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Amplification of Curcumin
Entrapment/Release in Aqueous
Counter Charged Gemini Mixtures
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Chapter 6

6.1. Introduction

As can be seen from the previous studies (Chapters 3 and 4), mixed amphiphilic systems
(aggregates) can be preferred over individual components due to their improved benefits such
as rich phase behaviour, augmented hydrophobicity, higher packing parameter, elevated
aqueous solubility of hydrophobic material, different heating response among others [1-7]. In
this connection, various combinations of ionic and non-ionic surfactants are tried which show
different degree of variability from ideal mixing [8-10]. However, mixing of contrasting
charged surface active moieties results various morphologies and improved uptake of
hydrophobic material [1,11-14]. This resulted a renewed interest in ‘catanionics’ Systems with

the point of view of practicability and sustainability [15,16].

Bioavailability of hydrophobic compounds in water is essential in healthcare, chemical
industry, pharmacy among others. Various surfactant morphologies are effective solubilizers;
however, the solubilization capabilities of vesicles are reported better [17,18]. Bioavailability
is a serious problem both with natural and synthetic drugs. Further targeting/driving in a drug

or precursor towards affective site is an equally challenging problem.

Curcumin is a natural material that was obtained from turmeric (Curcuma longa), which
is a key element in many diets and is believed to possess a variety of therapeutic capabilities
[19]. Curcumin has been proven to have antitumor [20], anti-inflammatory [21], and oxidative
effects [22], and it has also been demonstrated to be effective in treating mental deterioration

[23,24].

A steep rise in research activities over the past two decades involving curcumin has

been due to the report that curcumin shows effective antioxidant, anti-inflammatory and anti-
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cancer activities [25-29]. It was further shown that curcumin prevents protein aggregation in

debilitating ailments e.g., Alzheimer’s or Parkinson’s [30].

Inadequate solubility/bioavailability of curcumin in water (20 ug/ml) is the key obstacle
that hinders its ability to be used for the therapeutic action [31]. Another significant obstacle is
the instability in alkaline environments. Such materials deteriorate curcumin quite fast by
alkaline hydrolysis followed by the breakdown of the active molecule [32]. Encapsulating
curcumin into surfactant aggregates is just an impactful way to tackle water insolubility and

stability problems related to curcumin [33-35].

In the present Chapter, curcumin solubility studies are performed in different
combinations of gemini surfactants having different spacers/chain lengths. An optimization
with respect to composition and spacer is made to perform curcumin in-vitro release studies.
Kinetic data have been fitted in various models to have a possible mechanism of release.
Further anti-oxidation studies of curcumin with or without blended gemini mixture are also
investigated in order to shade light on the oxidation phenomenon and its control. The cell

proliferation data are obtained by performing MTT assay.
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6.2. Results and Discussion

6.2.1. Curcumin Solubilization

UV-visible absorption spectra of curcumin (CUR) in blended geminis, at various compositions,
are compiled in Figure 1. For the purpose, various combinations of geminis (12-s-12/10-s-10

+ 12-4-12A, s = polymethylene, Eg, Isb or Eda) are used by taking various compositions (x =

0-1).
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Figure 1. Representative UV-visible spectra drugs solubilized in 10 mM aqueous mixed
gemini surfactant system at different mole fractions of anionic gemini (X12-4-124): (a) 12-4-12
and (b) 10-4-10.

Figure 1 shows that absorbance is dependent on composition of gemini mixture.
However, | absorbance | at the Amax (420 nm) are higher when the two gemini components are
nearly equal (x = 0.4 or 0.6). Coincidentally, above compositions produce vesicular aggregates
as mentioned in Chapter 4. Hence, vesicles can preferentially be used to achieve increased

CUR aqueous solubility (or other drugs in general). Earlier, gemini mixtures have shown
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enhanced aqueous solubilities for other water insoluble material such as polycyclic aromatic

hydrocarbons (PAHs) and RLX [36-38].

Absorbance data (Figure 1 and similar spectra (not shown) with other gemini
combinations) are used to obtain MSR value by the same method as provided in Chapter 5 for
RLX. MSR data are used to obtain K and AGY, and are compiled in Tables 1-4. MSR data
show maximum values with cationic geminis (n =10 and 12) are mixed in a specific
composition (x = 0.4 or 0.6) with 12-4-12A. Higher MSR values were found with cationic
geminis having polymethylene spacer. Further, among polymethylene spacer based cationic
geminis, higher MSR observed with 12-4-12 when blended with 12-4-12A. Earlier structural
TEM studies show that multilamellar vesicles are formed with this blended combination. This
observation hints towards chain length compatibility of the blended mixture and its

consequences on aggregate nature with a concomitant effect on MSR data.

Blended mixtures with maximum MSR are chosen for further studies related to
curcumin release, anti-oxidant and cell proliferation activity. Kinetic release data are acquired

to study release profiles and to justify a kinetic release model.
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Table 1. Solubilization parameters (molar solubilization ratio, MSR; micelle-Aqueous Phase Partition Coefficient, InKm; Gibbs Free Energy, AG?)

of CUR in aqueous single and mixed gemini surfactants with varying mole fraction of 12-4-12A (X12-4-12a) at 303 K.

X12-4-124 Morphology MSR In Km —AG? (kJ mol ™)
12-4-12
0.0 Ellipsoidal 0.097 6.357 -16.015
0.2 Ellipsoidal 0.164 7.094 -17.869
0.4 Multilamellar vesicle 0.214 7.051 -17.763
0.6 Vesicle 0.169 6.856 -17.270
0.8 Ellipsoidal 0.122 6.564 -16.535
1.0 Ellipsoidal 0.085 6.236 -15.710
12-Eg-12
0.0 Ellipsoidal 0.103 6.413 -16.156
0.2 Ellipsoidal 0.149 6.743 -16.988
0.4 Vesicle 0.186 6.934 -17.469
0.6 Vesicle 0.146 6.727 -16.946
0.8 Ellipsoidal 0.115 6.516 -16.414
1.0 Ellipsoidal 0.085 6.236 -15.710
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Table 2. Solubilization parameters (Molar Solubilization Ratio, MSR; micelle-aqueous phase partition coefficient, InKm; Gibbs Free Energy, AG?)

of CUR in aqueous single and mixed gemini surfactants with varying mole fraction of 12-4-12A (X12-4-12a) at 303 K.

X12-4—124 Morphology MSR In Km —AGY (kJ mol?)
12-1sb-12
0.0 Ellipsoidal 0.105 6.435 -16.211
0.2 Ellipsoidal 0.147 6.733 -16.961
0.4 Vesicle 0.191 6.953 -17.516
0.6 Vesicle 0.153 6.765 -17.043
0.8 Ellipsoidal 0.121 6.556 -16.517
1.0 Ellipsoidal 0.085 6.236 -15.710
12-Eda-12
0.0 Ellipsoidal 0.092 6.316 -15.909
0.2 Ellipsoidal 0.157 6.786 -17.095
0.4 Rod-shaped 0.166 6.834 -17.214
0.6 Vesicle 0.198 6.966 -17.547
0.8 Ellipsoidal 0.119 6.545 -16.485
1.0 Ellipsoidal 0.085 6.236 -15.710
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Table 3. Solubilization parameters (molar solubilization ratio, MSR; micelle-Aqueous Phase Partition Coefficient, InKm; Gibbs Free Energy, AGY)

of CUR in aqueous single and mixed gemini surfactants with varying mole fraction of 12-4-12A (X12-4-12a) at 303 K.

X12-4-124 MSR In Km 'AG_? (k\] mOI-l)
10-4-10
0.0 0.082 6.208 -15.639
0.2 0.088 6.272 -15.799
0.4 0.164 6.824 -17.191
0.6 0.148 6.737 -16.973
0.8 0.092 6.313 -15.903
1.0 0.085 6.236 -15.710
10-Eg-10
0.0 0.052 5.783 -14.568
0.2 0.061 5.936 -14.954
0.4 0.137 6.667 -16.796
0.6 0.098 6.373 -16.054
0.8 0.088 6.278 -15.815
1.0 0.085 6.236 -15.710
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Table 4. Solubilization parameters (molar solubilization ratio, MSR; micelle-Aqueous Phase Partition Coefficient, InKn; Gibbs Free Energy, AGY)

of CUR in aqueous single and mixed gemini surfactants with varying mole fraction of 12-4-12A (X12-4-12a) at 303 K.

X12-4-124 MSR In Km 'AG_? (k\] mOI-l)
10-1sb-10
0.0 0.041 5.555 -13.994
0.2 0.059 5.893 -14.846
0.4 0.113 6.501 -16.377
0.6 0.109 6.472 -16.304
0.8 0.092 6.312 -15.906
1.0 0.085 6.236 -15.710
10-1sb-10
0.0 0.052 5,781 -14.562
0.2 0.086 6.256 -15.757
0.4 0.156 6.780 -17.078
0.6 0.109 6.461 -16.275
0.8 0.095 6.344 -15.980
1.0 0.085 6.236 -15.710
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6.2.2. In-vitro CUR Release Study

Investigations related to CUR release were conducted using above mentioned vesicular
systems with maximum MSR. The profile of CUR release under physiological conditions has
been depicted in Figures 2 and 3. The release was observed 144 hours at different time intervals
using a trial-and-error experiment. The experiment shows that each mixture displayed a

controlled release profile.
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Figure 2. Cumulative release profile of curcumin from micellar formulations (12-s-12+12-4-

12A) at physiological conditions.
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Figure 3. Cumulative release profile of curcumin from micellar formulations (10-s-10+12-4-

12A) at physiological conditions.

The release data are fitted in various kinetic models as reported in the literature [39].

The fitted profiles are shown in Figures 4 and 5.
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Figure 4. Various kinetics models fitted for 12-s-12 + 12-4-12A mixed micellar

formulations.
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Figure 4. Various kinetics models fitted for 12-s-12 + 12-4-12A mixed micellar

formulations.
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The computed release parameters using release profiles are summarised in Tables 5 and
6. A perusal of fitted data shows that release profiles better in Higuchi model (good R? values
near to 1). Higuchi model has been used to show that a sustainable control release is taking
place in the blended gemini combinations of specific compositions. Among various spacers of
cationic gemini (one component of the blended mixture), polymethylene spacer shows better
controlled release of CUR which may be due to stronger hydrophobic environment which
resists CUR release (Figures 2 and 3).

Table 5. Different kinetic models depicting the curcumin (CUR) release pattern from mixed
gemini micelles (12-s-12 + 12-4-12A).

Release ] ] ]
Kinetics Higuchi Zero-Order First-Order K-peppas
12-4-12
R square 0.992 0.915 0.633 0.979
Slope 6.876 1.585 0.110 1.287
Intercept -4.801 1.452 0.261 0.188
12-Eg-12
R square 0.987 0.922 0.690 0.928
Slope 7.984 1.889 0.104 1.136
Intercept -5.915 1.147 0.355 0.309
12-1sb-12
R square 0.986 0.936 0.622 0.928
Slope 7.003 1.600 0.107 1.277
Intercept -4.620 1.813 0.305 0.226
12-Eda-12
R square 0.991 0.916 0.588 0.954
Slope 7.568 1.739 0.099 1.204
Intercept -4.421 2.489 0.419 0.339
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Table 6. Different kinetic models depicting the curcumin (CUR) release pattern from mixed
gemini micelles (10-s-10 + 12-4-12A).

Release ) i .
Kinetics Higuchi Zero-Order First-Order K-peppas
10-4-10
R square 0.988 0.939 0.648 0.984
Slope 6.667 1.547 0.117 1.342
Intercept -5.033 0.988 0.182 0.109
10-Eg-10
R square 0.992 0.922 0.658 0.981
Slope 7.304 1.709 0.114 1.281
Intercept -5.513 1.024 0.245 0.182
10-1sb-10
R square 0.984 0.905 0.659 0.976
Slope 8.084 1.903 0.117 1.307
Intercept -6.322 0.869 0.254 0.189
10-Eda-10
R square 0.990 0.933 0.654 0.987
Slope 6.735 1.564 0.113 1.284
Intercept -4.985 1.097 0.219 0.151

6.2.3. In-vitro antioxidant activity

DPPH is a widely accepted radical to study antioxidant activity of a drug. The DPPH
radical intensity decreases with substance (like an antioxidant) capable of giving protons [40].
CUR with or without blended geminis were taken to observe DPPH scavenge performance by
spectrophotometric method at 535 nm. Following equation (1) has been used to study DPPH

scavenging abilities at various concentrations of CUR/blended mixtures.
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Aj

DPPH Scavenging = (1 -3
0

) x 100% @)

where Aj and Ao represent the absorbance of DPPH with and without CUR (pure and
in blended geminis of different total concentrations (with fixed compositions)). The optimum
scavenges efficiency of isolated CUR reaches 89%. However, scavenging capacity of CUR
(solubilized in blended geminis) suppressed nearly 95% at the same concentration (10 pg/mL).

The relevant data related to above findings are depicted in Figure 6.
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Figure 6. Percentage inhibition of DPPH at various concentrations of pure CUR and CUR
solubilized in mixed geminis (a) 12-s-12 + 12-4-12A and (b) 10-s-10 + 12-4-12A.

This capability of curcumin to neutralise free radicals seems to be due to
dehydrogenation of curcumin, which occurs at the keto-enol position (Scheme 1) [41]. The
potential improvement of the antioxidant potential of CUR by the blended gemini formulation
may be due to solubilization environment which resist scavenging activity. Probably, increased

CUR solubility and its concomitant effect of aggregate size seems responsible for the
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scavenging activity modulation. The vesicle bilayer provides a more favourable environment
for the interaction of curcumin and DPPH. Therefore, the capability of a keto-enol unit of CUR

to diminish DPPH was associated with its highest proton-donating capabilities.

° R Z I

HO OH

(1E,6E)-1,7-bis (4-hydroxy- 3-methoxyphenyl) -1,6- heptadiene-3,5-dione
(diketo form)

|

(o] OH

_° N P O

HO OH

(1E,4Z)-5-hydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,4-dien-3-one
(Keto enol form)

Scheme 1. Keto-enol tautomeric forms of Curcumin.
6.2.4. In-vitro Cell Proliferation Activity

A tetrazolium salt MTT test was employed to assess the cytotoxic effects of the
optimised drug, mixed geminis (without CUR), and CUR-solubilized blended geminis on
MCF-7 breast cancer cells. Reduction of cell proliferation as a percentage was assessed after
24 hours of treatment on MCF-7 cells, as demonstrated in Figures 7 and 8. CUR solubilized
blended mixtures of geminis show better cell proliferation than pure CUR or pure blended

mixtures. The data are fitted (not shown) to acquire ICso values.
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Figure 7. Cell proliferation activity of pure curcumin, mixed geminis and curcumin solubilized
in mixed geminis (a)12-4-12 (b) 12-Eg-12, (c) 12-Ishb-12 and (d) 12-Eda-12 towards MCF-

cells.
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Figure 8. Cell proliferation activity of pure curcumin, mixed geminis and curcumin solubilized
in mixed geminis (a)12-4-12 (b) 12-Eg-12, (c) 12-Ishb-12 and (d) 12-Eda-12 towards MCF-

cells.

ICso values obtained from cell proliferation experiment are compiled in Table 7. Perusal

of data shows that CUR solubilized blended geminis performs better than pure CUR/blends.

Blend containing equal alkyl chains (n=12), in counter charged geminis, shows best

performance among the mixtures used by taking various components. The nature of the spacer

146 |Page



Chapter 6

(Isb in the present case) has also contribution to dictate lower ICso value. This may be plausibly
due to the hydrophilic nature of the spacer among the class studied here. Comparison of ICso
data (Table 7) with other micellar systems [42—44] shows that blended micelles of equal chain
geminis performs better than the reported systems of polymer/surfactant based material.

Table 7. The half maximal inhibitory concentration (ICso) of curcumin (CUR), mixed geminis

and CUR solubilized in mixed geminis towards the MCF-7 cells.

System 1Cso
(Mg/mL)
Pure Curcumin 21.048
12-4-12 + 12-4-12A 33.441
Curcumin in 12-4-12 + 12-4-12A 8.345
12-Eg-12 + 12-4-12A 38.832
Curcumin in 12-Eg-12 + 12-4-12A 9.621
12-1sb-12 + 12-4-12A 40.633
Curcumin in 12-1sb-12 + 12-4-12A 8.154
12-Eda-12 + 12-4-12A 38.552
Curcumin in 12-Eda-12 + 12-4-12A 10.139
10-4-10 + 12-4-12A 32.703
Curcumin in 10-4-10 + 12-4-12A 12.013
10-Eg-10 + 12-4-12A 37.436
Curcumin in 10-Eg-10 + 12-4-12A 14.342
10-1sb-10 + 12-4-12A 39.244
Curcumin in 10-Isb-10 + 12-4-12A 14.318
10-Eda-10 + 12-4-12A 22.085
Curcumin in 10-Eda-10 + 12-4-12A 10.203
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