to a considerable extent, as by 
increasing polymer concentration the EE% also 
increased. Poloxamer 188 (10 mg), when 
combined with chitosan (3 mg/mL), produced 
nanoparticles with more desirable characteristics 
as this combination offered the maximum 
entrapment efficiency. Optimized NPs 
formulations, i.e. F3CS, F3βCS and F3PCS, showed a 
desirable size with good monodispersity. The 
FTIR, SEM, DSC and TGA analyses confirmed 
the compatibility of formulation components, 
surface morphology and thermal stability of 
docetaxel loaded NPs, respectively. Higher % drug 
release was attained from the carrier systems at 
intestinal and gastric pH conditions, compared to 
the plain drug aqueous dispersion, exhibiting 
improved solubility of drug within the NPs, which 
may help in evading hepatic first pass effect 
efficiently. The R2 value indicated that the 
Korsmeyer–Peppas model was the most suitable 
model for expressing the mechanism of drug 
release from the optimized NPs formulations. The 
results obtained in this study indicated the prepared 
NPs can be a promising approach to improving 
solubility of the poorly water-soluble drug DTX, 
leading to improved dissolution profiles in bio-
relevant media. 
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