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A B S T R A C T

Medicinal properties of curcumin are widely getting realized. For its applicability as a hydrophobic drug mo-
lecule and food spice interaction of curcumin with rhamnolipids, a biosurfactant, bears importance. Here we
have explored interaction of curcumin with rhamnolipids biosurfactant and its aggregation behavior. The impact
of pH on critical micelle concentration (cmc) of rhamnolipids has been studied using fluorescence of curcumin and
found that cmc of rhamnolipids increases with increase in pH of the medium. In acidic, neutral and slightly
alkaline medium (pH 8), at λex = 355 nm (for β-diketone form) curcumin undergoes excited state hydrogen
transfer (ESHT) and emits solely from enol form both in the presence and absence of rhamnolipids, but first time
we report that in extreme alkaline condition, at pH 13, at λex = 355 nm curcumin emits from both β-diketone as
well as enolic ESHT forms in absence of rhamnolipids but in the presence of rhamnolipids β-diketone is stabilized
and the emission solely comes from β-diketone by completely revoking ESHT process. Fluorescence quenching
by hydrophobic cetylpyridinium bromide confirms curcumin penetrates deep inside the hydrophobic pocket of
rhamnolipid aggregates/micelle by reducing the distance between N+-atom of pyridinium ion and curcumin. On
the other hand hydrophobic molecule like pyrene stays near to the Stern layer of rhamnolipids facilitating
electron transfer from pyrene to N+-atom of pyridinium ion. Even in neutral condition, in the presence of
rhamnolipids the β-diketone form, though in small proportions, can be stabilized in higher temperature in ex-
pense of enolic ESHT form, thus, offering an on off ratiometric fluorescence temperature sensing in solution,
which bears significance as ratiometric probe molecules. Interaction of curcumin with rhamnolipids stabilizes
curcumin in acidic, neutral and moderate alkaline condition but fails at extreme pH 13.

1. Introduction

Curcumin is a natural yellow-orange pigment present in the Indian
spice turmeric; it is extracted from the roots of the perennial herb
Curcuma longa Linn [1]. Curcumin exists mainly in the keto enol isomer.
The massive increase in research studies targeting curcumin over the
past decade is due to its wide range of biological activities. Curcumin
expresses an antioxidant, anti-cancer and anti-inflammatory effects [2].
Recently, curcumin was shown to be effective against devastating dis-
eases both Parkinson [3] and Alzheimer [4]. In addition to biological
effects, curcumin is successfully established as a probe to study lipo-
some properties [5], and sensing applications [6]. Moreover curcumin
has been used to investigate polymer properties [7] and silver nano-
particle green synthesis [8]. The major hurdle in using curcumin for
diseases treatment is its low aqueous solubility thus limiting its avail-
ability in biological systems [9]. The solubility of curcumin can be

enhanced by increasing the pH of the medium. However, curcumin is
known to undergo rapid hydrolytic degradation in alkaline medium
[10]. Several approaches targeted the enhancement of curcumin solu-
bility and bioavailability. These studies include incorporation into li-
posomes and phospholipids [11], encapsulation of curcumin into CD-
MOFs [12] and as polymer nanoparticles [13], in addition to several
cyclodextran inclusion complexes [14]. Moreover, an effective ap-
proach was to encapsulate curcumin in surfactant micelles [15]. Sur-
factants are chemical compounds that display surface activity. Surfac-
tants show propensity for interfaces of unlike polarities (liquid–liquid
or liquid–air) and are soluble in both organic and aqueous solvents.
This property is a consequence of their amphiphilic structures, which
hold both a hydrophilic head and a hydrophobic tail [16]. Studies
showed that curcumin solubility is improved in micellar solutions, but
few studies targeted the physiochemical properties of curcumin in the
latter systems [17,18]. The chemical stability of curcumin at pH 5 and 8
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was investigated and it was shown that SDS and TX-100 micelles are
highly efficient in stabilizing curcumin compared to TTAB micelles. An
1800 time's improvement in curcumin chemical stability was reported
in the presence of SDS and TX-100 [17]. Moreover, cationic micelles
were shown to suppress alkaline hydrolysis of curcumin at pH 13 with a
90% yield [15]. The aim of this is to study the interaction between
curcumin and rhamnolipids, which are glycolipid biosurfactants pro-
duced mainly by Pseudomonas aeruginosa and constitute the most in-
tensively investigated biosurfactants. Biosurfactants hold an advantage
over their synthetic counter parts for being biocompatible. RLs possess
several physiological functions that are greatly important for the pro-
ducing bacterium as well as several applications in industry. These roles
include immune modulators [19] and virulence elements [20], anti-
microbials [21] and biofilm development [22]. The industrial applica-
tions for RLs are in fields of bioremediation and enhanced oil recovery
(EOR) [23], pharmaceuticals and therapeutics [24], cosmetics [25],
and soil remediation along with plant pathogen elimination [26].

In this study, we use steady state fluorescence and UV–vis spectro-
scopic measurements to report the interaction between curcumin and
rhamnolipids, which was shown to be dependent on the charging state
of curcumin. Steady state fluorescence measurements were exploited to
explore the accessibility of curcumin into the rhamnolipids hydro-
phobic core applying a hydrophilic quencher (iodide) and another hy-
drophobic one (cetyl pyridinium bromide, CPB) to study the position of
curcumin with respect to the rhamnolipids system. Our study is the first
to report the encapsulation of curcumin into rhamnolipids micelle and
its outcome regarding the chemical stability of curcumin at pH 7 and
pH 8. In addition to the impact of rhamnolipids on the thermal spectral
properties of curcumin showing that the resonance stability of the keto-
enol-enolate in aqueous medium is highly affected and sensitive to
temperature. Temperature influences all chemical and biological be-
haviors because its affects rotational, vibrational and translational
motion of molecular world. Therefore, monitoring temperature in bio-
logical samples has been of great interest. There are lots of efforts to
develop novel tools for sensing temperature. Fluorescence probes are
small molecule and suitable for temperature sensing in biological
samples and live cell. Fluorescence probes that are not toxic bear more
significance for their application in biology and medicine. This equili-
brium of the keto-enol curcumin isomers was shown to be temperature
dependent, a relation that presents a potential ratiometric fluorescence
temperature sensor.

2. Material and Methods

2.1. Materials

Rhamnolipids (RLs) was acquired from AGAE Technology (USA).

Curcumin, pyrene and CPB were obtained from Sigma-Aldrich and used
as received. The solvents used were of spectroscopic grade and obtained
from Sigma-Aldrich. The stock solution of rhamnolipids ∼1 g/L was
prepared in double distilled water. Because of poor solubility, the stock
solution of curcumin was made in spectroscopic grade ethanol. A few
microliters of the stock sample of curcumin (∼1 mM) was taken in a
vial and added to a final sample for measurement in buffer. Steps were
taken to ensure that the final concentration of ethanol was negli-
gible,< 0.1% in the measurement sample, to avoid affecting the
sample.

2.2. Spectroscopic Measurements

The absorption spectra were recorded at room temperature using a
JASCOV-570 UV–vis–NIR spectrophotometer. The steady-state fluor-
escence measurements were recorded with a resolution increment of
1 nm, slit 5 using a HORIBA Jobin Yvon Fluorolog-3 fluorometer and
the FluorEssence program. The excitation source was a 100 W xenon
lamp, and the detector used was an R-928 operating at a voltage of
950 V. To regulate the temperature, a thermostat was coupled with the
sample holder. The final temperature was noted in the sample com-
partment using a thermometer rather than thermostat.

3. Results and Discussion

3.1. Interaction of Curcumin with Rhamnolipids

The UV–visible absorption spectra of curcumin in different con-
centration of RLs are demonstrated in Fig. 1A. Curcumin exists in enol
form with trans-geometry in solution because of its β-diketone moiety
[27]. This planar geometry facilitates the π-systems of the two feruloyl
chromophores to interact with each other through the central sp2 -hy-
bridized carbon atom causing a common conjugated π-system [28]. In
the absence of RLs, the absorption spectrum of curcumin is character-
ized by broad peak at ~428 nm and a small shoulder at ~355 nm. The
peak at ~428 nm corresponds to enol form (due to conjugated difer-
uloyl structure) and the band at ~355 nm corresponds to β-diketone
form (due to lack of conjugation between two feruloyl units in β-diketo
form, thus, absorption di-keto form is solely because of feruloyl units)
[28]. Note that weakly allowed π(HOMO-1) → π*(LUMO) transition
and virtually forbidden n→π*(LUMO) transition also absorb around
this region [29]. The band at ~355 nm due to β-diketo form of cur-
cumin appears as shoulder in neutral /acidic condition (in the absence
of surfactant), which has been attributed to stronger specific interaction
with water due to dualistic nature of water (proton donor and proton
acceptor) [30,31]. With RLs concentration, the absorbance of curcumin
at ~428 nm continued to increase, at the same time the band at
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Fig. 1. (A) UV–visible absorption spectra of curcumin in difference concentration of rhamnolipids in neutral pH condition; (B) plot of absorbance vs. rhamnolipid concentration. Arrow
directs towards critical micelle concentration.
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~355 nm turned out to be unresolved, instead at higher concentration
of RLs the absorption spectrum of curcumin became narrower and
structured with a minor band at ~445 nm (see Fig. 1A). Disappearance
of the band at ~355 nm is expected during incorporation of curcumin
into hydrophobic pocket of RLs micelle. The formation of new band at
~440 nm is similar to results obtained in micelle [31].

The change in absorbance with RLs concentration illustrated two
different trends as depicted in Fig. 1B. The intersecting point of these
two different linear lines, gave a RLs concentration of ~70 mg/L. Like
any other surfactant solution, rhamnolipids form micelle only after a
certain concentration, known as critical micelle concentration (cmc) due
assembly of monomer surfactant units. This value is similar to reported
cmc value earlier [32–34]. There are various approaches reported in
literature to determine cmc. Often variation of certain physical prop-
erties such as conductivity, surface tension, osmotic pressure etc. is
studied in different monomer concentration and cmc is estimated based
on abrupt change of such physical properties. In addition, cmc of
rhamnolipids varies on kinds and composition of rhamnolipids.
Therefore, we measured the electrical conductivity and molar con-
ductivity. The break in molar conductivity vs. RLs concentration was
observed, which must have originated from micellization/aggregation
of RLs [35]. The concentration corresponding to breaking point is cmc.
The estimated value for cmc was found to be ~60–70 mg/L, which is
similar to value obtained by UV–visible spectral measurement of cur-
cumin. Recently spectroscopic methods, especially fluorescence tech-
nique, has been an easy and convenient tool to determine cmc, how-
ever, in such case fluorescence parameter of probe molecule should
sense variation in surfactant concentration. Curcumin has been suc-
cessfully applied to determine cmc of micelle [31] and nano-aggregates
[7]. The fluorescence spectra of curcumin were measured in two dif-
ferent excitation wavelengths, at λex = 355 nm for β-diketone and at
λex = 425 nm for enol forms of curcumin. At λex = 425 nm, curcumin
in neutral buffer condition gave an emission maximum at ~540 nm,
which shifted to blue with RLs concentration and at higher con-
centration of RLs remained constant at 492 nm (see Fig. 2A). Similar
results were obtained at λex = 355 nm (compare Fig. 2B) indicating the
emitting species is the same in both the excitation wavelengths. The
blue shift in emission maximum has been correlated with formation of
micellar structure where curcumin tends to get buried in. In both the
excitation wavelengths, the emission maximum is similar to one ob-
served for curcumin embedded liposomes [5]. The increase in fluores-
cence intensity at ~492 nm with RLs concentrations demonstrated two
different trends (see Fig. 2C) and in both cases the breaking point could
able to estimate cmc and was found to be ~70 mg/L, which corrobo-
rates earlier observation.

3.2. Effect of pH on Micellization

Curcumin exhibits a clear and intense absorption peak in the
UV–visible spectral region at ~430 nm in the in acidic medium (pH 4).
Upon interaction with rhamnolipids, this absorption peak was shifted to
420 nm at pH 4 as depicted in Fig. 3A. In neutral media at pH 7 the
absorption of curcumin exhibited a blue shift of 10 nm, from 428 nm in
the absence of rhamnolipids to an absorption peak at 418 nm in the
presence of rhamnolipids (see Fig. 3B). The interaction between cur-
cumin and rhamnolipids in basic medium was investigated at two dif-
ferent pHs, first at 8 and then at 13, where the curcumin species present
is different at the two pHs. At pH 8 a slight shift of 5 nm was observed
as shown in Fig. 3C, from 425 nm in the absence of RLs to a maximum
absorption at 420 nm in the presence of RLs. It is well established that
curcumin possesses three pKa values (8.38, 9.88 and 10.51) [36] con-
sequent of the deprotonation of the three hydroxyl groups of curcumin.
Therefore, at pH 13 curcumin is completely deprotonated to form the
negatively charged species, Cur3−. At pH 13 the absorption spectrum of
the negatively charged species Cur 3− articulated no difference in the
presence of rhamnolipids compared to that in the absence of RL with a

maximum absorption at 468 nm at both stated conditions (see Fig. 3D)
suggesting cur3− has relatively weak interaction with RLs.

To further investigate this phenomenon and the interaction between
curcumin and rhamnolipids, fluorescence titrations of curcumin were
done at three different pHs with increasing concentrations of rhamno-
lipids. The fluorescence intensity of curcumin was significantly im-
proved in the presence of RLs. This increase in the intensity reveals a
strong interaction between curcumin and RLs. At pHs 4 and 7 as the
concentration of rhamnolipids increases, expectedly the emission of the
uncharged protonated form of curcumin excited at both wavelengths
425 nm and 355 nm increases in identical pattern. It should be noted
that the fluorescence emission maximum of curcumin at pH 4.0 did not
change irrespective of excitation wavelengths (see Fig. 4A & B) and
remained at ~540 nm and with increase in RLs concentration the
emission maximum shifted to blue, ~492 nm and the spectrum became
narrower, which is similar to results observed at neutral pH condition
earlier (Fig. 2A & B). At pH 8.0 the emission maximum slightly blue
shifted at excitation wavelength 355 nm compared to at 425 nm,
however, in this pH too the shift in emission maximum of curcumin in
RLs was similar and centered at ~492 nm. However at pH 13, the
fluorescence spectra of curcumin were completely different at
λex = 355 nm vs. λex = 425 nm (see Fig. 5A & B). The emission max-
imum of curcumin in all the pHs (4, 7, 8 and 13) varied between 500
and 540 nm but were similar at excitation wavelength 425 nm, how-
ever, at excitation wavelength 355 nm, there was a remarkable differ-
ence, especially at pH 13. The absorption of deprotonated form is at
~460 nm with a minor peak at ~355 nm. When excited at 355 nm,
curcumin did not show emission peak at ~460 nm at pH 4, 7, and 8
despite a minor absorption band at ~355 nm. This is because after
excited at 355 nm, emission of β-diketone form undergoes excited state
hydrogen transfer [27,29,37,38] to form a six membered ring structure
[39], thus the emission obtained is solely from six membered ring
structure enol form of curcumin. However, at pH 13.0, curcumin in
water gave two peaks, one at ~540 nm and other one at ~440 nm (see
inset of Fig. 5B). Coincidentally, we did not find any literature report on
fluorescence spectral behavior of curcumin at pH 8 and 13 at
λex = 355 nm. At pH 13.0 it is expected that curcumin exists com-
pletely in deprotonated cur3− form. Since most of the protons are de-
protonated, there is little chance for β-diketone form to undergo excited
state hydrogen transfer to form six membered emitting species, thus,
emission of β-diketone form was observed even though a good fraction
of the molecules undergo excited state hydrogen transfer to emit at
~540 nm. This observation is similar to emission observed for cur-
cumin associated PAH nanocapsules at λex = 355 nm [39]. Increase in
RLs concentration further reduces the possibility of excited state hy-
drogen transfer, thus, the emission is dominated by that of β-diketone
form of curcumin at λex = 355 nm. Since fluorescence intensity of
curcumin successfully determines cmc of RLs in neutral pH condition,
effect of acidic and alkaline pH on cmc of RLs was investigated by
measuring fluorescence of curcumin. As can be seen in Figs. 4C &D and
5C, cmc of RLs could be successfully detected at pH 4, 8 and 13 using
fluorescence intensity variation of curcumin both at λex = 355 nm and
425 nm, except at λex = 425 nm for pH 13, which did not illustrate any
regular variation with RLs concentration suggesting enol form of cur-
cumin interacts poorly with RLs at pH 13, whereas β-diketone form has
no issue while interacting with RLs at pH 13. This is possible as at pH 13
RLs is in deprotonated form and would preferentially choose β-diketone
form over enol form to avoid repulsive interaction. Interestingly, the
cmc of RLs increases linearly with increase in pH of the solution as
shown in Fig. 5D. Rhamolipids form lipid like vesicles in the size ranges
10–500 nm having structure similar to biological membrane at low pH,
whereas at pH 7 rhamnosyl moiety is negatively charged and RLs form
lamella like structure or lipid aggregates. Since greater interactive
forces exist between the undissociated rhamnolipid molecules at
pH = 4.0 resulting in a greater compaction at the surface monolayer.
But RLs may undergo deprotonation at higher pH. Thus, increase in pH
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increases the size of micelle by enhancing cmc.

3.3. Accessibility of Probe Molecule in Rhamnolipids Micelle

To have an insight regarding the accessibility of curcumin with
respect to the rhamnolipids micelle, experiments were performed by
following fluorescence quenching method at pH 7. Quenching was done
using two different quenchers, a hydrophobic quencher CPB which can
interact with curcumin when positioned inside the hydrophobic com-
partment of the micelle while iodide which is a hydrophilic quencher
can access curcumin at the surface of the micelle. Cetryl pyridinium ion
(CPy+) is known to be a good electron acceptor, hence, CPB is popu-
larly used as a hydrophobic quencher in heterogeneous system that
quenches fluorescence of most of the commonly used probe molecules
by electron transfer mechanism from the probe molecule to CPy+ of
CPB [7,40–41]. Similarly, pyrene was used a well-established probe
molecule that is known to present at the Stern layer of micelle (micellar
interface). As seen in Fig. 6A, fluorescence of pyrene was quenched
linearly in the concentration range 0 to 300 μM of CPB in pH 7 without
RLs, but the quenching rate was slow. The fluorescence intensity of
curcumin was followed at different concentration of both the
quenchers. Considering steady state conditions, the relationship derived
by Stern and Volmer describes quenching as:

= +F F 1 K (Q)0 SV

where F0 and F are the fluorescence intensities of the flurophore in the
absence and presence of the quencher (Q) respectively and Ksv is the
Stern-Volmer quenching constant. The Stern Volmer plot is given in

Fig. 6B estimated Stern Volmer quenching constant of pyrene by CPB in
the absence of RLs and is given in Table 1. However, when quenching
experiment was carried out in the presence of RLs (above cmc), the
quenching rate remarkable enhanced exponentially and started satur-
ating at above 100 μM of CPB. At high concentration, quenching rate is
expected to get saturated due to quenching sphere of action [42].
Therefore, the Stern Volmer constant for fluorescence quenching of
pyrene by CPB in the presence of RLs was estimated in 0–100 μM of CPB
and was found to be ~10 fold higher than in the absence of RLs (see
Table 1). Since the quenching by CPB is due to electron transfer process
from pyrene to N+-atom of pyridinium salt in CPB [43], such a high
rate of quenching is rational because of fact that RLs facilitate to bring
close together pyrene and N+-atom of pyridinium salt during micelli-
zation. Similarly, when fluorescence quenching of curcumin by CPB
was carried out in the absence and presence of RLs, the quenching rate
was ~1.5 folds higher in the presence of rhamnolipids compared to in
the absence of RLs (see Fig. 6C). At pH 7, curcumin exists in its neutral
form (90%) and 10% in anionic form. Thus the fluorescence of the
neutral form dominates, with that of the anionic form being negligible.
Therefore, poor partition of curcumin into micellar phase is ruled out.
This slower rate of quenching of curcumin compared to pyrene is due to
the fact that curcumin intercalates deep into the hydrophobic pocket of
micelle, thus, reducing the distance for close contact between N+-atom
of pyridinium salt and curcumin, this discourages a strong fluorescence
quenching. Similar observation has been noted in nanoaggregates [7].
For comparison, a hydrophilic quencher KI was used for both pyrene
and curcumin. In the absence of rhamnolipids, the Ksv value for
quenching of pyrene by KI was 92 M−1 (see Fig. 6D) indicating a high
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quenching effect, which was greatly reduced in the presence of rham-
nolipids to a value of 4 M−1, which corresponds to ~25-fold decrease
in the rate of quenching. Similarly, fluorescence of curcumin was re-
duced 6 folds by KI in the presence of RLs compared to in absence.
Fluorescence quenching experiments clearly indicates that fluorescence
of the micelle-encapsulated curcumin is quenched greatly by the hy-
drophobic quencher CPB compared by the less hydrophobic quencher
iodide. Thus, a higher percentage of curcumin is positioned inside the
micelle, which agrees with the increase in the stability of curcumin at
pH 7 (discussed later on) in the presence of rhamnolipids.

3.4. Ratiometric Fluorescence Temperature Sensing

To check the impact of temperature, UV–visible absorption spec-
trum of curcumin was carried out in the absence and presence of
rhamnolipids in temperature ranges 15 to 70 °C. As shown in Fig. 7A in
the absence of RLs the absorption spectrum of curcumin showed a de-
crease in the absorbance at ~428 nm with increase in temperature
whereas the absorption at ~355 nm increased with temperature, thus,

shifting the tautomeric equilibrium towards diketo form. This is pos-
sible because increase in temperature is expected to break the in-
tramolecular (or intermolecular with solvent molecules) hydrogen
bonding of enol form, favoring towards diketo form, which breaks the
conjugation between two feruloyl units. Interestingly, in the presence of
rhamnolipids the decrease in absorbance at 425 nm occurred in a
slower manner (see Fig. 7B), which could be due to suppression of
hydrolytic degradation of curcumin in the presence of RLs (discussed
subsequently). On the other hand the peak at 355 nm continued to
increase as expected suggesting RLs has little role in influencing
transformation to diketo form. However, when ratio of absorbance at
355 nm vs. 425 nm of curcumin was plotted in the absence and pre-
sence of RLs, best linear correlation was obtained in the presence of RLs
(R2 = 0.994) compared to in the absence of RLs (R2 = 0.947) as shown
in Fig. 7C.

When fluorescence spectra were measured at λex = 425 nm (enol
form, Fig. 8A) and λex = 355 nm (for diketo form, Fig. 8B) in the ab-
sence of RLs, interestingly, the spectrum obtained after excitation at
425 nm expressed a broad spectrum with an emission maximum at
~500 nm at low temperature. The intensity of emission at 500 nm
decreased slightly upon increasing the temperature from 10° till 35°
then it increased to attain a maximum at 45°. As temperature increased
further till 90°, the intensity of emission decreased with it, thus, in-
dicating the degradation of curcumin under the effect of temperature.
However, at λex = 355 nm, the emission spectrum exhibited a different
pattern. Exciting at 355 nm resulted in a maximum at 510 nm when the
temperature was 10 °C but this fluorescence intensity was lower than
that obtained after exciting at 425 nm. As temperature increased, a
10 nm blue shift in the emission maximum was gradually attained from

Table 1
KSV values estimated for fluorescence quenching of pyrene and curcumin in the absence
and presence of rhamnolipids.

Probe KSV in M−1 with rhamnolipids KSV in M−1 without rhamnolipids

CPB KI CPB KI

Pyrene 2.7 × 104 3.7 2.2 × 103 91.7
Curcumin 7.7 × 103 0.39 5.6 × 103 2.3

300 350 400 450 500 550 600 650 700
0.0

0.4

0.8

1.2

1.6 A. Without Rhamnolipids

15 oC

25 oC

35 oC

45 oC

55 oC

70 oC

A
bs

or
ba

nc
e

Wavelength (nm) 
300 350 400 450 500 550 600 650 700

0.0

0.4

0.8

1.2

1.6

15 oC

25 oC

35 oC

45 oC

55 oC

70 oC

A
bs

or
ba

nc
e

Wavelength (nm) 

B. With Rhamnolipids

20 40 60 80
0.4

0.6

0.8

1.0

A
35

5 
/ A

42
5

Temperature (oC)

C.

Fig. 7. UV–visible absorption spectra of curcumin in neutral buffer at different temperature in the absence (A) and presence of rhamnolipids; (C) plot absorbance ratio (A355/A425) vs.
temperature.

Z. Moussa et al. Journal of Photochemistry & Photobiology, B: Biology 173 (2017) 307–317

313



10 till 40°. Similarly as temperature was increased further from 45 to
70 °C the emission wavelength blue shifted further to 470 nm. Finally,
at 90°, the emission maximum occurred at 437 nm, thus, a huge 73 nm
blue shift was observed between 10° and 90 °C at λex = 355 nm, which
could be attributed to transformation from enol form to diketo form of
curcumin. Since emission maxima for diketo and enol forms have been
reported at ~430 nm and ~530 nm respectively, hence, the correlation
of ratio of fluorescence intensity at 430 nm and 530 nm vs. temperature
was done (see Fig. 8C) at λex = 355 nm. It gave two linear changes with
a breaking point temperature at ~30–40 °C. We speculate that beside
intramolecular tautomeric equilibrium, there is some kind of inter-
molecular interaction between curcumin and solvent molecules in
water at low temperature. However, at higher temperature,> 30 °C,
this intermolecular force has no influence as increase in temperature
breaks down the intermolecular force.

When effect of temperature was studied for curcumin embedded
rhamnolipids, at λex = 425 nm initially a marginal blue shift and in-
crease in fluorescence intensity was observed from 10 to 15 °C, a blue
shift in the emission spectrum is usually a result of interaction between
the flurophore and the surrounding medium. Hence we can say that the
resonance stability in the keto-enol-enolate in aqueous medium is
highly affected and sensitive to temperature. But further increase in
temperature lowered the fluorescence intensity and marginally shifted
the spectrum towards red wavelength region (see Fig. 9A). At
λex = 355 nm (see Fig. 9B), curcumin embedded in RLs gave an emis-
sion maximum at ~502 nm and with increase in temperature the peak
shifted towards red wavelength region by decreasing the fluorescence
intensity. However, the fluorescence intensity at ~430 nm improved
with increase in temperature. It should be noted that increase in tem-
perature could change the cmc of the micelle, nevertheless, the con-
certation of RLs used in the present case is higher enough above cmc.

Mendes et al. [44] have reported stability of micellization of RLs from 4
to 80 °C in this concentration range, therefore, the spectral change is
little to do with influence of temperature on demicellization of RLs. In
addition, similar spectral variation was also obtained in the absence of
RLs (see Fig. 8), thus, the temperature effect is not due to demicelli-
zation resulting in the keto-enol equilibrium change. In fact, the
thermal energy resulting from heating the sample is likely to be re-
sponsible of breaking intramolecular hydrogen bonding thus exposing
the polar groups of curcumin to the solvent, thus, a red shift resulting
from interactions between the exposed polar groups of the keto−e-
nol−enolate group in curcumin and the polar solvent is obtained. This
could be possible that the six membered cyclic ring in curcumin (due to
intramolecular hydrogen transfer between enolic –OH and carbony
group) opens up by lowering the conjugation effect and increasing its
energy, which not only exposes the polar group to solvent molecules
but also stabilizes the diketo form as evident from absorption spectra
and increase in fluorescence intensity at ~430 nm. However, increase
in temperature can also hold back and obstruct the intermolecular H-
bonding between the isomer and the solvent, such possibility can't be
ruled out completely. It should be noted that no major breaking tem-
perature at ~30–40 °C, was found for curcumin in RLs because there is
no intermolecular force between curcumin and solvent molecules at
low temperature in RLs due to encapsulation of curcumin in micellar
medium. As shown in Fig. 9C, the variation in fluorescence intensity
ratio between 430 nm and 530 nm vs. temperature was systematic in
the presence of RLs which could be due to stability in keto-enol trans-
formation. Similar trend was observed when the temperature was
varied reversibly, thus, curcumin embedded in RLs could potentially be
useful as ratiometric fluorescence sensor for temperature.
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3.5. Stability of Curcumin in Rhamnolipids

Curcumin's degradation in aqueous medium has been related to
hydrolysis, where it has been shown that this degradation occurs faster
at a pH above 7. In alkaline medium, curcumin undergoes rapid hy-
drolytic degradation where it first undergoes deprotonation followed by
fragmentation into bi-products that have been identified by HPLC and
mass spectrometry and found to be trans-6-(4′-hydroxy-3′-methox-
yphenyl)-2,4-dioxo-5-hexanal as the main product, which further de-
grades to vanillin, ferulic acid, and feruloyl methane [45]. The kinetics
of degradation of curcumin at the different pHs (4, 7, 8 and 13) was
investigated in the presence and absence of rhamnolipids. The de-
gradation of curcumin was measured over 24 h by recording the de-
crease in the absorbance at the maximum. The results of the kinetic
studies are shown in the Fig. 10. In the absence of RLs at pH 4, the
absorption maxima decreased to approximately 60% of the original
value in 24 h, whereas in the presence of RLs at the same pH, 46% of
curcumin degraded in the same time interval (see Fig. 10A). At pH 7,
degradation of curcumin reduced from 50% in the absence of RLs to
30% presence of RLs in 24 h (see Fig. 10B). Similarly at pH 8 the de-
gradation of curcumin decreased appreciable from 70% to 35% in the
presence of RLs (see Fig. 10C). However, no remarkable change was
observed for Cur3− species (at pH 13, see Fig. 10D) in the absence and
presence of RLs, and this is as expected due to absence of interaction
between RLs and the Cur3− as indicated by the absorption spectra
earlier. The degradation of curcumin is significantly reduced in the

presence of rhamnolipids compared to free curcumin in buffer solu-
tions. The ratio between the degradation in buffer pH 4 in the absence
of RLs and in the presence of the latter shows that the degradation is
almost 1.5 times slower with rhamnolipids. Likewise, in both pH 7 and
pH 8, stability of curcumin was enhanced by 2 folds. To our knowledge,
these results are the first work to show the ability of RLs to stabilize
curcumin and suppress degradation. The difference between the rates of
degradation of curcumin at pH 8 and that at pH 13 suggests that in
basic media, the fully deprotonated form may have a different de-
gradation pathway than that present at pH 8. The difference in the
behavior of curcumin at pH 8 to that at pH 13 is related to the charged
species present in solution. In fact pKa value of 8.31 corresponds to the
deprotonation of the enolic hydroxyl group. Hence, at pH 8 applying
Henderson-Hasselback equation, shows that around 30% of the cur-
cumin is deprotonated. While at pH 13 curcumin is fully deprotonated.
Thus we suggest that the interaction between the non-polar neutral
rhamnolipids and curcumin depends on the charging state of the latter.
Such a claim is indicated by the outcome regarding the effect of RLs on
the rate of degradation. The suppression of hydrolysis at pHs 7 and 4
was close to that at pH 8 with a negligible effect for rhamnolipids on
Cur3−.

4. Conclusion

The studies revealed that interaction of curcumin with rhamnolipids
is pH dependent. It was shown that in acidic, neutral and slightly
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alkaline medium (pH 8), β-diketone form of curcumin undergoes ex-
cited state hydrogen transfer and emits solely from enol form, which is
not affected by the presence of rhamnolipids. The study also explored
fluorescence spectral behavior of curcumin in extremely alkaline con-
dition, pH 13, which was not reported earlier. In this condition cur-
cumin emits from both β-diketone as well as enolic ESHT forms, how-
ever, increase in rhamnolipids preferentially increases formation of β-
diketone tautomer by completely revoking ESHT process of curcumin.
Similarly, fluorescence of curcumin could detect cmc of rhamnolipids. It
was established that increase in pH increases cmc of rhamnolipids
suggesting structural change of rhamnolipids micelle. Fluorescence
quenching by CPB proved that curcumin stays deep inside the hydro-
phobic pocket of rhamnolipid aggregates/micelle that decreased the
distance between N+-atom of pyridinium ion and curcumin, thus,
marginally affecting its quenching behavior. At the same time flores-
cence quenching of pyrene by CPB suggested a strong electron transfer
from pyrene to N+-atom of pyridinium ion, which is possible only when
pyrene stays near to the Stern layer of rhamnolipids micelle. Enol to β-
diketone tautomer was found to be sensitive to temperature. Increase in
temperature encouraged emission from β-diketone tautomer over
enolic ESHT, thus, a ratiometric fluorescence temperature sensing was
proposed based on this change. Further, rhamnolipid stabilized cur-
cumin in acidic, neutral and slightly alkaline (pH 8) condition which
are key for drug delivery application, but it failed to stabilize curcumin
in extremely alkaline condition (pH 13), which may not be crucial for
drug delivery.
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