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4.1: Introduction

More than the past twenty years, triblock copolymers of polyoxyethylene (POE) and
polyoxypropylene (POP) with the structure of POE-POP-POE (generally known as
Poloxamers of Pluronic or Synperonic) have received great attention in the field of nano-
biotechnology [1-3]. These linear triblock copolymers, Pluronics®, are not much expensive
and available commercially, few of which are FDA approved [4,5]. When Pluronic dissolved
in water, it self-assembles into nano-sized spherical micelle, which is constructed with POP
as hydrophobic inner core and POE as hydrophilic outer shell [6-8]. The main role of these
polymers is to solubilize the hydrophobic drugs within the POP core of micelles as drug
delivery nanovehicles. Another advantage of using POE as the hydrophilic shell of micelles
shields and protects the drug present in the core from the outside medium [9-12]. The
applicability of any Pluronic is mainly driven by their various micelle structures [13]. The
micellar behavior of the Pluronics in water is dependent on the molecular constitution like
the lengths of their POE parts and POP parts as well as their EO-PO ratio [14, 15]. Extensive
studies were reported on Pluronic structures at different temperatures, concentrations and pH
environments showing a large influence of molecular architecture on their phase behavior
[16-19]. Recently, Pluronics are widely utilized to prepare thermodynamically stable micellar
systems in aqueous media that are capable to solubilize insoluble pharmaceutically active
ingredients [5,8] and lipophilic oils [20]. These solubilized water-insoluble compounds can
also influence the structure of Pluronic through increasing the aggregation number, the
micellar size and the volume fraction of micellized polymer [21-23].

Pluronics are applied to increase the bioavailability of various hydrophobic drugs and
provide metabolic stability with increasing circulation time in the delivery at target [4,12,24].
This versatile behavior of Pluronics enables them to work as a scavenger for cardio-toxic
drugs [25]. The solubilization of hydrophobic compounds in Pluronic micelles also found the
tendency to form the micelles at a much lower critical micelle concentration (cmc) or critical
micelle temperature (cmt) [26-28]. Hence the study on bioavailability of various hydrophobic

drugs using Pluronic micelles are considering their basic and applied interests
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We have focused here on three well-known pharmaceutical active ingredients,
curcumin (CUR), quercetin (QCN) and lamotrigine (LTG). The molecular structure of the

drugs is shown in Fig.4.1.
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Fig.4.1: Molecular structures of CUR, QCN and LTG drug.

Despite its pharmacological effects, the therapeutic applications of these drugs
(CUR, QCN, and LTG) are limited greatly due to its low solubility as 0.00034 mg/mL,
0.0004 mg/mL and 0.17 mg/mL, respectively in aqueous media [29-31]. Various Pluronics
which contains different units of propylene oxide and ethylene oxide has been applied as a
solubilizer for these three important pharmaceutical active ingredients. Amongst these
Pluronics, the Pluronic P123, composed of POE,POPPOE,,, we found the best candidate
to study in detail for formulations of these hydrophobic drugs. Pluronic P123 represents a
novel type of nanocarrier that can increase solubility, improve circulation time and proper
release drugs at the target sites. Two important features like high solubilization capacity and
time-dependent micellar growth of Pluronic P123 micelles has attracted immense attention of
researchers [32-37].

The encapsulation of hydrophobic drugs using Pluronic P123 micelles has prevented
aggregation and improved the solubility of formulations like genistein [31], docetaxel[38],
SCR7 [39], paclitaxel [31,40,41], hypericin [42], lamotrigine [43], ibuprofen [44], and
quercetin [31,45].

Thus, taking this into consideration, we report here a systematic study showing the

micellar characteristics and efficiency of Pluronic P123 micelles for CUR, QCN and LTG
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drug. For the structural understanding, we systematic performed a structural characterization
of these micelles by means of UV-Visible spectroscopy, dynamic light scattering (DLS),
small angle neutron scattering (SANS), transmission electron microscopy (TEM) and cloud
point temperature techniques. The in-vitro release profile, stability studies and antioxidant
study of this drug-loaded Pluronic P123 micelles were also performed for better
understanding of the systems. The results of such analytical characterization and biological
evaluation then shall give the basis for a thorough understanding of these Pluronic micelles

that can be applied to develop the most efficient drug delivery system in the future.
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4.2: Experimental Section

4.2.1: Materials
4.2.1.1: Triblock copolymers (Pluronics)

Various POE-POP-POE triblock copolymers (Pluronics) with different ethylene oxide
and propylene oxide composition were selected from Pluronic grid [3] and obtained from
Sigma-Aldrich (St. Luice, MO, USA). They are listed in Table.l which shows the trade
name, molecular mass, hydrophilic-lipophilic balance (HLB), cloud point temperature and

reported values of cmc, and cmt [46-52].

Table.4.1: Molecular characteristics of Pluronic polymers studied in present work.

CPCC) CMC
Pluronic M.W. %EO @ HLB o CMT
(g mol™) nEO nPO Iwt% (wt%) ©C)

F127 12600 100 65 70 >100° 22 "0.0217 240141
F88 11400 104 48 80 >100° 28 #1710 38014
F68 8400 76 29 80 >100° >24 7,000 500°1%]
P123 5750 20 69 30 90° 8 0.001146% 16°%)
L121 4400 5 68.2 10 14° 1 0.00044* 15°80]
L64 2900 13 30 40 58° 12-18 0.41461 31.501%!
17R4 2650 24 14 40 46° 7-12 0.91%7 33-34°01
L35 1900 11 16 50 73° 19 10.07" 60-70°07

f@room temperature, *@high temperature

4.2.1.2: Hydrophobic drugs

Two pharmaceutical compounds, curcumin (CUR) and quercetin (QCN) (both with
the purity of > 99%) were purchased from Sigma-Aldrich. Lamotrigine(LTG) drug was
obtained as a gift sample from local suppliers and used with further purification.

Triple distilled water and all pyrex” glass apparatus were used in the study. The D,O
for SANS analysis are of Sigma-Aldrich (St. Luice, MO, USA) used as received. All the

solvents and chemicals used are of HPLC grade.
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4.2.2: Methods
4.2.2.1: Drug solubilization experiments for the ratiocination of Pluronics

The powdered drug was added in the aqueous solutions of various Pluronics with
different-different concentration and equilibrated by continuous stirring for 24 h at room
temperature (30°C). The unsolubilized drug was removed by filtration (Millipore PVDF
syringe filter; 0.45um pore size) and the amount of solubilized drug in the Pluronic micelles
solutions was determined after 10 to 100 times dilution with methanol/ethanol solvent using
UV-Visible spectroscopy (Shimadzu, UV-2450, Japan, double beam mode 200-800 nm).
The solubility of the drug is evaluated by measuring its absorbance at the wavelength of 425
nm for CUR, 370 nm for QCN and 307 nm for LTG, respectively. To observe the
solubility,the calibration curve had been prepared by measuring different concentrations of

each drug in alcohol solvent in (Fig.4.2). All the measurements were made in triplicate.
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Fig.4.2: Calibration curve of studied hydrophobic drugs (diluted with methanol/ethanol) at
30° C.

4.2.2.2: Preparation of drug-loaded Pluronic P123 micelles

An appropriate amount of Pluronic P123 to obtain a fixed concentration of 5 wt% was
dissolved in HPLC grade water. The desired drug was then added into the micellar solution
of Pluronic P123 and stirred vigorously with a magnetic stirrer for 2 hrs at room temperature
(30°C). The resulting drug-loaded Pluronic P123 micellar solutions were then sonicated for
an hour and filtered through a 0.22 pum nylon filter to remove undissolved drug or
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contaminants. The dispersion of drug-loaded Pluronic P123 micelles was further used for
measurements. The scheme of the procedure is shown in Figure.4.3. The prepared drug-
loaded Pluronic P123 micelles were coded as PLL, PLQ, and PLL for CUR, QCN and LTG,

respectively.
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Fig.4.3: Schematic representation of the preparation of drug-loaded Pluronic P123
micelles.

4.2.3: Characterization of drug-loaded Pluronic P123 micelles
4.2.3.1: UV-VIS Spectroscopy

The UV-visible spectra of Pluronic P123 micelles, PLC, PLQ, and PLL micelles
were measured using UV—Visible double beam spectrophotometer (Shimadzu, Japan, UV-
2450) with a matched pair of stoppered fused silica cells of 1 cm optical path length.
4.2.3.2: Dynamic light scattering (DLS)

The average hydrodynamic sizes of the blank Pluronic P123 micelle and PLC, PLQ,
and PLL were obtained through DLS measurements using a Zetasizer Nano-SZ 100 (Horiba)
instrument. The scattering angle was kept at fixed 90°. Before the measurements, samples

were properly filtered through Millipore PVDF syringe filter; 0.45um pore size at room
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temperature (30°C). Results are reported as the mean of multiple measurements up to + 0.5
nm.
4.2.3.3: Small-angle neutron scattering (SANS)

SANS was performed for evaluation of sizes and shapes of PluronicP123 and drug-
loaded Pluronic P123 micelles (PLC, PLQ, and PLL). These experiments were carried out at
SANS diffractometer operating in Guard Tube laboratory at Dhruva Reactor, BARC,
Mumbai, India. The mean incident neutron beam wavelength (1) was 5.2 A with a resolution
(AML) of about 10%. The scattered neutrons were searched in an angular range of 0.5-15°
through a linear position sensitive detector (PSD). The scattering vectors ‘Q’ in the range of
0.015-0.3 A" of scattered neutrons were measured. The measured SANS data were corrected
for the background, the empty cell contribution, and the transmission and were presented on
an absolute scale with standard protocols. All the data were recorded at room temperature
(30°C).
4.2.3.4: Cloud point temperature (CPT)

The cloud point temperatures were determined by gradually heating the blank
Pluronic P123, PLC, PLQ, and PLL solutions in 20 mL thin glass vials dipped in a water
bath. The solution temperature was increased steadily at the rate of 1°C min™ with constant
stirring using magnetic stirrer equipped with a heater. The average of appearance and
disappearance of turbidity was taken as the cloud point temperature for the Pluronic micellar
solution used. The process was repeated several times and the average temperature was taken
as the CPT. The results were reproducible within + 0.5°C.
4.2.3.5: Transmission electron microscopy (TEM)

The micelles morphology of Pluronic P123 and other three formulations PLC, PLQ,
and PLL were evaluated by transmission electron microscopy using the transmission electron
microscope (TEM, JEOL JEM-2100, Jeol Ltd., Japan) accelerating at a working voltage of
120kV. The sample solution drop was put on the carbon-coated copper grid (200 mesh)
followed by drying for a few minutes (at RT). After that, fresh uranyl acetate solution drop
was placed on the grid having the dried sample. At the same temperature, the grid was again

dried.
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4.2.4: In vitro release study of drug-loaded Pluronic P123 micelles
The amount of drugs released from drug-loaded Pluronic P123 micellar solutions was
carried out using a dialysis bag method at body temperature (37°+0.1°C). Drug-loaded
micellar solutions were placed into a pre-swelled dialysis bag (HIMEDIA®LA395 dialysis
Membrane -110) with two ends fixed with a string. Each tube was then placed in 500 ml of
release medium (20:80 methanol: water, pH 7.4) in the dissolution apparatus. A constant
stirring (100 rpm) was maintained to prevent the formation of the stagnant layer at the
membrane and outer solution interface. Care was taken to protect the drug against light
during the experiments. The 4 mL aliquots were taken from the medium at fixed time
intervals and replaced with an equal volume of fresh medium. This replenishing assured the
maintenance of good sink conditions. The kinetics for release of all the drug from Pluronic
P123 micelles was fitted by different mathematical models to understand the release
mechanism and possible reason for drug release from the micellar systems. The equations
used kinetic models are presented below.
Mathematical models reported by Thakkar et al[53] are used to understand drug

release kinetics for the lamotrigine drug:
e  Zero-order model: As per the pharmacokinetics, the release of drug from the dosage
form can be presented by the equation:

Co— Ct=Kot

Ct=Cy+tKyt
where Ct is the amount of drug released at time t, Cy is the initial concentration of drug at
time t=0, Ky is the zero-order rate constant. The process of constant drug release from a drug
delivery system and drug level in the blood remains constant throughout the delivery is
considered as zero order kinetics.
e  First order model: The release of drug follows first-order kinetics are represented by the
equation:

DC/dt=-K, C
Where, K, is the first order rate constant, expressed in time™. The first order process is the
one whose rate is proportional to the concentration of drug. It follows linear kinetics. After

modifing the above equation,
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log C=log Cy -K; t/2.303
where K is the first order rate constant, Cy is the initial concentration of the drug, C is the %
drug remaining at time t. Hence to study the drug release kinetics data obtained from in-vitro
dissolution study is plotted against time i.e., log % of drug remaining vs. time and the slope
of the plot gives the first order rate constant.
e  Higuchi model: The drug release involves both dissolution and diffusion. The basic
Higuchi equation is represented by

Q=VD (2 Cy-Cs)Cs't
where Q is the cumulative amount of drug released in time t per unit area, Cy is the initial
drug concentration, Cg is the drug solubility in the matrix and D is the diffusion coefficient of
the drug molecule in the matrix. Higuchi equation can also be represented in the simplified
form:

Q=K x 12

where Ky is the Higuchi constant.
The data obtained are plotted as % drug release versus square root of time. Therefore, the

simple Higuchi model will result in a linear Q versus ¢

172

plot having a gradient, or slope,
equal to Ky and considered as the matrix follows t '~ kinetics.
o Korsmeyer-Peppas model: Korsmeyer and Peppas gave a simple relationship which
described the drug release from a polymeric system. Mt/M,=Ky, t"
where, Mt/M,, is a fraction of drug released at time t,

log(Mt/M,,)=log Ky, +nlog t,
Mt is the amount of drug released in time t, M, is the amount of drug released after a time .,

n is the drug release exponent, Ky, is the Korsmeyer release rate constant. To study release

kinetics a graph is plotted between log(Mt /M) vs. log t [53].

4.2.5: Stability study of drug-loaded Pluronic P123 micelles
To assess the stability of each CUR, QCN, and LTG in the Pluronic P123 micelles

was performed at room temperature. The drug-loaded Pluronic P123 micelles were stored in

the closed dark chamber maintaining the temperature (30°+0.5°C) using thermostat. At
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predetermined time of intervals up to 15 days, the amount of each drug in the PluronicP123

micellar solutions was determined by UV-Visible spectroscopy method.

4.2.6: Antioxidant activity of drug-loaded Pluronic P123 micelles

The antioxidant activities of two selected systems of curcumin and quercetin-loaded
Pluronic P123 micelles were checked by measuring their ability to scavenge 2,2'-diphenyl-1-
picrylhydrazyl (DPPH) stable radicals. Here, the solution of DPPH having a concentration of
0.1 mM DPPH in methanol was prepared and mixed with the tested samples with different
concentrations (1, 2, 4, 6, 8 and 10 pg/ml) solution one by one. After that, this mixture was
vigorously mixed and left over for 30 min in the dark, at room temperature for incubation.
The color intensity of the mixture changed by the scavenging of free radicals from DPPH
was measured by a spectrophotometer at 517 nm. The scavenging capacity of the tested
samples was calculated by comparison of the color of the sample with the control. The
experiments were carried out in triplicates. The % inhibition was calculated by using the
following formula:

% inhibition= (Ay-A)/Ay*x 100

Where A= control and A;= sample present
The 1Csq value is calculated by plotting % inhibition and concentration curve and finding out

the concentration of analyte at 50% inhibition of DPPH.
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4.3: Results and discussion

4.3.1: Evaluation of solubility of CUR, QCN, and LTG drug

In our investigations, we systematically varied the molecular architecture of the
Pluronics and studied its effect on the solubilization of curcumin, quercetin, and lamotrigine
drug into the aqueous solution. Here, we also measured the solubility of these hydrophobic
drugs at varied concentration with the range of 1 to 5 wt% of Pluronics and described those
systems comprehensively.

The results of the solubility of the three different drugs (CUR, QCN, and LTG) in the
aqueous solution of various Pluronics are presented in Fig. 4.4(a). The solubilization
capacities of various Pluronics relative to the aqueous solubility of the respective drugs are
also presented in Fig. 4.4(b). The solubility studies were carried out at fixed 5 wt%
concentration of Pluronics in water. The different aggregation behavior of Pluronics can
remarkably impact their performance. As the process of solubilization is a result of hosting
the drug to the micelles, the changes in the cmc and the structure of micelles could
significantly affect the capability of the polymers [54, 55]. Enhanced solubility of all the
drugs was observed in the Pluronics L121, P123, F127, and L64 by virtue of their moderate
hydrophobicity and the presence of micelles which have POP core with sufficient space to
accommodate the drugs. The almost negligible or slight increase in the solubility was found
with the Pluronics i.e. F88, F68, L35, and 17R4 for all the drugs, due to insufficient
hydrophobicity and unmicellized form of the Pluronic molecules in the aqueous media. The
solubilization of CUR, QCN and LTG drug follows the  order:
L121>P123>F127>L64>17R4>F68>F88>L35. The differences in the solubilizing ability of
Pluronics are interpreted by their various structures rely on cmc and cmt. High cmt values
with more than 30°C of Pluronics (F88, F68, L35, and 17R4) clearly dissolve the fewer
amounts of drugs in comparison to low cmt (< 30°C) contained Pluronic (L121, P123, F127,

and L64) [46].
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Fig.4.4: (a) solubility and (b)solubilization capacity of CUR, QCN, and LTG drug in
various aqueous Pluronic solutions (5 wt% fixed concentration) at 30°C.

Fig.4.5 shows the solubilization of all the three drugs (CUR, QCN, and LTG) in the
aqueous solution of various Pluronics at the different concentration from 1 wt% to 5 wt%.
The solubility of all the drugs increases as the concentration of Pluronic increases, especially
a remarkable increase for the two Pluronics, L121 and P123 was found. This can be
attributed to the fact that solubilization requires the presence of micellar aggregates, which is
only the case of high hydrophobic nature of the respective Pluronic. These Pluronics have the
number of propylene oxide unit is of 68 for L121 and 69 for P123, respectively. These
numbers show the high hydrophobicity of the Pluronics compared to all other studied
Pluronics. Both the Pluronics has high surface activity as well as low cmc which make them
better solubilizer of the hydrophobic drugs. In quantitative terms, 5 wt% Pluronic P123
solutions reveal a sharp solubility increase from the aqueous solubility of 0.00034 to 0.06954
mg/mL for CUR, 0.0004 to 0.5494 mg/mL for QCN and 0.1754 to 1.427 mg/mL for LTG.
The results were representing the approximately 174-fold, 1375-fold and 8.4-fold increase,
respectively. In case of 5 wt% Pluronic L121 solutions, solubility increase from the aqueous

solubility of 0.0004 to 0.9597 mg/mL for CUR, 0.0004 to 0.5595 mg/mL for QCN and
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0.1701 to1.413 mg/mL for LTG. It also represents the approximately 283-fold, 1400-fold and

8.4-fold increase, respectively.

Pluronic

Fig.4.5: The solubility of CUR, QCN and LTG drug in different concentrations of
Pluronic polymer solutions at 30°C.

According to the evaluation of solubility performance, the micelles Pluronic L121
and Pluronics P123 are the best choices for all the drugs, CUR, QCN and LTG. But the
aqueous solutions of Pluronic L121 are very temperature sensitive. At below cmt, they
dissolve as unimers, whereas at higher temperatures, above CPT (cloud point temperature),
they very quickly form larger aggregates than vesicles. Fig.4.6 shows the clear images of
Pluronics L121 at much-closed temperature range. The working window of the vesicles, i.e.
between the cmt and the CPT, is rather small since the cmt is approximately 15°C and the
CPT is almost very low nearby at 14°C [56]. This limits the potential use of Pluronics L121.

Hence, further studies were limited to Pluronic P123 micelles only.
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Fig.4.6: Images of Pluronic L121 (a) in the water at 10 °C; below its CPT and b) @
CPT,(C) above its CPT

4.3.2: Thermodynamics of solubility of CUR, QCN, and LTG in
Pluronic P123 micelles

The results of solubility of drugs in Pluronic P123 micelles clearly indicate that the
trend of solubility increase fold was better for QCN than CUR and low in case of LTG. As
Pluronic P123 micelles are nonionic, but due to dissociation of the acidic phenolic group of
QCT during its solubilisation in micelles the surface charge was developed. The anionic
charge on Pluronic P123 micelles might have resulted in the increased solubility of QCN
[57]. The aqueous solubility of LTG in water also reflected the hydrophilic nature of drug
which ultimately found low fold increase in solubility for a micellar solution.

Table .4.2: Percentage enhancement and thermodynamic parameters of solubilized
drugs in Pluronic P123 micellar systems at 30°C.

Drug Conc.,(wt%) % enhancement P AG’ (KJ/mol)

witl/9 79.00 91.764 -11.3

CUR 3.0 127.0 148.02 -12.8
5.0 174.0 203.52 -13.3

1.0 20.00 18.955 -7.4

QCN 3.0 406.0 404.50 -15.5
5.0 1374 1372.5 -18.2

1.0 3.000 1.9788 -1.70

LTG 3.0 6.700 5.7352 -4.5
5.0 8.400 7.3941 -5.0

99| Page



Chapter-4 ! Self-assemblies of PEO-PPO-PEO triblock copolymeric systems for
hydrophobic drugs of different polarity

The thermodynamic parameters of solubilization for all the drugs, CUR, QCN, and
LTG in Pluronic P123 micelles have been investigated at room temperature and the partition
coefficient(P) and standard Gibbs free energy(AG°) changes were calculated. Here, the
partition coefficient(P) values are calculated using the equation;
S-S,
P = S—w
The P is determined as the ratio of drug solubility in the Pluronic P123 micelles (S) to
the drug concentration in water (S,,).

The standard Gibbs free energy (AG®) of the system designates the spontaneity of the

solubilization and determined using thee quation;

AG°= -RTInP
where R is the gas constant, T is the working temperature (in Kelvin), and P is the partition
coefficient [58-60]. The calculated values of P and AG® for all the micellar solutions of
Pluronic P123 are listed in Table.4.2.

The partition of QCN, CUR, and LTG shows the increasing trend in Pluronics P123
micellar solutions. At 5 wt% concentrations, the partition of QCN is best amongst the CUR
and LTG drugs. Data indicated that the less polar QCN drug attracted more towards the POP
core of Pluronic P123 micelles. The values of AG® of solubilization of all the three drugs are
found negative, which confirmed the spontaneous drug solubilization in the aqueous Pluronic
micellar system. The increase in the hydrophobic character of the Pluronic P123 micellar
solutions with concentration decreased the AG®, which favors its spontaneous solubilization

as a more number of drug molecules can be incorporated into Pluronic P123 micelles.

4.3.3: Characterization of drug-loaded Pluronic P123 micelles

The drug-loaded Pluronic P123 micelles coded as PLC for CUR, PLQ for QCN and
PLL for LTG drug was prepared through direct dissolution method. The PLC, PLQ, and PLL
physically appeared as well drug dispersive solutions (shown inside of Fig.4.3). The
structures of the PLC, PLQ, and PLL were characterized and successfully confirmed by
multiple techniques like UV-VIS spectroscopy, DLS, SANS, CPT, and TEM.
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The UV-Visible absorbance spectra of all the prepared drug-loaded Pluronic P123
micelles (PLC, PLQ, and PLL) is shown in Fig. 4.7(a). All the drug-loaded Pluronic P123
micelles gave intense peaks indicating that drug molecules are transformed from the bulk
phase to the micellar phase. The trend for the intensity of loaded drug is as follows; PLQ >
PLC > PLL. The drugs CUR, QCN, and LTG in water did not give any visible peaks due to
its limited water solubility. The spectra again indicate the incorporation of the drug was
better with the hydrophobic nature of the Pluronic P123 micellar solutions. The
hydrophobicity of the PluronicP123 micellar solutions is increased with QCN molecules.

Therefore, it gave a better intense peak in comparison to CUR and LTG.
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Fig.4.7: (@UV-Visible absorbance spectra of PLC, PLQ and PLL in the water at room

temperature ( The spectra were taken with 100 times dilution of PLC and PLL and 10 times of PLQ in
respective solvents. The aliphatic PluronicP123 and drugs not shown any peak in the spectrum).

(b) DLS study of drug-loaded Pluronic P123 micelles at 30°C.
(c) SANS study of drug-loaded Pluronic P123 micelles at 30°C.
(d) CPT of 5 % Pluronic P123 in absence and presence of drugs.
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The hydrodynamic diameter (Dy) of the Pluronic P123 micelles with and without
drugs at 30°C was determined using DLS technique and presented in Fig.4.7(b). The Dy of
the Pluronic P123 micelle was 18 nm. The Dh of PLC, PLQ and PLL were 21.3, 22.5 and
18.6 nm, respectively. The overall results indicated that the Dy, of the micelles is increased
with the increase in the hydrophobicity of the systems. It has been noticed that the
encapsulation of LTG drug in the PLL had not much effect on the overall sizes of the
micelles but significant increment showed in the Dy of PLC and PLQ. It indicates the
encapsulation of CUR and QCN was in the POP core of the PluronicP123 micelle. The DLS
analysis of the drug-loaded Pluronics P123 micelles was indicated the small particle sizes of
<23 nm, which is a great advantage for their further utilization in pharmaceutical

formulations [39,40].

Table.4.3: SANS,DLS and CPT parameters PluronicP123 micellar systems at 30°C.

Pluronic CP *Dh RA(A) PDI Ris(R) Volume

micellar O (nm) fraction

systems ¢
P123 88° 18.0 65.2 0.17 93.7 0.06
PLL 60° 18.6 65.3 0.17 93.8 0.06
PLC 57° 21.3 66.0 0.17 95.1 0.07
PLQ 53¢ 22.5 65.5 0.17 93.8 0.06

* data obtained from DLS

Small angle neutron scattering (SANS) studies are carried out here to understand the
change in the micellar structure upon solubilization of drug into the Pluronic micellar
systems. SANS distribution curves for 5wt% of Pluronic P123 and drug-loaded Pluronics
P123 micelles (PLC, PLQ, and PLL) in D,0O at 30°C were represented in Figure.4.7(c). The
important micellar parameters mainly core radius (R.), hard sphere radius (Rys), volume
fraction (¢) and polydispersity(d) are determined from the SANS analysis and tabulated in
Table.4.3. The SANS data clearly elaborates the information of Pluronic P123 micelle i.e.
morphological shape, size and aggregation behavior in the presence and absence of drugs.

The SANS intensity profile of Pluronic P123 and drug-loaded Pluronic P123 micelles (PLC,
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PLQ, and PLL) shows the signatures of both form factor as well as structural factor governed
scattered intensities. The Pluronic P123 micelles are found polydispersed with a spherical
shape. The micellar core radius (R.) of 65.2 A for PluronicP123 was similar with reported
values [49]. The Pluronic P123 has bigger R. value due to as high hydrophobicity. In the
SANS distribution curves of PLC, PLQ and PLL showed the higher scattering intensities
than the pure Pluronic P123 micelles. The R values of drug-loaded Pluronic P123 micelles
are increased from 0.1 nm to 0.8 nm, respectively. Here, such increment reflected the certain
increased in the hydrophobic POP core size due to the incorporation of QCN and CUR drug
in it. Very hydrophobic drugs like QCN and CUR have been found to be soluble in the POP
cores of Pluronic micelles, which increase the diameter of the hydrophobic core. In contrast,
low hydrophobic compounds like LTG drug have been shown to interact with the hydrophilic
corona without a change in micellar diameters [61-63]. Therefore, our results imply that
QCN and CUR may be located in the hydrophobic cores, while LTG may be mainly
embedded in the hydrophilic coronas of the Pluronic P123 micelles. SANS results were
completely correlated with the DLS results.

The CPTs of Pluronic P123, PLC, PLQ and PLL are shown in Fig.4.7(d). All the drug
molecules showed a significant lowering of the CPT of the Pluronics P123. It has been
observed that the QCN was decreased CPT more than the CUR and LTG drugs. It was found
that the more hydrophobic drug increased the micellar core volume also seen from micellar
size (Fig.4.7(b)) and ultimately decreases the CPT. Similar kinds of results were obtained by
several other researchers [64-66]. The very low decrease in CPT of Pluronic P123 in case of
PLL was due to the hydrophilic nature of the LTG drug.

Fig.4.8 shows the TEM images of Pluronic P123 micelles and drug-loaded Pluronic
P123 micelles (PLC, PLQ, and PLL). TEM images clearly demonstrated that all the Pluronic
P123 micelles were spherical in shape with quite a smooth surface and mono-dispersed.
Earlier studies also reported that Pluronic micelles solubilized hydrophobic drugs like CUR,
QCN, and LTG has spherical morphologies [44,45,67].
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Fig.4.8: TEM images of drug-loaded Pluronic P123 micelles at 30°C.

4.3.4: In-vitro release study of drug-loaded Pluronic P123 micelles

The in vitro release behaviors drugs from drug-loaded Pluronics P123 micelles were
investigated under physiological conditions (37°C). Fig.4.9 shows the In-Vitro release profile
for drugs in PLC, PLQ, and PLL micelles. A typical two-phase release profile was observed
(Fig.8). A rapid release in the initial stage followed by sustained and slow release over a
prolonged time up to 15 days was observed. On comparing the release profiles, it can be
estimated that LTG from PLL initial rate of release is quite high which later becomes slow
and stable and release of CUR from PLC was slower initially which later increased gradually
with time. Conversely, the release of QCN from PLQ remains slow throughout the time
studied. In the case of LTG and CUR around 60% of drug released during the studied time
period whereas for QCN around 30% of drugs release was observed. Overall, the release of

these drugs was slow and sustained from Pluronics P123 micelles [57].
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Fig.4.9: In vitro profile of drug-loaded Pluronic P123 micelles at 30°C.

The drug release data were analyzed using various mathematical models. The

criterion for selecting the most appropriate model was based on the best goodness-of-fit (R

values). To predict the release pattern of the drug from the PluronicP123 micelles, the

correlation coefficient and rate constants were calculated for all the models and reported in

Tables 4.4. From the R? values, it was observed that the CUR and QCN drug release profiles

best fit in the zero order equation. The LTG drug release profile was followed by the Higuchi

equation. Highest drug release rate and maximum % drug release were observed for PLL.

Table.4.4: Release rate constants (K) and regression coefficients (R°) for the PLC, PLQ

and, PLL.
Release PLC PLQ PLL
Kinetic K R’ K R’ K R’
model
Zero order 0.59690 0.97471 0.61187 0.97301 1.3128 0.72818
First order 0.00506 0.89599 0.00939 0.71529 0.0120 0.31436
Higuchi 7.20815 0.94403 8.37801 0.94004 13.317 0.87162
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4.3.5: Stability study of PLC, PLQ, and PLL

Stability of PLC, PLQ and PLL were evaluated at room temperature over a period of
15 days which reveals that 85% to 90% of the drug was retained in the formulations. The
drug-loaded Pluronics P123 micelles are stable up to 15 days which also proved the
compatibility of these drugs with PluronicsP123 micelles. Hence, It can be anticipated that
drug incorporated in more hydrophobic Pluronic micelles like PluronicsP123 micelles exhibit

enormous potential as drug carriers in the area of nanomedicine.
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Fig.4.10: Storage stability of drug-loaded Pluronic P123 micelles at 30°C.

4.3.6: Anti-oxidant study of drug-loaded Pluronics P123 micelles

Oxidative stress is responsible for various types of diseases in our body because of
the formation of free radicals. Antioxidant substances are always benefit in preventing the
free radical hazards by scavenging and stabilizing the free radical [68,69]. Mostly, DPPH has
been applied to determine the potential of antioxidant substances for scavenging the free
radical. The deep purple color of DPPH radical is due to an odd electron present on the
nitrogen atom of DPPH, shown at 517 nm. DPPH is a stable free radical that has the ability to
abstract hydrogen from an electron-donating compound having a capacity to donate an atom

by the antioxidant compound. When DPPH accepts the electron it's color changes from
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purple to yellow as formed the nonradical DPPH in the reaction. A greater change in purple
color of DPPH toward yellow showed the higher antioxidant potential of that compound. The
antioxidant activities of two representatives drug-loaded Pluronics P123 micelles, PLC and
PLQ, was performed by the DPPH method and presented in Fig.4.11(a&b). The PLC shows

better antioxidant activity compared to pure CUR drug.
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Fig.4.11: Antioxidant activity of CUR & QCN drug-loaded Pluronic P123 micelles at
30°C.

CUR protects against free radical damage because it is a strong antioxidant [69].
Results were in good agreement with the work related to antioxidant potential or DPPH
scavenging of free curcumin [70]. As shown in Fig.4.11(b), other formulations PLQ was also
observed the higher of antioxidant activity compared to pure QCN drug. Boots et al [71]
explained that quercetin in many circumstances acts as a pro-oxidant known as “quercetin
paradox”. When quercetin scavenges free radicals, it is chemically converted into oxidation
substances such as ortho-quinone/quinone methide intermediates. These substances display a
high reactivity towards thiols which decrease some protein functions. The quercetin pre-
treatment can protect DNA from oxidative damage also [71]. The studies of both the drug-
loaded Pluronics P123 micelles, PLC and PLQ, were confirmed resistance to oxidation more
significantly effective than the free drug. Such results motivate the further use of Pluronic

polymers in the formulation of CUR and QCN drugs.
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