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The aim of this study is to formulate polymeric paclitaxel nanoparticles with various stabilizers to
improve solubility, enhance stability, maximize therapeutic efficacy and minimize detrimental toxicities
of paclitaxel. In this study, trastuzumab-guided poly lactic-co-glycolic acid (PLGA)-loaded paclitaxel
nanoparticles were formulated with pluronic F-127, polyvinyl alcohol (PVA), poloxamer 407, Tween-
80, span 20, sodium dodecyl sulfate (SDS), and sodium lauryl sulfate (SLS) at different concentrations
(0.5, 1, 1.5 and 2%) using the solvent evaporation method. The nanoparticles were evaluated for physic-
ochemical characteristics and short and long-term stability. The optimum particle size (190 nm ± 12.42 to
350 nm ± 11.1), PDI (0.13 ± 0.02 to 0.2 ± 0.01), surface charge (-19.1mv ± 1.5 to �40.4mv ± 1.6), drug load-
ing (2.43 to 9.5 %) and encapsulation efficiency (greater than 80 %) were obtained with these stabilizers
while keeping the polymer concentration, temperature, probe size, amplitude and sonication time con-
stant. The nanoformulations were stably stored at 4 �C. The nanoformulations of paclitaxel with pluronic
F-127, polyvinyl alcohol (PVA), and poloxamer 407 were found to be more soluble, stable, uniform in
physicochemical properties, and efficient in drug loading and encapsulation for improved therapeutic
effects.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Commercially available drugs are associated with poor water
solubility, poor stability and limited or no drug selectivity, which
requires advancements in drug development technologies. Altering
the pharmacological responses by adding functionalities or by
manipulating the drug molecule itself is a challenge. Therefore, a
drug delivery system in the form of polymeric nanoparticles repre-
sents the platform in terms of stability, solubility, bioavailability,
selectivity, drug safety and modified drug release (Shkodra-Pula,
Grune et al. 2019).

Paclitaxel is among the best antineoplastic agents, but it has
some limitations. Most of the current formulations of paclitaxel
contain Cremophor EL, which upon I/V administration causes
hypersensitivity reactions that lead to high infusion time and pre-
cipitate out upon dilution (Win and Feng 2006), (Kalepu and
Nekkanti 2015). Paclitaxel has very low oral bioavailability due
to the first pass effect by cytochrome P450 and P-glycoprotein
(plasma membrane transporter) overexpression in the physiologi-
cal system (Win and Feng 2006), (Zhao and Feng 2010). Therefore,
the need for good aqueous solubility, freedom from side effects and
receptor-specific alternate formulations is the demand of current
research work.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsps.2023.101697&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jsps.2023.101697
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mirina.sakhi@yahoo.com
mailto:drabadkhan@uoswabi.edu.pk
mailto:drabadkhan@uoswabi.edu.pk
mailto:ismailkhan@uoswabi.edu.pk
mailto:saeedkhan@kust.edu.pk
mailto:sumaira.pharmacy@must.edu.pk
mailto:muznaqazi@yahoo.com
mailto:muznaqazi@yahoo.com
mailto:uddin_mn@mercer.edu
mailto:mkazi@ksu.edu.sa
mailto:mkazi@ksu.edu.sa
mailto:fazlinasir@uop.edu.pk
https://doi.org/10.1016/j.jsps.2023.101697
http://www.sciencedirect.com/science/journal/13190164
http://www.sciencedirect.com


M. Sakhi, A. Khan, I. Khan et al. Saudi Pharmaceutical Journal 31 (2023) 101697
Over the past few years, great effort has been made to develop
stable, cremophor EL-free polymeric paclitaxel nanoformulations,
but these formulations still need more consideration due to stabil-
ity problems. Drug release from these nanoformulations is not con-
sistent and sustained (Schmitt, Trasi et al. 2015). Most of these
nanoformulations are under preclinical trials and far from human
use. These newer formulations have decreased drug-associated
toxicities and the use of pre-medications, but improvements in
terms of therapeutic efficacy remain to be achieved.

Stabilizers play an important role in the long-term stability of
nanoparticles as well as in preventing aggregation, as nanoparti-
cles may tend to aggregate due to their high surface energy
(Tuomela, Hirvonen et al. 2016). They tend to decrease the interfa-
cial tension between the oil and water phases. The type and con-
centration of surfactant not only determine particle stability but
are also important for the encapsulation efficiency, release kinetics,
and pharmacokinetic parameters of the nanoparticles. Therefore,
different stabilizers were applied to evaluate the effect of these
surfactants on the physiochemical properties of nanoparticles
and choose the surfactant that results in the optimized nanoparti-
cle formulation (Shkodra-Pula, Grune et al. 2019).

Polyvinyl alcohol (PVA), a nonionic surfactant, is the most com-
monly used surfactant for the fabrication of nanoparticles due to
the formation of small nanoparticles and inhibition of p-
glycoprotein, which results in increased drug accumulation inside
cells (Bai, Li et al. 2007). PVA often affects physical properties and
cellular uptake by the formation of interconnected networks with
polymers at the interface (Aslam, Kalyar et al. 2018). Pluronic acid,
a tri-block copolymer (polyethylene oxide-b-polypropylene oxide-
b- polyethylene oxide), is a nonionic surfactant that is less toxic to
biological membranes and biocompatible. Pluronic F-127 has been
shown to modulate efflux pumps such as P-glycoprotein and mul-
tidrug resistance-associated proteins, which influence drug phar-
macokinetics (BAYINDIR and BADILLI 2009, Wei, Hao et al. 2009).
Poloxamer 407 is a cationic, tri-block copolymer containing poly-
ethylene oxide (hydrophilic portion) and poly propylene oxide (hy-
drophobic portion). The hydrophobic end is anchored to the
nanoparticle surface, while the water-loving portion is oriented
toward the aqueous medium, forming a hydrophilic layer
(Redhead, Davis et al. 2001, Stolnik, Daudali et al. 2001). It is
amphiphilic in nature, has bioadhesive properties and increases
the solubilization of hydrophobic drugs (Dumortier, Grossiord
et al. 2006). Sodium lauryl sulfate is an anionic surfactant used
to prepare nanoparticles with a high negative charge, which is
important for their stability. As nanoparticles tend to agglomerate,
strong repulsive forces prevent particle aggregation (Pongpeerapat,
Wanawongthai et al. 2008, das Neves, Michiels et al. 2012). In this
study, different stabilizers (Pluronic F-127, PVA and Poloxamer
407) at varying concentrations (0.5, 1, 1.5 and 2%) with an opti-
mized polymer (PLGA) concentration were utilized to show their
impact on the physicochemical characteristics and stability of the
developed nanoformulations. SLS and other anionic surfactants
Table 1
Optimization of the method of preparation of nanoformulations.

No Code D:P (mg) Stabilizer 1% (10 mL) Preparation m

01 PTX 05 1:10 Pluronic F-127 Solvent evap
02 PTX 06 2:10
03 PTX 07 1:10 Nano-precip
04 PTX 08 2:10
05 PTX 21 1:10 Poloxamer 407 Solvent evap
06 PTX 22 2:10
07 PTX 23 1:10 Nano-precip
08 PTX 24 2:10

Organic solvent: ACN (5 mL), D: Paclitaxel, P: PLGA.

2

were added to these formulations for optimization of particle size,
PDI and ZP. These nanoformulations were used for targeting speci-
fic breast cancer receptors for which a negative surface charge is
required and negatively charged particles are also more stable.
2. Materials and methods

2.1. Materials

Paclitaxel (�99.9 % purity) was purchased from Qilu Antibiotic
Pharmaceutical Co., Ltd., China. Poly lactic acid coglycolic acid
(75:25, Resomer� RG 756H, MW 76000–115000 Da) from Evonik
Germany, trastuzumab from Roche Pharmaceuticals UK, Poly Vinyl
Alcohol (MW; 30,000–170,000), Poloxamer 407, Pluronic F-127,
Sodium lauryl Sulphate (SLS) from Sigma Aldrich Germany, Diso-
dium Hydrogen Phosphate (Na2HPO4), Sodium Chloride (NaCl),
Potassium Chloride (KCl), Hydrochloric acid (HCL), Phosphoric acid
(H3PO4), methanol, Dichloromethane, mannitol, glucose, sucrose,
acetonitrile (purity� 99. 9 %) and other solvents used were of HPLC
grade. The water used for solvent preparation was ultra-pure.

2.2. Equipment

A sensitive analytical balance (Shimadzu, Japan), pH/mV meter
(Jenway�, UK), vortex mixer (Fisher Scientific�, USA), refrigerated
centrifuge (Centurion� Scientific, UK), probe sonicator (Sanyo,
UK), magnetic stirrers (Benchmark�, USA), shaking water bath
(Korea), zeta sizer (Malvern Zetasizer ZS-90, UK), freeze dryer
(TalstarCryodos- 50, USA), UV–visvisible spectrometer (Perkin
Elmer Series 200), scanning electron microscope (Jeol, Japan),
Mini-PROTEAN� electrophoresis system (BIO-RAD, USA), and
microplate reader (Biotek, USA) were used.

2.3. Methodology

2.3.1. Formulation conditions
Different methods have been used for the preparation of

nanoparticles, such as solvent evaporation and nanoprecipitation
methods. The initial conditions were checked in terms of the
method of preparation and solvent for the solubilization of poly-
mer, drug and excipients. Four organic solvents, acetonitrile,
dichloromethane, methanol and acetone, were used with different
stabilizers while keeping the concentrations of the drug and poly-
mer constant.

2.3.2. Nanoparticle Formulation
Paclitaxel polymeric nanoparticles were prepared using PLGA as

a polymer, polyvinyl alcohol, Pluronic F-127, Poloxamer-407,
Tween-80, span 20, sodium dodecyl sulfate and sodium lauryl sul-
fate as stabilizers, and the method adapted was solvent evapora-
tion. The PLGA concentration was kept constant (10 mg), while
ethod P.Size (nm) Z.P (mv) PDI E.E (%)

oration 190 ± 13.2 �8.1 ± 1.8 0.2 ± 0.03 71
226 ± 11.6 �9 ± 0.7 0.16 ± 0.01 96

itation 409 ± 10.4 �6.1 ± 1.2 0.59 ± 0.1 73
542 ± 13.8 �5.8 ± 0.1 01 52

oration 249 ± 9.7 �5.6 ± 0.21 0.19 ± 0.01 83
255 ± 14.2 �6.9 ± 0.11 0.3 ± 0.02 67

itation 399 ± 12.4 �3.09 ± 1.4 0.46 ± 0.04 69
475 ± 10.5 �5.22 ± 0.8 0.91 ± 0.03 75
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stabilizers (0,5, 1, 1.5, 2 %) and drug (1, 2, 3, 4 mg) were used in
variable concentrations. Ten milligrams of PLGA (75:25) and pacli-
taxel (1, 2, 3, 4 mg) were dissolved in 5 mL of ACN. For preparation
of the aqueous phase, stabilizers at different concentrations were
dissolved in distilled water (10 mL). The organic phase containing
the drug and polymer was added dropwise into 10 mL of an aque-
ous stabilizer solution with constant magnetic stirring. Sonication
of the resultant mixture was performed with the help of a probe
Fig. 1. Effect of the method of p

Fig. 2. Effect of organic sol

Table 2
Organic solvents used for preparation of the nanoformulation.

No Code D:P (mg) Stabilizer 1% (10 mL) Organic solven

01 PTX 33 1:10 Pluronic F-127 ACN
02 PTX 34 1:10 DCM
03 PTX 35 1:10 MeOH
04 PTX 36 1:10 Acetone
05 PTX 45 1:10 Poloxamer 407 ACN
06 PTX 46 1:10 DCM
07 PTX 47 1:10 MeOH
08 PTX 48 1:10 Acetone

D: Paclitaxel, P: PLGA.

3

sonicator (Soni-prep-150, UK) set at 99% power 15 W for 4 min
in an ice water bath. The organic solvent was allowed to evaporate
overnight by slow magnetic stirring. After the complete removal of
the organic solvent, the nanoparticles were centrifuged at
15000 rpm for 30 mins at �8 �C and washed three times with dou-
ble distilled water (Ali and El-Enin 2021). The nanoparticles were
used freshly or freeze dried for further evaluation (Mainardes
and Evangelista 2005).
reparation on particle size.

vents on particle size.

t (5 mL) P.size (nm) Z.P (mv) PDI E.E (%)

192 ± 11.1 �8.7 ± 0.2 0.2 ± 0.01 75
468 ± 11.6 2.4 ± 0.7 0.34 ± 0.01 72
339 ± 8.2 �1.2 ± 0.8 0.22 ± 0.03 33
415 ± 9.1 3.3 ± 0.1 0.45 ± 0.2 42
244 ± 10.1 �5.9 ± 0.11 0.12 ± 0.02 83
486 ± 8.7 3.1 ± 0.13 0.19 ± 0.01 66
324 ± 11.0 �2.3 ± 1.6 0.6 ± 0.01 61
439 ± 12.2 1.9 ± 1.2 0.27 ± 0.6 53



Table 3
Stabilizers used for preparation of the nanoformulation.

NO Code D:P (mg) Stabilizer (10 mL) Stabilizer (%) Size (nm) PDI Z.P(mv) E. E (%)

01 PTX 01 1:10 PVA 1:0 347 ± 10.3 0.6 ± 0.01 �8.1 ± 1.8 55
02 PTX 05 1:10 Pluronic F-127 1:0 190 ± 13.2 0.2 ± 0.03 �8.1 ± 1.8 71
03 PTX 21 1:10 Poloxamer 407 1:0 249 ± 9.7 0.19 ± 0.01 �5.6 ± 0.21 83
04 PTX 124 1:10 Tween 80 1:0 261 ± 12.2 0. ± 0.04 �7.39 ± 0.1 41
05 PTX 126 1:10 Span 20 1:0 160 ± 11.9 0.9 ± 0.2 0.6 ± 1.1 25
06 PTX 131 1:10 SDS 1:0 482 ± 7.1 0.9 ± 0.01 �51.6 ± 0.1 24
07 PTX 142 1:10 SLS 1:0 203 ± 7.3 0.4 ± 0.06 �40.8 ± 1.4 56
08 PTX 66 1:10 PVAa + SLSb 1:0.05 279 ± 13.1 0.8 ± 0.04 �4.16 ± 0.11 68
09 PTX 88 1:10 Pluronic F-127a + SLSb 1:0.05 371 ± 22.61 0.7 ± 0.02 �29.77 ± 0.2 76
10 PTX 104 1:10 Poloxamer 407a + SLSb 1:0.05 199 ± 21.80 0.4 ± 0.01 �26.85 ± 0.03 77
11 PTX 120 1:10 Tween 80a + SLSb 1:0.05 198 ± 14.6 0.4 ± 0.23 �43.2 ± 1.01 41
12 PTX 133 1:10 SDSa + SLSb 1:0.05 333 ± 15.5 0.5 ± 0.05 �50.1 ± 0.21 35
13 PTX 137 1:10 Span 20a + SLSb 1:0.05 391 ± 9.7 0.9 ± 0.06 �60.2 ± 0.09 66

a 5 mL, b 5 mL, D: Paclitaxel, P: PLGA.

Fig. 3. Effect of different stabilizers on particle size.

Table 4
Formulation of paclitaxel with PLGA, 0.05% SLS and PVA.

NO Code D:P (mg) Size (nm) PDI Z.P (mv) Amount Encapsulate (mg/mL) (%) E.E (%) Drug Loading

PVA (0.5%)
01 PTX 67 1:10 289 ± 0.12 0.3 ± 0.01 �4 ± 0.5 0.81 81% 8.1
02 PTX 68 2:10 378 ± 22.11 0.9 ± 0.04 �7 ± 0.3 1.1 55% 11
03 PTX 69 3:10 528 ± 12.3 1.0 ± 0.05 �3 ± 0.4 2.94 98% 29.4
04 PTX 70 4:10 620 ± 11.1 0.3 ± 0.01 �7 ± 0.5 3.88 97% 38.8
PVA (1%)
05 PTX 72 1:10 244 ± 0.19 0.3 ± 0.02 �3 ± 0.2 0.78 78% 7.8
06 PTX 73 2:10 349 ± 12.08 0.5 ± 0.03 �4 ± 0.6 1.92 96% 19.2
07 PTX 74 3:10 327 ± 23.2 0.7 ± 0.03 �2.20 ± 0.3 2.52 84% 25.2
08 PTX 75 4:10 365 ± 10.91 0.6 ± 0.04 �5.11 ± 0.4 3.80 95% 38
PVA (1.5%)
09 PTX 76 1:10 408 ± 26.13 0.2 ± 0.02 �3.25 ± 0.2 0.94 94% 9.4
10 PTX 77 2:10 496 ± 7.09 0.3 ± 0.01 �3.71 ± 0.1 0.19 95% 1.9
11 PTX 78 3:10 1042 ± 11.1 1.0 ± 0.04 �7.75 ± 0.6 2.91 97% 29.1
12 PTX 79 4:10 1040 ± 0.19 1.0 ± 0.05 �4.31 ± 0.5 3.84 96% 38.4
PVA (2%)
13 PTX 80 1:10 315 ± 18.45 0.3 ± 0.01 �2.23 ± 0.3 0.94 94% 9.4
14 PTX 81 2:10 402 ± 23.66 0.6 ± 0.02 �1.53 ± 0.2 1.84 92% 18.4
15 PTX 82 3:10 529 ± 34.24 0.9 ± 0.01 �1.15 ± 0.1 2.64 88% 26.4
16 PTX 83 4:10 601 ± 43.21 0.5 ± 0.03 �1.1 ± 0.1 3.36 84% 33.6

D: Paclitaxel, P: PLGA.
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Fig. 4. Effect of varying concentrations of PVA on particle size.

Fig. 5. Effect of varying concentrations of PVA on the zeta potential.
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2.3.3. Characterization
2.3.3.1. Dynamic light scattering (DLS). The size and PDI of the
developed nanoformulations were evaluated by DLS (at 90� angle
and 25 �C) using a Zetasizer. The nanoformulations were diluted
with distilled water wherever needed. The average of three
reported values (100 cycles each) was taken using Malvern soft-
ware and analyzed statistically.

The net charge of particles can affect the circulation half-life,
tissue retention, stability or cell entry capabilities and should be
Table 5
Formulation of paclitaxel with PLGA, 0.05% SLS and Pluronic F-127.

NO Code D:P (mg) Size (nm) PDI Z.P (mv)

Pluronic F-127 (0.5%)
01 PTX 84 1:10 190 ± 12.42 0.13 ± 0.02 �30.2 ±
02 PTX 85 2:10 265 ± 3.38 0.5 ± 0.03 �30.9 ±
03 PTX 86 3:10 287 ± 13.51 0.2 ± 0.01 �35.8 ±
04 PTX 87 4:10 373 ± 14.47 0.9 ± 0.08 �38.5 ±
Pluronic F-127 (1 %)
05 PTX 88 1:10 371 ± 22.61 0.7 ± 0.02 �29.77
06 PTX 89 2:10 380 ± 38.97 0.6 ± 0.04 �24.2 ±
07 PTX 90 3:10 453 ± 48.10 0.6 ± 0.01 �30.8 ±
08 PTX 91 4:10 363 ± 44.0 0.4 ± 0.04 �34.7 ±
Pluronic F-127 (1.5 %)
09 PTX 92 1:10 261 ± 11.8 0.4 ± 0.03 �24.05
10 PTX 93 2:10 385 ± 33.4 1.0 ± 0.04 �30.59
11 PTX 94 3:10 458 ± 18.5 0.5 ± 0.04 �31 ± 0
12 PTX 95 4:10 431 ± 23.9 0.19 ± 0.01 –33.62 ±
Pluronic F-127 (2 %)
13 PTX 96 1:10 226 ± 34.37 0.5 ± 0.02 �28.28
14 PTX 97 2:10 243 ± 10.04 0.1 ± 0.02 �29.89
15 PTX 98 3:10 251 ± 23.02 0.1 ± 0.01 �29.07
16 PTX 99 4:10 376 ± 20.41 0.1 ± 0.04 �28.61

D: Paclitaxel, P: PLGA.

Fig. 6. Effect of varying concentrations

6

well understood to improve the delivery of particles, which is also
measured by Zetasizer. Electrophoretic mobility under an electric
field is the principal of zeta potential, and at least three readings
were recorded for each sample.

The nanoparticles were characterized at three levels: after sol-
vent evaporation (before washing), after washing and after
lyophilization. The zetapotential was investigated after washing
and lyophilization at 25 �C with three measurements. (Huang,
Chen et al. 2007).
Amount Encapsulate (mg/mL) (%) E.E (%) Drug Loading

1.1 0.95 95 9.5
0.8 1.1 55 11
1.2 2.43 81 24.3
1.9 2.52 63 25.2

± 0.2 0.66 66 6.6
0.18 1.22 61 12.2
0.1 1.26 42 12.6
0.2 1.52 38 15.2

± 0.9 0.47 47 4.7
± 0.11 1.96 98 19.6
.25 1.35 45 13.5
1.7 2.0 50 20

± 1.2 0.44 44 4.4
± 0.9 0.38 19 3.8
± 0.21 0.24 08 2.4
± 0.11 0.28 07 2.8

of Pluronic F-127 on particle size.
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2.3.4. Development and validation of the UV–Visible
spectrophotometric method

Double beam UV–Visible Spectrophotometer was used to ana-
lyze (quantify) paclitaxel and to determine the encapsulation effi-
ciency of nanoformulations. A stock solution (100 lg/mL) of
paclitaxel was prepared by dissolving 1 mg of drug in 100 mL of
ACN. Working dilutions were prepared (Sanchez-Hachair and
Hofmann 2018). Solutions of paclitaxel (1 lg/mL� 30 lg/mL) were
prepared and scanned (200 to 400 nm) for the wavelength of max-
imum absorbance (k max).
Fig. 7. Effect of varying concentrations of

Table 6
Formulation of paclitaxel with PLGA, 0.05% SLS and poloxamer 407.

NO Code D:P (mg) Size (nm) PDI Z.P (mv

Poloxamer 407 (0.5 %)
01 PTX 100 1:10 180 ± 1.22 0.11 ± 0.01 –22.1 ±
02 PTX 101 2:10 184.6 ± 1.03 0.13 ± 0.01 �20.1 ±
03 PTX 102 3:10 190 ± 3.48 0.13 ± 0.03 �20.7 ±
04 PTX 103 4:10 202 ± 36.17 0.3 ± 0.01 �19.1 ±
Poloxamer 407 (1 %)
05 PTX 104 1:10 199 ± 21.80 0.4 ± 0.01 �26.85
06 PTX 105 2:10 215 ± 18.72 0.6 ± 0.01 �24.1 ±
07 PTX 106 3:10 304 ± 12.99 0.6 ± 0.04 �26.8 ±
08 PTX 107 4:10 224 ± 26.98 0.8 ± 0.02 –23.08
Poloxamer 407 (1.5 %)
09 PTX 108 1:10 202.3 ± 14.5 0.17 ± 0.03 �35.2 ±
10 PTX 109 2:10 215 ± 28.3 0.2 ± 0.03 �34.5 ±
11 PTX 110 3:10 300 ± 17.1 0.19 ± 0.02 �30.25
12 PTX 111 4:10 331 ± 22.5 0.3 ± 0.01 �29.75
Poloxamer 407 (2 %)
13 PTX 112 1:10 229 ± 13.24 0.2 ± 0.01 �40.4 ±
14 PTX 113 2:10 312 ± 12.41 0.3 ± 0.02 �39.08
15 PTX 114 3:10 351 ± 10.49 0.3 ± 0.03 �34.21
16 PTX 115 4:10 408 ± 11.27 0.7 ± 0.02 �28.11

D: Paclitaxel, P: PLGA.

7

Method linearity was calculated by preparing different dilutions
(1–30 lg/mL) of paclitaxel and analyzed in triplicate at the
selected wavelength. The average absorbance of each dilution
was plotted versus the respective concentration, and the regres-
sion coefficient was calculated.

For specificity, the percent recovery method was applied, and
the results should not be affected by the presence of placebo or
other drug degradation products. A solution containing the drug
was prepared from a stock solution at a concentration of 10 lg/
mL. Another solution (placebo) was prepared that contained all
Pluronic F-127 on the zeta potential.

) Amount Encapsulate (mg/mL) (%) E.E (%) Drug Loading

1.5 0.64 64 6.4
1.1 0.90 45 9.0
1.8 1.83 61 18.3
1.5 2.12 53 21.2

± 0.03 0.77 77 7.7
0.15 1.30 65 0.13
0.23 1.95 65 19.5
± 0.1 2.52 63 25.2

0.12 0.89 89 8.9
0.03 1.42 71 14.2
± 0.25 1.95 65 19.5
± 0.11 2.28 57 22.8

1.6 0.84 84 8.4
± 0.6 1.38 69 13.8
± 1.7 2.04 68 20.4
± 0.7 1.88 47 18.8
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the excipients used in the preparation of formulations except the
active ingredient (Fereja, Seifu et al. 2015). The percent recovery
was determined by comparing their results at their selected
wavelengths.

The stability of the drug solution (10 lg/mL) was determined by
keeping it at room temperature for 72 hrs. In triplicate, the absor-
bance was measured at the specified time period, and the solution
stability was evaluated by comparing the absorbance of the sample
solution with that of a freshly prepared solution (Fereja, Seifu et al.
2015).

Evaluation of precision was carried out on repeatability and
intermediate precision and was evaluated using a solution of pacli-
taxel in the concentration range of 10, 20 and 30 lg/mL (in tripli-
cate). For determination of intermediate precision, absorbance was
measured (intraday) at 08 hr intervals for 24 hr. For interday pre-
cision, absorbance was measured for one week at 24 hr intervals.
The obtained results were presented as the mean, standard devia-
tion (±SD), and covariance (%RSD) (Khanage, Mohite et al. 2013).
Table 7
Validation Parameters of the UV–Visible Spectrophotometric Method of Paclitaxel
Analysis.

Parameters Results

Linearity
Calibration Range 1 – 30 lg/ml
Wavelength (k max) 237 nm
Regression Equation Y = 0.0288x – 0.1511
Correlation Co Efficient (R2) 0.993
Accuracy (% Recovery) Mean ± S.D; % RSD
Sample Without Excipients 98.46 ± 0.13; 0.13
Sample With Excipients 99.76 ± 0.27; 0.27
Stability (Amount Recovered) Mean ± S.D; % RSD
Day 01 (n = 3) 9.94 ± 0.04. 0.40
Day 02 (n = 3) 9.88 ± 0.03. 0.30
Day 03 (n = 3) 9.94 ± 0.02. 0.20

Fig. 8. Effect of varying concentrations
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2.3.5. Freeze drying
Freeze drying of the nanoformulations was performed using

mannitol (1% & 2%) as a cryoprotectant. Samples were frozen first
and then freeze dried at �45 �C for 24 hrs at 0.05 mbar. After
freeze-drying, the samples were reconstituted by slowly injecting
distilled water into the inside wall of the vial, and then it was
maintained for 10 min to ensure proper cake wetting. After this
period of time, the samples were gently shaken in a ZX Classic vor-
tex mixer for 3 min to completely homogenize the samples. After
reconstitution, samples were physico-chemically characterized.
To check the stability of the nanoformulations as well as the valid-
ity of the process, the difference in the physicochemical character-
istics before and after drying was calculated.
2.3.6. Stability studies
The stability of nanoparticles is defined in terms of their core

composition, size, zeta potential, shape/morphology and surface
chemistry. The stability of nanoparticles is an important parameter
because at the nanoscale, both the surface-to-volume ratio and
surface energy increase. The size, zeta potential, morphology and
composition of nanoparticles are important parameters for physi-
cal targeting or drug delivery to specific areas. The stability studies
were carried out at 4 �C and 25 �C in closed glass vials for 6 months.
3. Results and discussion

3.1. Formulation conditions

Different methods have been used for the preparation of
nanoparticles, such as solvent evaporation and nanoprecipitation
methods. On the basis of the small particle size and monodisperse
particles, the solvent evaporation method was selected for formu-
lation development, as shown in Table 1 and Fig. 1. This method is
used most commonly and produces uniform sized nanoparticles.
of poloxamer 407 on particle size.



Fig. 9. Effect of varying concentrations of poloxamer 407 on the zeta potential.
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Four organic solvents, acetonitrile, dichloromethane, methanol
and acetone, were used with different stabilizers, keeping the con-
centration of drug and polymer constant by the solvent evapora-
tion method. Acetonitrile was selected as an organic solvent for
the preparation of nanoformulations on the basis of its small par-
ticle size and monodisperse nanoparticles with high encapsulation
efficiency and negative zeta potential, as shown in Table 2 and
Fig. 2.
Table 8
Intra Day and Inter Day studies of UV–Visible Spectrophotometric Method of
Paclitaxel Analysis.

Sampling time Concentration Concentration Recovered lg/mL %RSD

0 h 10 lg/mL 9.94 ± 0.04 0.40
6 h 9.91 ± 0.02 0.20
12 h 9.87 ± 0.04 0.30
18 h 9.84 ± 0.03 0.41
24 h 9.88 ± 0.03 0.31
48 h 9.79 ± 0.02 0.20
72 h 9.80 ± 0.02 0.20
0 h 20 lg/mL 19.88 ± 0.03 0.30
6 h 19.87 ± 0.03 0.30
12 h 19.84 ± 0.04 0.40
18 h 19.81 ± 0.03 0.30
24 h 19.80 ± 0.02 0.20
3.2. Nanoformulations with different stabilizers

Different stabilizing agents were used alone and in combination
to evaluate their effect on particle size, polydispersity index, sur-
face charge and encapsulation efficiency. More than 150 nanofor-
mulations were prepared for optimization of the stabilizing
agent. Formulations prepared with Pluronic F-127 + SLS and Polox-
amer 407 + SLS were selected for further characterization studies
due to their small particle size, negative surface charge, round
morphology and high encapsulation efficiency.

Sodium lauryl sulfate (SLS) was used in combination with
Pluronic F-127 and Poloxamer 407 at different concentrations
using PLGA (75:25, Resomer� RG 756 S, MW 76000–115000 Da).
The nanoparticles obtained were small in size (190 ± 12.42 to
350 ± 11.1), had a negative zeta potential (-19.1 ± 1.5 to –40.4 ±
1.6) and had a high encapsulation efficiency (greater than75 %),
as shown in Table 3 and Fig. 3.
48 h 19.78 ± 0.02 0.20
72 h 19.76 ± 0.02 0.20
0 h 30 lg/mL 29.89 ± 0.04 0.40
6 h 29.87 ± 0.04 0.40
12 h 29.83 ± 0.02 0.20
18 h 29.81 ± 0.02 0.20
24 h 29.81 ± 0.02 0.20
48 h 29.77 ± 0.04 0.40
72 h 29.76 ± 0.03 0.30
3.3. Characterization

3.3.1. Dynamic light scattering technique
The particle size was within the range of 189 ± 12.42 to

620 ± 14.47 nm for 0.5 %, 244 ± 22.61 to 365 ± 44.0 nm for 1 %,
408 ± 11.8 to 1042 ± 23.9 nm for 1.5 % and 315 ± 18.45 to
601 ± 43.21 nm for 2 % PVA. The zeta potential values ranged from
9

�1.1 ± 0.32 to �7.75 ± 1.3 mV as the drug concentration was
increased from 1 mg to 4 mg, respectively, as given in Table 4
and Figs. 4 and 5. The particle size increased with increasing drug
content from 1 to 4 mg, with a minimum value of 1 mg and a max-
imum value of 4 mg. The PDI is almost in the range with a
maximum value of 0.05, while the maximum zeta potential is
�7 ± 0.5, which is not in the required range as far as our study is
concerned. The encapsulation efficiency is very high in this
particular case, i.e., from 78 to 98%.

The particle size was within the range of 190 ± 12.42 to
373 ± 14.47 nm for 0.5 %, 371 ± 22.61 to 363 ± 44.0 nm for 1 %,
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261 ± 11.8 to 431 ± 23.9 nm for 1.5 % and 226 ± 34.37 to 376 ±
20.41 nm for 2 % pluronic F-127. The zeta potential values ranged
from �28.28 ± 1.2 to �38.5 ± 1.9 mV as the drug content was
increased from 1 mg to 4 mg, respectively, as given in Table 5
and Figs. 6 and 7.

The particle size was within the range of 180 ± 1.22 to 202 ±
36.17 nm for 0.5 %, 199 ± 21.80 to 224 ± 26.98 nm for 1 %,
202.3 ± 14.5 to 224 ± 26.98 nm for 1.5 % and 229 ± 13.24 to
408 ± 11.27 nm for 2 % poloxamer 407. Paclitaxel loaded
polymeric nanoformulations prepared by using poloxamer 407
(0.5, 1, 1.5, 2 %) and SLS (0.05 %) as stabilizers show a negative
charge, and the zeta potential values decrease as the concentration
of the drug is increased from 1mg to 4 mg, as shown in Table 7 and
Figs. 8 and 9. There was an increase in zeta potential ranging from
�19.1 ± 1.5 to �40.4 ± 1.6 mV with an increase in the concentra-
tion of poloxamer 407 from 0.5 to 2 %.

3.4. Development and validation of U.V Visible spectrophotometric
method

The method was validated according to ICH guidelines. The
drug response was found to be linear (R2 = 0.993) in the given
range. The regression equation and correlation coefficient are given
in Table 9. Paclitaxel was found to be stable under these storage
conditions. The results indicate that there is no significant effect
of excipients on percent recovery. The average amount recovered,
standard deviation (±SD), and coefficient of variation (%RSD) are
given in Table 7.

The method precision was evaluated on the basis of repeatabil-
ity and intermediate precision using a solution of paclitaxel in the
concentration range of 10, 20 and 30 lg/mL, as shown in Table 8.

From freshly prepared paclitaxel nanoformulations, a 2 mL
sample was taken and centrifuged at 15000 rpm at 25 �C for
30 min. The supernatant was discarded, and the precipitate was
dissolved in ACN and analyzed by a UV–visible spectrophotometer
at 237 nm. The same procedure was applied for all prepared
nanoformulations. The paclitaxel solution (100 lg/mL) was
analyzed in the range of 200 to 400 nm using ACN as a blank
(Fig. 10).

As shown in Table 5, there was an increase in encapsulation effi-
ciency as the pluronic F-127 concentration was increased from 0.5
to 1.5 % while keeping the PLGA and SLS concentrations constant;
however, at a2% concentration, there was a decline in encapsula-
tion efficiency, which is in accordance with the previous data avail-
able. There was no significant effect on encapsulation efficiency by
increasing the concentration of drug from 1 to 4 mg. Those
nanoformulations with encapsulation efficiencies greater than
80% were selected for further studies.

As shown in Table 6, there was an increase in encapsulation effi-
ciency as the concentration of poloxamer 407 was increased from
0.5 to 2% while maintaining the PLGA and SLS concentrations.
There is an increase in encapsulation efficiency as the initial con-
centration of the drug is increased. Those nanoformulations with
encapsulation efficiencies greater than 80% were selected for fur-
ther studies.

3.5. Nanoparticle characteristics before and after freeze drying

Freeze drying of the selected formulations was performed using
mannitol (2%, 5% and 10%) as a cryoprotectant. Selected formula-
tions were also freeze dried without cryoprotectant. Samples were
frozen (-20 �C) for 30 mins and placed in a freeze-dried chamber.
The drying process was performed for 24 hr at �45 �C. Freeze-
dried nanoparticles were reconstituted by adding double distilled
water (2 mL). The difference in the particle size, PDI and surface
charge after freeze drying was measured to check the process
10
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validity as well as the stability of the nanoformulation. The
changes observed in particle size, PDI and zeta potential were
non-significant, as shown in Table 9.

Due to the small size and large surface area of nanoparticles,
they tend to agglomerate. The most suitable method for the
long-term stability of nanoparticles and to overcome these stabil-
ity issues is freeze drying (Heurtault, Saulnier et al. 2003). It is a
widely used process for improving the stability of pharmaceutical
products, including vaccines, proteins, peptides and colloidal drug
delivery systems. To protect a product from the stress of freezing
and dehydration and to ensure maximum stability during storage,
a suitable cryoprotectant is selected, and its concentration is opti-
mized (Abdelwahed, Degobert et al. 2006). Freeze drying of the
selected formulations was performed using mannitol (2%, 5% and
10%) as a cryoprotectant. No significant changes were observed
in particle size, PDI and zeta potential with 5% mannitol.
Fig. 10. UV Absorbance of Pclitaxel So

Table 10
Stability Studies of Paclitaxel Nanoformulations.

Time Code Stored at 4 �C

PS PDI ZP

Day 1 PTX 84 190 0.13 �30
PTX 86 287 0.2 �35.8
PTX 108 202 0.17 �35.2
PTX 112 229 0.2 �40.4

4th Week PTX 84 190 0.13 �30
PTX 86 289 0.2 �34
PTX 108 203 0.1 �35.2
PTX 112 229 0.2 �38.4

16th Week PTX 84 194 0.14 �29
PTX 86 289 0.21 �35
PTX 108 209 0.3 �35
PTX 112 231 0.2 �39

20th Week PTX 84 195 0.2 �31
PTX 86 290 0.3 –33
PTX 108 210 0.4 �34
PTX 112 233 0.2 �36

24th Week PTX 84 198 0.2 �28
PTX 86 290 0.4 –33
PTX 108 211 0.4 –33
PTX 112 234 0.4 �36
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3.6. Long-term stability

The stability of paclitaxel-loaded polymeric nanoparticles was
evaluated by comparison of the drug encapsulation efficiency, par-
ticle size, PDI and zeta potential of initial formulations with those
that were stored for 6 months at 25�C and 4�C in closed glass vials.
No significant changes were observed in these parameters when
stored at 4�C. However, there were significant changes in the
physicochemical properties when stored at 25�C as shown in
Table 10. These changes may be attributed to agglomeration of
particles upon long-term storage, while at low temperature, parti-
cle agglomeration is prevented due to low kinetic energy, which
prevents particle collision. These results suggest thatto achieve
maximum therapeutic efficacy and to prevent physical and
chemical instability, nanoformulations should be stored at low
temperature, i.e., at 4 �C.
lution in ACN (1 lg/m-30 lg/ml).

Stored at 25 �C

%EE PS PDI ZP %EE

95% 190 0.13 �30 95%
81% 287 0.2 �35.8 81%
89% 202 0.17 �35.2 89%
84% 229 0.2 �40.4 84%
95% 198 0.13 �31 95%
81% 291 0.21 �36 81%
89% 210 0.5 �35.9 90%
84% 238 0.2 �39 84%
95% 199 0.3 �25 90%
80% 299 0.3 �30 80%
84% 225 0.4 �36 91%
84% 220 0.21 �40 82%
96% 219 0.4 �28 91%
83% 307 0.3 �27 81%
89% 234 0.6 –32 86%
80% 244 0.4 –33 84%
97% 234 0.3 �29 96%
83% 322 0.5 �27 81%
88% 239 0.5 –32 82%
81% 253 0.4 �38 85%
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4. Conclusion

More than 150 paclitaxel PLGA nanoformulations were pre-
pared and then optimized according to the requirements. In these
formulations, four (04) were selected as required for breast cancer
targeting. Nanoformulations PTX 84, 86, 108 and 112 were selected
on the basis of their physicochemical characteristics, freeze-drying
stability and long-term stability. All the formulations with PVA,
poloxamer and Pluronic showed better results in terms of particle
size, PDI, zeta potential, % EE and drug loading, but the best results
were obtained at 1:10 and 3:10 drug-to-polymer ratios. At these
particular ratios, the nanoparticles produced have a size of 189–
287 nm, zeta potential � ±30 mv, PDI 0.1–0.2, and % EE > 80%.
The other ratios failed due to one or more reasons, such as stability,
particle aggregation and sedimentation during washing. Higher
concentrations of pluronic F-127 and poloxamer 407 were used
to prevent the detachment of the polypropylene glycol part from
the surface of the nanoparticles, which ultimately led to stable for-
mulations. SLS was utilized to determine the stability of the
nanoparticles in water, particularly during the washing period.
The increased surface charge is also a contributing factor towards
the stability and long circulation half-life of nanoformulations.
The findings of this particular research will ultimately be a basis
for the development of new paclitaxel formulations for the
treatment of cancer.

It can be revealed from our research that by controlling differ-
ent processing parameters and using suitable stabilizers, nanopar-
ticles of the desired particle size, surface charge, encapsulation
efficiency and drug release profile can be controlled. By attaching
ligands on the surface of nanoparticles, targeted therapy can be
achieved, which is the main goal of the whole study.
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