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4.1: Introduction

Natural plant products have been used in a wide range of complementary and
alternative medicine (CMA) therapies and diagnostic studies. Natural products have the
advantage of being effective and benign, and they can be administered at therapeutic dosages
much lower than their toxic levels[1]. The solid gold of India Turmeric is a natural flowering
plant belonging to the perennial herb family, Curcuma longa. CUR, a polyphenol taken from
the herb Curcuma longa's rhizome, exhibits a variety of biological and pharmacological
activities[2,3]. CUR is a diarylheptanoid comprised of two aromatic rings joined by a seven-
carbon chain. It contains two ortho-methoxy phenol groups, two enone groups, and a keto-
enol moiety, among other functionally active groups. It's a lipophilic polyphenol that can be
dissolved in organic solvents and also in alkali or extremely acidic mediums. The keto-form
is the dominant form at neutral and acidic pH levels, as well as in cells. The enol form, on the
other hand, dominates at alkali pH, where CUR releases electrons in a mechanism that shows
its antioxidant scavenging properties. CUR's structure is stabilized through resonance-guided
H-bonding in the enol form [4]. On the Asian continent and specifically India, CUR has been
used for a period of years to cure several disorders due to its antioxidant, anti-inflammatory,
antiseptic, antimicrobial, anticoagulant, wound healing, and anticarcinogenic properties[5,6].
Research on animal and human models presented the safety of CUR even at a large dosage (8
g/day) [7]. However, its therapeutic uses are limited owing to its poor water solubility,
instability against light and lipophilic properties, all of which result in pharmacokinetic
problems such as low absorption, below par bioavailability, extensive metabolism, and rapid
elimination [7,8]. Enhancing CUR solubility and stability is still an important and basic
requirement for highly desired oral bioavailability.

Many drug carriers have been studied in order to improve CUR drug absorption and
efficacy, and nanovehicles hold great promise [9]. Encapsulating hydrophobic drugs into
polymeric micelles as nanovehicles is an effective approach for the improvement of drug
solubility and better bioavailability[10,11]. As a nanovehicle, polymeric micelles based on
amphiphilic triblock copolymeric surfactant PEO-PPO-PEO, commercially available as
Pluronic, show potential as candidates for improved bioavailability of water-insoluble

drugs[12,13]. Many Pluronics are FDA approved pharmaceutical excipients[14]. Pluronic
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micelles have a core-corona structure that provides significant benefits, such as drug
targeting, ease of production, and long circulation. However, the poor stability of such
Pluronic micelles in the cardiovascular system or Gl fluids, as well as the eventual drug
precipitation, prohibits their application in the delivery of drugs. Therefore, the mixed
Pluronic micelles have been significantly studied for the enhanced oral bioavailability of
lipophilic drugs. Pluronic mixed micelles made of thermally stable hydrophobic Pluronic and
kinetically stable hydrophilic Pluronic performed exceptionally well in drug solubilization
and stability, paving the way for much more effective pharmaceutical applications[15-22].
Pluronic mixed micelles increase the volume of the PPO core of respective micelle by
combining extra materials with hydrophobicity, furnishing a larger solubilization site for
water-insoluble drugs. It also retains all the benefits of single Pluronic micelles while
enhancing the solubilization capacity for hydrophobic drugs.

Pluronics have been extensively functionalized to produce drug delivery nanovehicles
that have active targeting, stimuli responsiveness, and high drug loading capacity. To develop
a more potent Pluronic mixed nanomicellar system for drug delivery, many biocompatible
compounds are combined. The combination of highly biocompatible compounds like PC
with Pluronic mixed nanomicelles plays a significant role in nanoparticle drug delivery.
These Pluronics/PC mixed micellar systems offer various advantages for improving
therapeutic efficacy in addition to drug solubilization[23-25]. PC, a naturally occurring
phospholipid, is a nontoxic and biocompatible material that has been used by food and
pharmaceutical companies[26]. The compatibility of the PC with human membranes and skin
is the first and most important advantage of a PC-based vesicular system. Hence, PC based
formulations improve the therapeutic efficacy of lipophilic drugs[27].

In this context, the current study was aimed to develop and characterize the
Pluronic/PC mixed nanomicellar formulations for improved insolubility and bioavailability
of the CUR drug. We investigated the oral bioavailability of CUR using Pluronic/PC mixed
nanomicellar formulations composed of the highly hydrophobic Pluronic P123, the
hydrophilic Pluronic F68, and PC coded as PFPC. The RSM was used to optimize PFPC
mixed nanomicellar formulation. The RSM, in combination with D-optimal design, is a
systematic way of designing, optimizing, and delivering any active pharmaceutical substance
or process[28]. The D-optimal design is a fast method for finding the impact of independent

89|Page



Chapter 4: Mixed Pluronics/phosphatidylcholine self-assemblies for
curcumin drug for antimicrobial evaluations

variables on each dependent variable. The optimal formulation has been determined using
ANOVA regression analysis. The particle size, zeta potential, PDI, morphology, and
solubility of the optimized CUR-incorporated P123/F68/PC mixed micellar formulation
(coded as CUR-PFPC) were examined using UV-Vis, DLS, and TEM measurements. The
biocompatibility and stability of the mixed nanomicellar formulation were examined through
FTIR, XRD, and DSC analysis. Also, the CUR drug release and antioxidant behaviour of
CUR and CUR-PFPC nanoformulations were evaluated in vitro. Furthermore, the
antibacterial and antifungal assays of CUR and CUR-PFPC nanoformulations were
investigated opposed to Gram-positive bacteria, Gram-negative bacteria, and fungi. Thus, our
findings present a concise approach for the Pluronic/PC mixed naomicellar formulations as
the nanovehicles that could enhance the solubility, oxygen resistance, and antimicrobial
effects of CUR.
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4.2: Experimental Section

4.2.1: Optimization and fabrication of PFPC and CUR-PFPC mixed
polymeric micellar formulations
4.2.1.1 Statistical optimization through D-optimal design

The current research used the D-optimal design to optimize the PFPC, and CUR-
PFPC mixed nanomicellar formulation methods. Facilitated by mathematical software, RSM
is an illustrious tool for optimization in pharma to help extract valuable information from a
few well-designed experiments. CUR-PFPC mixed micellar formulations were prepared as
per the 3-factor D-optimal design using Design-Expert software to evaluate the influence of
variables on the micellar characteristics[29]. Using D-optimal design, the contributions of the
influential variables, comprising the concentration of P123(A), F68(B), PC(C), and the
amount of CUR (D), were estimated based on the solubility, %DL, and %EE. The
independent variables and their levels examined dependent variables, and their code classes
of —1 and +1 are tabulated in Table 4.1. The composition of the 25 runs of the D-optimal
design is listed in Table 4.2. The 3D surfaces and contour graphs investigated the effects of
different variables on responses. The ANOVA analysis determined P-values, F-values, and

model F-values for each factor and observed the P-values of <0.05.

Table 4.1. The labels and limits of independent and dependent variables applied in the
experimental design

Label Independent variables Unit Lower limit Upper limit
(coded as -1) (coded as +1)
A Concentration of P123 Y%w/v 0 5
B Concentration of F68 Y%w/v 0 5
C Concentration of PC Y%w/v 0 1
D Amount of drug mg 2 20
Dependent variables
Y 1: Solubility (mg/mL) Maximize
Y2: %DL Maximize
Y3: %EE Maximize
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Table 4.2. Experimental runs and results based on D-optimal design.

Independent variables

Dependent variables

Run (Responses)
A B C D Y1 Y2 Y3
1 4.61 0.00 0.79 18.3 0.0459 4.8377 6.2636
2 0.00 2.56 1.00 2.00 0.0085 3.8219 10.625
3 3.28 5.00 0.10 2.28 0.0450 10.553 49.342
4 0.00 2.48 0.48 10.8 0.0021 0.3799 0.4834
5 5.00 5.00 0.10 20.0 0.0537 4.4601 6.7125
6 2.52 2.34 0.56 20.0 0.0220 2.1636 2.7500
7 0.00 0.00 1.00 20.0 0.0119 1.4166 1.4875
8 0.00 0.00 0.36 2.00 0.0041 4.3432 5.1250
9 5.00 2.40 0.55 11.0 0.0534 7.0152 12.048
10 5.00 0.00 1.00 2.00 0.0519 16.218 64.875
11 2.12 0.16 0.78 9.63 0.0257 5.0634 6.6718
12 5.00 5.00 1.00 2.00 0.0735 14.134 91.875
13 0.00 5.00 1.00 20.0 0.0056 0.5384 0.7040
14 0.00 2.21 0.10 20.0 0.0057 0.6387 0.7125
15 5.00 3.15 1.00 20.0 0.0454 3.8936 5.6850
16 2.11 5.00 0.55 20.0 0.0231 2.0878 2.8875
17 5.00 2.21 0.10 9.83 0.0388 5.6924 9.8677
18 0.00 5.00 0.10 2.00 0.0011 0.3873 1.3750
19 0.00 5.00 1.00 20.0 0.0026 0.2500 0.3250
20 2.21 0.00 0.10 9.95 0.0217 4.4240 5.4523
21 0.00 0.00 0.36 2.00 0.0041 4.3432 5.1250
22 5.00 5.00 0.10 20.0 0.0486 4.0365 6.0750
23 0.00 2.56 1.00 2.00 0.0024 1.0791 3.1000
24 5.00 0.00 0.10 20.0 0.0365 3.6354 4.5625
25 5.00 5.00 1.00 2.00 0.0733 14.096 91.625

4.2.1.2 Fabrication of PFPC and CUR-PFPC mixed polymeric nanomicellar formulations

PFPC nanomicelles formulations were fabricated by the fine-film hydration method at

different concentrations according to the experimental design. First, solubilize the P123, F68,

and PC in chloroform to get uniform stock solutions. Then, the necessary volume of the stock

solution of P123, F68, and PC was transferred in a RBF with appropriate dilution. After that,

the solvent was slowly removed at 60°C under reduced pressure in a rotary evaporator (R-

100-labindia, India) to obtain a thin, dry film. Then, the flask was kept overnight in a vaccum

at RT to dry the residual solvent from the film. Then, the fine film was hydrated with the

necessary amount of distilled water, sonicated for 10 min, and filtered through nylon

membrane to obtain a PFPC mixed micellar dispersion. Finally, the micelles formulation was

solidified by freeze-drying. The same procedure was followed for the preparation of the
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CUR-PFPC nanomicelles formulations by taking the drug as per the experimental design
along with the Pluronics and PC.
4.2.1.3 Formulation optimization

The optimized CUR-PFPC mixed nanomicellar formulation was evaluated using the
Design Expert® software. The optimized CUR-PFPC nanoformulation finally came out was
then prepared and investigated to confirm the authenticity of the calculated optimal
formulation factors and estimated responses produced by the program.
4.2.2 Characterization methods

Mixed micellar size, zeta potential, and morphological investigations of PFPC and
CUR-PFPC were characterized using DLS and TEM. CUR compatibility and stability in
mixed micellar formulation investigated using FTIR, XRD, DSC and UV-Vis spectroscopy
techniques. The detailed procedure of the all-mentioned techniques is shown in Chapter 2.
4.2.3 In-vitro biological investigations
4.2.3.1 In-vitro % drug release

The release of CUR from CUR-PFPC mixed nanomicellar formulation was
investigated using the dialysis method in phosphate buffer solution (PBS, pH 7.4)[30]. The
dialysis membrane was activated and dipped in the release medium overnight before the in-
vitro dissolution study. The CUR-PFPC mixed micellar formulation was filled into the end
sealed dialysis membrane tube. The membrane was sink in 100 mL of fresh PBS in a 250 mL
glass container and maintained at a constant temperature of 30£0.2°C. The sample solution (4
mL) was taken from the release medium at a pre-decided time and replaced with the same
volume of freshly prepared PBS to maintain the sink condition. The sample solutions were
diluted, and the released CUR amount was found by analyzing the absorbance at a Amax of
425 nm using a UV-Vis spectrophotometer. The cumulative % release of CUR in the medium
was calculated with the help of a calibration curve. The drug release profile of CUR was
plotted as the cumulative amount of CUR released against time. The experiment was
performed in the dark and in triplicate to get the mean value. CUR drug release study was

also conducted in the same manner to evaluate nanoformulation performance better.
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4.2.3.2 In-vitro Antioxidant Assay

The oxygen resistance (%) of the optimized CUR-PFPC mixed nanomicellar
formulation with different concentrations (1.0, 5.0, 10.0, 15.0, 20.0, and 25.0 pg/mL) was
assessed by investigating their ability to DPPH radical scavenging. The sample solutions
were properly mixed and left for 1% hrs in a dark place at RT for incubation. DPPH accepts
electrons, and the sample color changed from deep violet to light yellow, indicating the
formation of DPPH-H (non-radical) in the medium and measured by a UV-Vis
spectrophotometer (Amax of 517 nm). The DPPH scavenging potential of the examined
samples was determined by comparison of the sample color with that of the control[31]. The
experiments were done thrice to get the mean value. The inhibition percentage was calculated
using the equation (3):

% Oxygen resistance = (A0-A1)/A0x 100...... (1)

Where AO = Control and A1 = Sample present

The result was evaluated in ICso values, the amount of oxygen resistance necessary to
decrease 50% of the DPPH initial concentration.
4.2.3.3 In-vitro antimicrobial activity

In vitro antimicrobial (antibacterial/antifungal) activity was carried- out using the
agar well diffusion technique[32]. The pure CUR, PFPC and optimized CUR-PFPC
nanomicellar formulation were poured (100uL) into wells (7mm) of sterile nutrient agar
plates then inoculated with Gram-positive Staphylococcus aureus (S. aureus) and Bacillus
subtilis (B. subtilis), and Gram-negative Escherichia coli (E. coli) and Pseudomonas
aeruginosa (P. aeruginosa) bacteria. In another antifungal study, Penicillium, Aspergillus
niger (A. niger), and Saccharomyces cerevisiae (S. cerevisiae) were selected. Both bacteria
and fungi were grown in sterile nutritive agar and potato dextrose agar media. The culture
media was sterilized in an autoclave at 15 Ib per inch pressure at the 121°C temperature for
15 min. After that, they cooled down to 40°C, and the agar solutions (~20 mL) were spilled
into sterile Petri dishes and solidified. Next, the strains were swabbed on the agar using
sterile cotton. The sample discs utilized in this process had a 7 mm diameter (~30 pg
sample). After that, the test solution of 50ul each was poured into each well of the Petri-
dishes. After conceding the diffusion of optimized CUR, PFPC and CUR-PFPC mixed
nanomicellar formulation for 2 hrs for analysis, and the reacted agar plates were incubated at
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37°£0.5°C for 24 h for antibacterial and 5 days at 25°+2°C for antifungal activity. The
antibacterial and antifungal activities were evaluated by measuring the diameter (mm) of the
inhibition zone around each well and sample disc using a Vernier caliper. The entire process,
only the incubation part, was done in a laminar flow unit[33,34]. Each experiment was
performed thrice to get the mean value.
4.2.3.4: Statistical analysis

Data were presented as mean value + standard deviation (SD). The experiments were
performed in triplicate to get a mean value = SD. SPSS 22.0 software was used to compare

data. p < 0.05 or less was considered as a statistically significant.
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4.3: Results and discussion

Assembling drug-loaded mixed Pluronic/PC micelles is a complex procedure and
usually requires various materials and methods of preparation. Moreover, its
commercialization is challenging due to a lack of scale-up data and regulatory issues. Apart
from these development issues, inadequate guidelines on shelf-life, bioavailability, and
impurities are barriers to commercialization and need formulation novelty. The QbD is the
latest trend to develop and optimize various significant pharmaceutical processes. According
to QbD, quality should build into products rather than only be assessed after
manufacturing[35]. Applying QbD principles in drug-loaded Pluronic/PC mixed micelles is
expected to help overcome existing issues with Pluronic/PC mixed micellar formulations,

start providing wider regulatory acceptance, and accelerate clinical application.

4.3.1 Statistical analysis of the D-optimal design

Table 4.3: The ANOVA regression analysis of variance results of the fitted model for all the
responses

Response Y 1: Solubility (mg/mL) Y2: %DL Y3: % EE
Model 2FI Quadratic Quadratic
R? 0.9823 0.9809 0.9836
Adjusted R? 0.9696 0.9541 0.9605
Predicted R? 0.9403 0.8214 0.7955
Adequate 26.129 22.278 24.313
Precision
A(<0.0001),
A(<0.0001), B(<0.0001),
Significant B(0.0014), 32288883 C(0.0056),
terms C(0.0172), AD ( <'O 0001’) D (0.0149), AB (0.0343),
(p-value) D (0.0074), AB (0.0005), D%(0 0'212) AD(<0.0001), BD (0.0265)
AD(0.0069) ' CD(0.0295), B2(0.0381),

D%(0.0133)

RSM is a set of mathematical and statistical tools for modeling and properly
analyzing difficulties in which a set of variables impacts the desired response to optimize the
outcomes. A D-optimal design was used to optimize the CUR-PFPC mixed nanomicellar
formulation in the present work. The three significant variables, solubility, %DL, and %EE,

were selected to find the optimum CUR-PFPC mixed nanomicellar formulation using 25
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experimental recipes. The ANOVA analysis confirms the adequacy of the model. The best fit
for each response, Y1 (solubility), Y2 (%DL), and Y3 (%EE), was checked for normality and
outliers. The various effects of model terms associated with the responses of regression
variances are presented in Table 4.2. The F-ratio was used to compare the actual variation
and the expected change regarding variable averages. The P-value < 0.05 indicates that the
model was significant (Table 4.2). The value and sign of the quantitative effect show the
magnitude and direction of the term’s influence on the response. The positive (+) value in the
equation shows that a variable has a positive impact on the response, while a negative (-)
value demonstrates an antagonistic effect (inverse relationship) between the variable and the
response[28, 36].
4.3.1.1 Solubility model analysis

The solubility (Y1) of CUR in CUR-PFPC mixed nanomicellar formulations was
found to be 0.0011 to 0.0735 mg/mL (Table 4.2). The P-value of <0.0001 of the response Y1
suggested that such a model was significant. On the other hand, the F-value(lack of fit) of
2.53 indicates the lack-of-fit is non-significant, and such a higher value came due to noise.
Generally, a non-significant lack-of-fit is better for the formulation. The 2FI equation that

correlates the independent variables and the solubility is shown in equation (1).

Solubility = 0.0339 + 0.0194 * A + 0.0032 * B + 0.0030 * C— 0.0034 * D + 0.0035 = A *
B+ 0.0009*Ax C—0.0029*A +*D — 0.0005+*B* C—0.0017+*B*D —
0.0009*C=*D....... ()

Figure 4.1 displays the response surfaces from the interaction between the
concentration of P123 (A), F68 (B), PC (C), and the amount solubilized of CUR drug (D),
when solubility is counted. The contour plot shape indicated a significant interaction between
all the independent variables: The positive sign of the A, B, and C coefficients showed a
positive effect on the CUR solubility. The CUR solubility increased with the concentration of
P123, F68, and PC as it created the large hydrophobic core of the mixed micelles. As proved
by the negative coefficient of D in the experiment, the solubility of CUR significantly

decreased with increasing levels of CUR.
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4.3.1.2 %DL model analysis

The %DL (Y2) of the CUR-PFPC mixed nanomicellar formulation at was found to be
0.250 to 16.22% (Table 4.2). The F-value of 36.75 indicated that the %DL model was
significant. With the Prob > F value less than 0.0500 (P = 0.0001), the model was significant.
The F-value(lack of fit) of 1.36 suggested that the lack of fit was not significant and better for
the system. The Pred R? of 0.8215 is quite a good accordance with the Adj R? of 0.9542. The
highest %DL obtained at the optimized point was observed from the 3D response plots
displayed in Figure 4.2. The final equation (3) for %DL is as follows:

% DL = 4.298 + 2.8230 x A— 0.2232* B + 0.3172 % C— 3.4030 * D + 0.2579 * A * B +
0.1376*A*C —1.7250« Ax D — 0.1588 *x B*C + 0.3622* BxD — 0.2018 *C* D —
0.3209 * A? + 0.4871 * B2 —0.2177 * C®2 + 1.9120 « D?...... (3)

The (+) positive signs of A and C indicated that %DL significantly increased with an
increase in the concentration of P123 (A) and PC (C) because of the highly hydrophobic
nature of P123 and the support of PC, the volume of the hydrophobic core of the mixed
micelles was increased, which ultimately favours the CUR drug loading. So, the negative
coefficient of B and D indicated that %DL significantly decreased with increasing the
concentration of F68 (B) and amount of CUR (D), respectively. Such antagonistic behavior
correlated with the hydrophilic nature of the F68 polymers.
4.3.1.3 %EE model analysis

The other response, the incorporation efficiency of the formulation, was obtained in
the range of 0.3250-91.4 %. The F-value of 41.49 involves that the model was significant.
Values of Prob> F <0.0500 suggested that the model was significantly effective. The F-
value(lack of fit) of 1.96 was non-significant and found good. To illustrate the effect of each
independent variable on %EE, 3D response plots were drawn and are shown in Figure 4.3.
The final polynomial equation in terms of coded factors that relate the independent variables

and the drug incorporation efficiency obtained through software for % EE is as follows:
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%EE = 9.3890+ 11.770 * A + 5.9350 * B + 4.8600 * C — 19.420 * D + 2.5500 * A *
B+2371+«A*xC—11.040*A*D +1848*«B*x(C —3.317*B D —4375%xC D —
0.7650 * A> + 4456 * B2 — 1.378* C?> +12.00* D> ... .. (4)

The positive sign against A, B, and C coefficient indicated that drug incorporation
efficiency significantly increased with increasing concentration of P123, F68, and PC. The
negative coefficient of D indicates that as drug levels increased, % EE decreased
significantly. To illustrate the effect of each independent variable on dependent variable, 3D
response plots were drawn which were indicated a significant interaction between all the
independent variables and dependent variable. The signal-to-noise ratio was examined with
adequate precision, and a value > 4 was desirable. In the cases of solubility, %DL, and %EE,
the ratio values were 26.150, 22.330, and 23.962, respectively assures the ability of the
model to navigate the design.

The prediction of statistical models has been validated through the experimental
analysis. The predicted and experimental data of optimized formulation is listed in Table 4.4.
With these optimization investigations, the mixed micellar formulations were prepared and
analyzed for their practical outcomes for the better bioavailability of the CUR drug.

The prediction of statistical models has been validated through the experimental analysis.
The predicted and experimental data of optimized formulation is listed in Table 4.4. With
these optimization investigations, the mixed micellar formulations were prepared and

analyzed for their practical outcomes for the better bioavailability of the CUR drug.

Table 4.4. The observed and the predicted values of the optimum CUR-PFPC mixed micellar
formulation based on D-optimal design.

Dependent Variable Predicted Observed Bias
Solubility (mg/mL) 0.0792 0.0713 -0.0079
% DL 12.4280 12.7820 -0.3540
% EE 90.1683 91.1713 -1.0030
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Figure 4.3: The 3D response surface plots for the effect of the respective independent
variable on %EE
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4.3.2: Characterization of PFPC and CUR-PFPC mixed nanomicellar
formulations

4.3.2.1: Mixed micellar size, zeta potential, and morphological investigations

The DLS technique was employed to obtain the particle size of the optimized PFPC
and CUR-PFPC mixed nanomicellar formulations in terms of apparent micellar
hydrodynamic diameter (Dh) and PDI. The Dh of PFPC and CUR-PFPC mixed nanomicellar
formulations were 59.79 nm and 67.43 nm, respectively (Figure 3(a)). Zhao et al.[20]
reported the Dh of the mixed P123/F68 micellar system was 23.4 nm. Due to the inclusion of
PC in the PFPC mixed micellar system, they significantly increased their Dh (here 59.79 nm)
in comparison to the mixed P123/F68 micellar system. The Pluronic PPO chains and PC
alkyl chains are assembled into a core of mixed micelles. Surrounding the hydrophobic core
is a shell comprised of PC polar head groups and PEO of Pluronics.

@)

1 : 1
PFPC CUR-PFPC
: 12

12
10 10
8

6
4

Intensity (%0)

2

‘ ‘ : : il o ‘
0.1 1.0 10.0 1000 10000 0.1 1.0 10.0 1000 10000

(b) Size (nm)
70000 : ; 70000 1 ;
PFPC CUR-PFPC
60000 : i 60000 :
e
€ 50000 : 50000
2
40000 : i 40000
O
C_G 30000 ! 30000
1S)
20000 : ! : 20000 :
=
10000 : / : : 10000 : \
0 ; ; ; i ; ' t i 0 - - - t - - t i
-100 0 100 200 -100 0 100 200

Zeta potential (mV)

Figure 4.4: (a) Micellar size distribution, and (b) Zeta potential plots of optimized PFPC and
CUR-PFPC formulations at 30°+0.5° C. Data are demonstrated as mean + S.D (n=3).
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The higher Dh of the CUR-PFPC nanomicellar formulation (P < 0.05) was accredited
to the presence of the CUR in the lipophilic core of the mixed micelles. The PDI values of
the PFPC and CUR-PFPC nanomicellar formulations were 0.469 and 0.528, respectively.
The examined micellar formulations displayed a PDI <0.6, thereby indicating a low
polydisperse populace of particles[37]. The PDI increases when micelles manifest substantial
thickening or a hydrophobic additive is solubilized and fabricates mixed micelles. Hence, the
PDI of CUR-PFPC increased with incorporating the CUR into the mixed micellar core of
PFPC.

Figure 4.5: TEM micrograph of optimized CUR- PFPC formulation

The zeta potential of the particles dramatically influences the stability of a mixed
micellar formulation. The low zeta potential value creates enough steric barriers or electric
repulsion to prevent micellar aggregation[19]. The potential zeta values of the PFPC and
CUR-PFPC mixed nanomicellar formulations were 16.2 mV and -15.1 mV, respectively
(Figure 4.4(b)). The negatively charged surfaces are found on uncharged PEO amphiphilic
copolymers[15]. Therefore, the negative value of the zeta potential demonstrates the better
dynamic stability of the PFPC and CUR-PFPC mixed nanomicellar formulations.

The CUR-PFPC mixed nanomicellar formulation was characterized by TEM and

exhibited an average diameter of ~75 nm. The TEM micrograph presented in Figure 4.5
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confirmed the spherical shape of CUR-PFPC nanoformulation. The large gap between
adjacent micellar particles was observed in CUR-PFPC, resulting from electrostatic repulsion
as well as steric hindrance. The presence of larger sizes of spherical micelles can explain the
significant interaction between the Pluronics-PC and the CUR.

4.3.2.2 CUR compatibility and stability in mixed micellar formulation investigation

FTIR, XRD, and DSC studies investigated the physicochemical interactions between
the mixed micellar formulation components and the CUR. This interaction is crucial for
better drug biocompatibility in nanovesicles.

The FTIR spectra of CUR, PFPC, and CUR-PFPC mixed nanomicellar formulations
are shown in Figure 4.6(a). The PFPC spectra displayed significant peaks at 2871 cm™! and
1112 cm™!, corresponding to -C-H stretching and the C-O-C stretching of the aliphatic chain,
respectively. The principal characteristic peaks of CUR at 1512 cm™!, 1279 cm™!, and 1158
cm! result in C=0, C-C, and C-O-C of the -OH group hybridized with the —OCHs
group[38]. Other firm peaks at 1509 cm™!, 965 cm™!, and 725 cm™! confirmed the stretching
vibration C=C of the symmetric aromatic ring, -C-H vibration(trans) benzoate, and -C-H
vibration(cis) of the aromatic ring, respectively. All the characteristics peaks of CUR and
PFPC showed in the spectrum of the CUR-PFPC nanoformulation. Therefore, the absence of
a peak of CUR at 1512.55 cm™! can be counted as a CUR being entrapped in the PFPC
micellar core instead of attachment to the particle surface. This clarifies the possible
interaction between CUR and PFPC in CUR-PFPC, along with the compatibility of CUR in
the lipophilic core of the PFPC mixed micelles.

The XRD method helps determine the physical properties of drug-polymer
combinations. After analysis, figure 4.6(b) compares the XRD patterns of CUR, PFPC, and
CUR-PFPC nanoformulations. Pure CUR displays high intensity and clear crystalline peaks
between 10° and 30° (20) regions, indicating crystalline in nature[39]. The presence of only
two intense peaks of the PEO groups in the XRD pattern of the PFPC formulation at 20
angles of 19.18° and 23.30° suggested the non-crystalline nature of the mixed micellar
formulation®’. Similar to the PFPC, the optimized CUR-PFPC nanoformulation had the same
intensity peaks and flat patterns, indicating the typical non-crystalline nature of the
formulation. The intensity of the peak is directly proportional to the crystalline form of the
system. Here, CUR-PFPC showed a specific amorphous pattern with a total absence of the
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number of classified peaks of CUR, indicating that CUR was molecularly dispersed in a non-
crystalline state in the mixed micelles[40] and confirmed the encapsulation of CUR in the
PFPC micelles. Thus, increasing solubility, good percentage release, and faster dissolution
are ideal aspects of a drug delivery carrier.

Figure 4.6(c) depicts the DSC curves of CUR, PFPC, and CUR-PFPC; CUR shows an
endothermic peak (Tm) at 175°C [41], corresponding to the melting point of CUR, and
corroborates its crystallinity. The PFPC showed an endothermic melting peak at 52.46°C,
considering the relaxation peak that corelates the melting or Tg of the polymers'*. The CUR-
PFPC thermogram was somewhat similar to PFPC with the reduction in intensity and
complete disappearance of the peak at near 175°C, the melting temperature of CUR. The
vanishing of the characteristic melting endothermic peak of CUR usually proves the
incorporation of CUR in the mixed micelles. Therefore, it confirmed that CUR was present in

a non-crystalline or molecular state in the CUR-PFPC nanoformulation.
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Figure 4.6: (a) FTIR spectrums, (b) XRD pattern, and (c) DSC thermograms of pure CUR,
PFPC and CUR-PFPC formulations

Stability studies of formulations are necessary for daily use and thinking about
industrial production. To grant a long shelf-life, stored the CUR-PFPC mixed nanomicellar
formulation at RT in dark for 30 days (Figure 4.7). During the storage time, the physical
properties remained almost constant. There are not any considerable changes in drug content.
Slight drug retention was observed with time, but it is still mono-dispersed. There are no

significant changes like turbidity and separation of any layers and no considerable drug
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retention in one month. Such observations suggest that CUR-PFPC showed substantial

stability.
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Figure 4.7: Storage stability of optimized CUR-PFPC formulation at 30°+0.5° C.

4.3.3 In-vitro biological investigations
4.3.3.1 In-vitro release study

Drug release affects the particle size, drug loading, and drug incorporation into the
drug carriers. For successful drug bioavailability, it is significant that drugs incorporated into
micellar formulations retain the drug for a specific period after delivery. The in-vitro release
study of CUR and CUR-PFPC nanoformulations was performed at a physiological pH of 7.4
using the dialysis diffusion bag method. CUR is brilliant yellow and not dissolved in water.
So, CUR was solubilized in propylene glycol (PG) solution as a free CUR solution for the
drug release study. Figure 4.8 (a) shows that most CUR was released within 24 h, suggesting
that CUR could facilely diffuse from the dialysis membrane [19]. Only 30% of CUR was
released from the CUR-PFPC nanoformulation during the same period, much slower than the
free CUR solution. At the end of the analysis, ~70% of CUR had been released from the
formulation. This result shows that the mixed micellar carrier dissolved the hydrophobic

CUR drug and sustained the release of CUR. The study revealed that incorporating
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hydrophobic CUR had much interaction with the mixed micelles due to PPO and a PC-based

core of the mixed micellar formulation.
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Figure 4.8: (a) In-vitro % cumulative release profile of pure CURand CUR-PFPC
formulation at 30°+0.5° C and (b) %DPPH inhibition of pure CUR drug and CUR-PFPC
formulationat various concentrations.

4.3.3.2 In-vitro antioxidant activity

Free radicals like DPPH play a significant role in the oxidative damage of bio-
systems[42]. The ability of free CUR (suspended in alcohol) and CUR-PFPC
nanoformulation to resist oxidation was tested by comparing DPPH scavenging activity. At
10.0 pg/mL, the maximum scavenging rate of CUR was nearly 89%, whereas CUR-PFPC
inhibited almost 96%, as shown in Figure 4.8(b). The change in scavenging activity could
improve the CUR antioxidant ability in the mixed micellar formulation. The CUR-PFPC
mixed nanomicellar formulation resulted in smaller particle size and better solubility, which
enhanced the neutralization of the DPPH radicals and the antioxidant effect of the drug. The
antioxidant activities of CUR and CUR-PFPC nanoformulation confirmed oxidation
resistance quite significantly better in mixed micellar formulation than in the free drug.
4.3.3.3 In-vitro antimicrobial activity

Antimicrobial drug resistance is one of the most common problems in medical
sciences and, therefore, the synergistic effects of antimicrobial agents in blend with

biocompatible formulations to develop an antimicrobial mixture with a larger scale of
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activity and minimal microbial side effects [43]. The antibacterial activity of the CUR of
PFPC mixed micellar nano vehicles showed significant inhibition zone diameter (mm)

against each tested bacterial strain.
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Figure 4.9: Antibacterial activities of pure CUR and CUR-PFPC formulation(a) Graphical
representation of zone of inhibition against S. aureus, B.subtilis, E.coli and P.aeruginosa (b)
The photographs of antibacterial activity against S. aureus, B.subtilis, E.coli and P.aeruginosa

Table 4.5 shows the inhibition zones of CUR, PFPC, and CUR-PFPC
nanoformulations for clinical and standard bacterial strains of S. aureus and B. subtilis
bacteria, as well as gram-negative E. coli and P. aeruginosa bacteria (Figure 4.9(a)).The
results suggest that CUR-PFPC has more significant inhibitory effects against bacteria than
pure CUR. As shown in Figure 4.9(b), the inhibition zone sizes demonstrated the
achievement of a concentration gradient around the spot following CUR release from the
CUR-PFPC mixed micelles. The results suggest that CUR-PFPC has significantly more
significant inhibitory effects against bacteria than pure CUR. Because of the smaller particle
size (67.43 nm) and higher cellular uptake, approaching more damage to the cell membrane
of the bacteria compared to CUR (500-800 nm), the improved antibacterial activity [44, 45].

These findings indicate no significant difference in the growth of standard bacterial
strains when the antibiotic standard and CUR-PFPC nanoformulation are used. The higher
effectiveness of CUR-PFPC nanomicellar systems on bacteria is crucial for curing MDR

bacterial infections[46].
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Table 4.5. The inhibition zones against bacterial and fungal pathogens

Antibacterial activity

Formulations and Zone of inhibition (in mm)
standards Gram +Ve Bacteria Gram -Ve Bacteria
S. aureus B. subtilis E.coli P. aeruginosa
CUR 17.0£0.08 19.0+0.12 18.0+0.09 12.0+0.04
PFPC 00.0 00.0 00.0 00.0
CUR-PFPC 19.04£0.04 38.0+0.12 40.2+0.08 42.0+0.12
Positive control 19.0£0.08 45.0+0.12 39.0+0.12 42.0+0.08
Negative control 00.0 00.0 00.0 00.0
Antifungal activity
Formulations Zone of inhibition (in mm)
Penicillium A. niger S. cereviceae
CUR 22.0+0.08 13.0£0.02 24.0£0.20
PFPC ---
CUR-PFPC 23.0+0.29 24.04£0.30 26.0+0.08

Substances and extracts obtained from different ecological resources, mainly plants,
have consistently been a potent arsenal for treating fungal infections and spoilage. Because
turmeric is widely used in food products, numerous research studies have been conducted to
investigate turmeric and curcumin to prevent fungal spoilage and pathogens[47]. The
antifungal activities of CUR and CUR-PFPC mixed nanomicellar formulations against
Penicillium, A. niger, and S. cerevisiae fungus stains are presented in Table 4.5. Figure
4.10(a) depicts the size of the inhibition zones of CUR, PFPC, and CUR-PFPC
nanoformulations for fungi strains. The zone of inhibition of optimized CUR-PFPC for
Penicillium, A. niger, and S. cerevisiae was 23.0+0.29, 24.0+0.30, and 26.0£0.08 mm,
respectively, compared to 22.0+0.08, 13.0+0.02, 300, and 24.0+£0.20 mm for CUR. The
results show that CUR-PFPC has more inhibitory effects against fungi than pure CUR, as
shown in Figure 4.10 images. Here, a considerably higher CUR antifungal activity in mixed
micellar formulations is due to the dispersion of CUR in mixed micelles, forming particles
with nanometric sizes without any stabilizers.

In both antibacterial and antifungal investigations, the suitable matrixes of
biocompatible mixed Pluronics-PC nanomicellar formulations and their water dispersibility

and colloidal stability improve antimicrobial activity.
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Figure 4.10: Antifungal activities of pure CUR and CUR-PFPC formulation(a) Graphical
representation of inhibition zone against Penicillium, A.niger, and S.cereviceae and(b) The
photographs of antifungal activity against Penicillium, A.niger, and S.cereviceae
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