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ARTICLE INFO ABSTRACT

Keywords: As a proof of concept, here it is established that curcumin integrated chitosan oligosaccharide lactate (COL) self-
COL assembles on silica nanoparticle surface to form nano hybrid particles (NHPs). These NHPs have size in the

C_u_l"Cllmin ) ranges of 25—35 nm with silica nanoparticle as its core and curcumin-COL as outer layer having thickness of 4—
glllllcla Nan‘ipartldes 8 nm. The fluorescence intensity of these NHPs are found to be quenched and emission maximum is ~50 nm
Bioos::]ts‘ie:; red shifted compared to free curcumin implying inner filter effect and/or homo-FRET between curcumin

molecules present on the surface of individual nano hybrid particle. Although fluorescence of free curcumin is
remarkably quenched by Hg>*/Cu?* ions due to chelation through keto-enol form, the fluorescence of NHPs is
unaffected by Hg>*/Cu®* ion that boosts analytical selectivity. The fluorescence intensity is outstandingly
enhanced in the presence of cholesterol but is not influenced by ascorbic acid, uric acid, glucose, albumin, lipid
and other potential interfering substances that either obstruct during enzymatic reaction or affect fluorescence
of free curcumin. Thus, NHPs outstandingly improve analytical specificity, selectivity and sensitivity during
cholesterol estimation compared to free curcumin. The interaction between cholesterol and NHPs is found to be
a combination of ground state electrostatic interaction through the free hydroxyl group of cholesterol along with
hydrophobic interaction between NHPs and cholesterol and excited state interaction. The proposed cholesterol
biosensor illustrates a wider linear dynamic range, 0.002—10 mmol L™, (upper limit is due to lack of solubility
of cholesterol) needed for biomedical application and better than reported values during enzymatic reaction. In
addition, the NHPs are found to be photo-stable potentially making it suitable for simple, quick and cost-
effective cholesterol estimation and opening an alternative approach other than enzymatic reaction using nano
hybrid structure to tune analytical specificity, selectivity and sensitivity of probe molecule.

1. Introduction

Smart polymers having responsive properties have received various
interests [1]. Such materials are getting widely utilized in nanoscience
and nanotechnology towards sensor designing since two decades [2].
Thus, this field has witnessed fast development and advancement
during this period. All types of nanoparticles can be incorporated into
different polymeric materials to develop nanoscale sensors. Such
nanosensors can be applied in both gas and liquid media analysis
[2]; therefore, there are tremendous demands for utilizing nanomater-
ials as biosensing probes. Based on the hybridization between a target
and its complementary probe, various electrochemical and optical
methods have been successfully achieved using smart polymers [3].
Water-soluble polymers play crucial role for their applicability in
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stabilizing nanoparticles, drug delivery, tissue engineering, bioelectro-
nics, biosensing etc [4]. Smart polymers that are non-toxic, biologically
compatible and chemically versatile are of special interest to create a
plethora of formulations and scaffolds for utilization in health care [5].
Chitosan is one such special polymer which self-assemble by changing
the pH [6], thus, it has a distinctive combination of properties [7].
Moreover, chitosan is biodegradable, biocompatible and bioactive
polymer. Therefore, it has gained a wide range of applications in
biomedical use [8]. Chemically chitosan is a polysaccharide and
obtained by partial chitin N-deacetylation under alkaline conditions.
It is a linear random distribution of N-acetylglucosamine and glucosa-
mine units, and more water-soluble than chitin due to the presence of
the protonated amine group. Chitosan oligosaccharide lactate (COL)
(see Fig. S1A) is a minor modification form of chitosan, having a
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shorter chain and lactate as a counter ion, to enhance further water
solubility. Below its pKa, COL exists in polyelectrolyte form due to
positively charged amine groups, which can interact with anionic or
neutral group by electrostatic and/or hydrophobic interaction between
polymer backbone and the charged/hydrophobic entity of interacting
molecule.

Cholesterol is a biomolecule and part of the sterol family character-
ized by a four-ring structure and a hydroxyl group at the 3-position of
ring A, which makes the polar part of the molecule. Cholesterol is found
mainly in the animal cell membrane [9] where its presence contributes
in decreasing the membrane fluidity [10] and reduces its permeability
for polar molecules due to its lateral ordering of neighboring lipids
[11]. Cholesterol can be directly synthesized from acetyl-CoA through
the mevalonate pathway [12] or it can be imported through dietary
[13]. The presence of cholesterol in blood at high concentration
increases the risk of cardiac and brain vascular diseases [14]. In
addition to other conditions, Alzheimer and type-2 diabetes are linked
to cholesterol [ 15]. Moreover, few studies have suggested an increase in
risk of cancer related to a low level of serum cholesterol [16].
Therefore, determination of cholesterol by rapid, cost-effective and
reliable methods is considered very crucial for clinical diagnosis. A total
level of 200 mg d1™! (5.18 mmol L) of cholesterol is considered best
as reported by the National Institute of Health, and according to the
American Heart Association [17]; nonetheless, patient with high
cholesterol level exhibits no symptoms, therefore, it necessitates
periodical clinical test. Gravimetric, colorimetric and chromatographic
techniques have been developed for cholesterol determination in blood
and different food samples, but these methods are expensive and
nonspecific. Few of them like GC, requires cholesterol derivatization
[18]. Electrochemical-based biosensor for cholesterol determination is
getting recently popular by immobilizing cholesterol oxidase (and
cholesterol esterase for total cholesterol determination) on the surface
of the electrode [19]. Indirect electrochemical method is based on
following oxygen reduction current [20] with an O, electrode or
following either the reduction or the oxidation current of the generated
hydrogen peroxide [21] as below.

Cholesterol oxidase

Cholesterol + O, 4 — Cholesten — 3 — on + H,0,

In addition to the indirect detection method, direct electron
transfer between the immobilized cholesterol oxidase and the electrode
surface has been a subject of study using a carbon modified composite
electrodes with an enhanced electron transfer between the ChOx(FAD)
deeply buried electroactive species and the surface of the electrode
surface [22]. However, these enzymes based electrochemical biosen-
sors require a development step to adapt and enhance the surface of
the electrode followed by cholesterol oxidase immobilization. A med-
iator is generally used to lower the detection limit, and the presence of
interferences such as ascorbic and uric acid that can be easily oxidized
in the same range of H,O, oxidation potential (+0.6 V). In addition,
other constraints include optimum working temperature and pH of the
enzyme used. Alternatively, fluorescence based methods have been
tried using nanoparticles in combination of enzymatic reaction [23].
Kim el al have reported an enzyme (ChOx) modified CdSe/ZnS
quantum dots for cholesterol sensing based on the change in quantum
dot fluorescence [24]. Since fluorescence methods using enzymatic
reaction is also based on indirect detection of hydrogen peroxide, these
methods also suffer due to interference from other substances.

On the other hand, there are little report on selective cholesterol
sensing using fluorescence probe without enzymatic reaction [25]. This
is because of the fact that many fluorescent molecules used directly as
probe have poor selectivity and poor stability for the target analytical
species. Analytical specificity in fluorescence probe based method has
long been an intriguing topic that plays a crucial role during estimation
for targeted biomedical species. Although enzymatic reaction, base
stacking (aptamers) and antigen-antibody linkers are few possibilities,
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each of these possibilities has their own limitations and gets influence
by foreign interference. The other way of addressing such problem
could be tuning the probe molecule by using emerging nanotechnology,
such as nano hybrid structures. Curcumin, which is bis (4- hydroxy -3-
methoxyphenyl) -1, 6- diene- 3, 5- dione, is a food spices and has
shown effective therapeutic properties [26]. Recently curcumin as a
molecular probe to study micelle, liposomes, and heterogeneous
systems is widely getting realized [27]. It is also being used for
fluorescence nano-sensing [28] and is useful for synthesis of nanopar-
ticles along with polymer matrix [29]. Curcumin as a fluorescence
probe for estimating biological analyte has a great potential. Moreover,
few studies have shown positive impact of curcumin on blood
cholesterol level [30]. In this manuscript, as a proof of concept we
propose that COL along with curcumin can be integrated with
negatively charged silica nanoparticles to form nano hybrid particles
(NHPs), which can be used as a novel analytical technique for
cholesterol sensing without enzymatic reaction. The advantages of this
method are: (i) synthetic procedure is easy; (ii) materials are stable and
robust; (iii) it is highly selective for cholesterol and superior than
enzymatic estimation; and, (iv) it has a wider linear dynamic range
compared with reported values.

2. Material and method
2.1. Materials

Curcumin, COL, cholesterol, ascorbic acid, Silica LUDOX" HS-40
Colloidal Silica, 6-O-palmitoyl-L-ascorbic, bovine serum albumin,
vitamin E, ascorbic acid, uric acid, urea, glucose, palmitic acid, methyl
nonadecanoate, oleic acid, and metal ions such as calcium chloride,
magnesium sulfate, zinc nitrate, nickel nitrate, sodium fluoride, lead
nitrate, iron (II) sulfate, mercury nitrate, and copper sulfate were
obtained from Sigma-Aldrich. All the solvents used were from Sigma-
Aldrich.

2.2. NHPs preparation

A stock solution of 1 mgmL™" chitosan oligosaccharide lactate
dissolved in 1% acetic acid was prepared, similarly 16 mmol L™! of
curcumin solution in methanol was made. 20 pL of curcumin stock
solution was added to 2 mL chitosan oligosaccharide lactate stock
solution and was kept stirring for couple of hours. After that, 120 pL of
the LUDOX silica was added drop wise under continuous stirring, then
the whole solution was kept stirred overnight. The formed capsules
were left to precipitate, the supernatant solution was discarded and the
capsules were dispersed in 2 mL of distilled water to be used later on.

2.3. Sample preparation

Different stock solutions, each containing an analyte at a concen-
tration of 6 mmol L' dissolved in double distilled water, were
prepared. However, for stock solutions, cholesterol, 6-O-palmitoyl-L-
ascorbic acid, vitamin E, methyl ester (methyl nonadecanoate) and
palmitic acid were dissolved in methanol. In order to assert the effect of
methanol on the fluorescence of the nano hybrid particles, different
amounts of methanol were used in a cholesterol free medium. For the
fluorescence measurement, 100 pL of the dispersed NHPs were added
to 2900 pL of water followed by 50 L of the prepared analyte solution.
For the establishment of cholesterol calibration curve, the 100 uL
NHPs solution was dispersed in 2500 pL of distilled water, followed by
400 pL of cholesterol dissolved in methanol at the desired concentra-
tion.

2.4. Instrumentation

Transmission electron microscopy (TEM) measurement was carried
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Fig. 1. Ilustration of nano hybrid particles formation in the presence of polyelecrolyte (COL), curcumin, silica nanoparticles (SiO» NPs) and enhancement in fluorescence in the

presence of cholesterol.

out with a JEOL JEM-1400Plus, operating at 120 kV. TEM samples
were prepared by casting a drop of the NHPs suspension onto copper
grids covered with carbon films. Scanning electron microscopy (SEM)
analysis was done using Tescan, Vega 3 LMU with Oxford Edx detector
(Inca XmaW20) SEM, where 3 mg of the NC were dissolved in 5 mL of
de-ionized water, and few drops of the NHPs suspension were mounted
on an aluminum stub, coated with carbon adhesive. After being dried
the sample was ready for the SEM analyses. XRD data was collected
using a Bruker D8 advance X-ray diffractometer (Bruker AXS GmbH,
Karlsruhe, Germany) at 40 kV, 40 mA (1600 W) using Cu Ka radiation
(A=1.5418 &), with a 1.2 mm primary beam slit and 2.0 mm detector
slit. The X-ray scans were carried out for 20 between 5 and 70° at 0.02°
increments.

2.5. Spectroscopic method

FT-IR spectra were recorded using a Thermo Scientific Nicolet iS5
FT-IR Spectrophotometer using KBr palate. The absorption spectra
were recorded using a JASCOV-570 UV-VIS—NIR spectrophotometer
at room temperature. The steady-state fluorescence spectra (excitation
and emission) were recorded at room temperature using Jobin-Yvon-
Horiba Fluorolog III fluorometer and the FluorEssence program where
the excitation and emission slits width were 5 nm. The source of
excitation was a 100 W Xenon lamp, and the used detector was R-928
operating at a voltage of 950 V. The fluorescence lifetime measure-
ments were done using the same instrument except a pulsed diode laser
of excitation wavelength 405 nm was used for excitation. Instrumental
response (prompt) for lifetime measurement was carried out using
colloidal non-fluorescent particles. The decay data were analyzed using
Data Analysis Software.
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3. Results and discussion
3.1. Preparation of nano hybrid particles

When suspended in water and imaged on continuous formvar film
TEM image of COL showed a leaf-like pattern in microscopic scale (Fig.
S1B and also inset), however, in nanoscopic level there were no regular
pattern (Fig. S1C). Bright field image (Fig. S1D) and corresponding
dark field image (not shown) of COL illustrated similar pattern and the
diffraction pattern (inset of Fig. S1D) of COL suggests crystalline
nature of the materials. At low concentration, COL remains in
monomeric form due to no major interaction between the acetylated
unit and the surrounding. Chitosan has a pKa value in the range 5.5—
6.5 [31] and COL in acidic solution (at pH 2.8) forms polyelectrolyte
(see Fig. S2A) due to protonation of the amine group. When curcumin
was mixed with COL, fluorescence intensity of curcumin was quenched
without affecting the emission maximum (Fig. S2B) by monomeric
form (below the critical aggregation concentration, cac) of COL,
however, COL in aggregated form (above the cac) recovered the loss
in fluorescence intensity of curcumin and further increase in COL
concentration enhanced the fluorescence intensity along with a blue
shift in the emission maximum of curcumin (see Fig. S2B). This
suggests interaction of curcumin with COL in polyelectrolyte form is
very strong. The fluorescence intensity variation of curcumin with COL
concentration demonstrated in Fig. S2C could able to locate cac of
COL, at ~5 pmol L', This result is similar to that obtained for
curcumin in neutral pH condition earlier [32]. The partition of
curcumin into polyelectrolyte form of COL (in acidic condition) was
evaluated above cac using the following equation [33]:

55.6 1 "
FeoriwaierFo [COL]

1

F

1

F

where Fy is the fluorescence intensity when curcumin is in the COL
aggregates, and 55.6 mol/L represents water concentration in a dilute
medium. A linear plot of 1/F versus 1/[COL] (see Fig. S2D) leaded to
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Fig. 2. SEM images of NHPs in aggregated form (A) and at higher resolution showing
individual NHPs (B); (C) TEM images of NHPs, the darker particle inside and a fainter
outer layer can been seen in yellow arrows marked images, however, the darker contrast
due to overlapping of two or more particles can also be seen in blue arrows marked
images. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

estimate partition coefficient (Pcor,/water) from the intercept and slope.
Interestingly, partition of curcumin into COL could be amazingly
enhanced in acidic condition (Pcor water =7.75x10%) compared to
measured earlier in neutral condition (Pcor water =1.23x% 107%) [32].
This could be due to polyelectrolyte form of COL at pH 2.8, which is
similar to association of curcumin with another polyelectrolyte such as
poly (allylamine hydrochloride) [34] and poly (i-lysines) [35].
Therefore, for efficient encapsulation of curcumin in COL phase, acidic
medium (below pKa) serves the best.

To enhance stability and partition of curcumin into COL, we
prepared NHPs by self-assembly method. The self-assembly of COL
was achieved using silica nanoparticles (SiO» NPs). COL in polyelec-
trolyte form (in the presence of 1% acetic acid) was mixed with
curcumin under stirring for couple of hours. To this aggregated
solution, 120 puL of silica nanoparticles of size ~20-24 nm at pH
~9.8 was added drop wise. The obtained cloudy solution was kept for
overnight. When less than 100 uL SiO, NPs was used, there was no
formation of cloudy solution, thus, concentration of SiO, NPs plays an
important role during formation of NHPs. The cloudy solution was
centrifuged and washed for three times in deionized water to discard
unreacted COL, curcumin and SiO» NPs. Finally, hybrid particles were
dispersed in doubly distilled water for further characterization and
investigation. Due to their overall net negatively charges, SiO, NPs
assist assembly of positively charged COL (in polyelectrolyte form)
conjugated with curcumin on its surfaces to form spherical NHPs as
illustrated in Fig. 1.

The size and shape of these obtained NHPs were characterized by
SEM. SEM image depicted in Fig. 2A indicates shape of these particles
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is spherical, few elongated particles were also obtained. Sizes of these
particles varied in the ranges 1-3 pm. Earlier we have observed that
polyamines cross links in the presence of multivalent anions such as
phosphate [34], citrate [36] etc. which subsequently facilitates aggre-
gation of nanoparticles to form spherical microcapsules in the range of
0.5—4 uym with a thickness of 100—-250 nm of silica nanoparticles.
Interestingly, higher magnification, shown in Fig. 2B, establishes that
in the present case these large particles are aggregated form of smaller
and spherical nanoparticles with diameters in the ranges ~25-35 nm,
which is different from nano-/micro-capsules obtained earlier [28,34—
36].

This could be possible in two different scenarios. First scenario
could be when COL acts as an outer layer to encapsulate aggregated
SiO, NPs altogether, which can form the core of the structure similar to
earlier observation in the presence of salt [28,34-36]. However, in this
case repulsion from negatively charged SiO, NP may not encourage this
scenario. The second scenario is that COL self-assembles on individual
SiO, NP surface to form spherical nano hybrid particles, which
congregate in aqueous medium to form large structures due to
hydrophobic interaction. To understand this, these particles were
diluted and sonicated for few seconds and TEM images were taken.
The TEM images shown in Fig. 2C indicate spherical particles of
diameter 25-35 nm with a dark core representing SiO, NPs and a
lighter layer of thickness 4-8 nm over it for COL and curcumin, which
proves that the smaller particles are indeed NHPs made up of SiO, NP,
COL and curcumin. The role of curcumin during self-assembly of COL
on SiO, NP surface was studied. As shown in Fig. S3, NHPs were
obtained in the absence of curcumin, thus, curcumin did not influence
the self- assembly process of COL.

3.2. Characterization of NHPs

FT-IR spectra of NHPs, curcumin, COL and mixture of curcumin
and COL are demonstrated in Fig. 3A. SiO, NPs (spectrum not shown)
showed an absorption band at ~3482 cm™ due to —OH stretching that
shifted to 3415 cm™ after binding, in addition to absorbance bands at
~1637, 1108, 973, 798 and 470 cm™ that are the fingerprints of SiO»
vibration and stretching. The FT-IR spectrum of NHPs is similar to that
of silica with a shift to 802 and 472 em™! of Si—O—Si vibrational peaks
and the appearance of a small peak at 2963 cm™ relative to C—H
stretching vibration. Note that Lai et al. [37] have reported an increase
in the sharpness of the peak at 1108 cm™' as its concentration
increases, therefore, upon NHPs formation this peak got broadened
due to the presence of COL. The vibration of the free hydroxyl groups of
COL was found at ~3620-3650 cm™ and that of phenolic O-H
vibration of curcumin was obtained at ~3510 cm™'. In the mixture of
COL and curcumin rather a band was located at ~3315 cm ™! instead of
peak for phenolic O—H of curcumin or free O—H of COL. In NHPs two
peaks at ~3425cm™! and 3650 cm™ were found suggesting the
interaction between COL and curcumin is different in NHPs compared
to in the mixture of COL and curcumin. The peak at ~2973 cm™!
because of enolic O—H vibration (note that sp® C—H stretching also has
the vibration in the same region, but often in curcumin case band in
this region has been shown to be for O—H vibration) in curcumin could
be prominently identified in NHPs. The band at ~2900 cm™! found in
COL and COL-curcumin mixture could also be detected in NHPs. In
COL, the vibrational bands due to amide groups at ~1560 cm™' and
1404 cm™ were identified, similarly bands at ~1627 and ~1602 cm™
for a-p unsaturated ketone and enol form of curcumin were clearly
established. In the mixture, the amide groups of COL and ketone and
enol form of curcumin were obtained to be in the same region,
however, in NHPs a band at ~1656 cm™' was found indicating
electrostatic and/or strong hydrogen bond types of interaction between
SiO, NP, COL and curcumin. Fig. 3B shows curcumin XRD pattern
exhibiting several characteristic diffraction peaks ranging from 26 =5-
30°, whereas NHPs loaded with curcumin showed only one broad peak
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Fig. 3. (A) FT-IR spectra of NHPs, COL and Curcumin; (B) XRD pattern of NHPs, COL and Curcumin; (C) Fluorescence excitation and emission of NHPs and curcumin in doubly
distilled water, the fluorescence intensity has been normalized with respect to intensity at the peak position.

with a maximum at 260 =21.7° due to the amorphous nature of silica
with an alteration of all the peaks of curcumin and COL. A similar
observation was reported in literature [38,39], arguing that curcumin
loses its crystallinity after forming a complex with the SiO, NP-COL
matrix.

3.3. Optical properties of NHPs

Curcumin absorbs at around ~425 nm in buffer solution due to
strong (HOMO)—n*(LUMO) transition, which masks the weak
electronic dipole forbidden n —=n* band [40]. Curcumin loaded
NHPs has a continuous absorption that is higher at shorter wave-
lengths, which is largely due to strong scattering of nanoparticles, but
the absorption band of curcumin at ~425 nm was identified in NHPs
(not shown). Excitation spectrum of curcumin showed a similar peak
like absorption spectrum, which is in agreement with the theoretically
predicted value for curcumin in enol form [41], no peak at around
355 nm was found for NHPs signifying that curcumin is predominately
in enol form in NHPs. However, the excitation spectrum of NHPs was
found to be broad with a minor blue shift in excitation maximum (see
Fig. 3C). The fluorescence emission spectrum of NHPs at excitation
wavelength 425 nm was found to be broad and similar to obtained for
free curcumin, but the emission maximum of NHPs red shifted
remarkably, ~50 nm, compared to free curcumin. The fluorescence
intensity of NHPs was also significantly found to be quenched in NHPs
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compared to free curcumin in buffer solution. When curcumin was
mixed with silica nanoparticles [28], the fluorescence emission spec-
trum showed a large blue shift from ~550 nm in water to around
495 nm, therefore, the obtained red shift in NHPs is not due to direct
interaction between curcumin and SiO, NP. Earlier it is also found that
while interacting with polyelectrolyte such as PAH [34] and PLL [35],
the fluorescence spectrum of curcumin shifts towards shorter wave-
length range. While interacting with hydrophobic pockets likes in
micelle or liposomes, curcumin also shows a blue shift peaked at
~492-510 nm [27], whereas diketone form of curcumin has an
emission maximum in lower wavelength range [34]. Thus, the large
red shift observed for NHPs excludes any kind of hydrophobic
association or due to keto form of curcumin. In addition, the absorp-
tion maximum did not demonstrate a major shift suggesting there is no
ground state aggregation that could lower the energy gap between
n(HOMO)— nt*(LUMO) transition to shift the absorption/emission in
longer wavelength. Thus, the observed red shift along with reduction in
fluorescence intensity could be due to intermolecular energy transfer
between curcumin molecules i.e. homo-Fluorescence Resonance
Energy Transfer (homo-FRET) or inner filter effects of molecules
present in individual NHPs [42].

3.4. Interference from metal ions

A set of metal ion interferents that are reported to bind with
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curcumin and affect its emission intensity were prepared and tested
against curcumin and the prepared NHPs. Fluorescence intensity of
curcumin was highly quenched in the presence of Hg®* ion without
affecting the emission maximum. 100 pmol L™! of Hg?* ion almost
quenched all the fluorescence coming out of curcumin (see Fig. 4A).
Similar gradual decrease of fluorescence of curcumin by Hg?* ion in
DMSO: water (5:1) mixture has been reported earlier [43]. However,
when NHPs was used instead of curcumin, there was almost no effect
on fluorescence intensity even at 100 pmol L7! of Hg?* ion as
illustrated in Fig. 4B indicating binding of Hg®* with curcumin is
completely blocked in NHPs. Similar results were obtained for Cu®*
ions, although the fluorescence quenching rate of curcumin by
100 umol L™ Hg?* ion was ~20 fold whereas by 100 umol L™} Cu®*
ion was ~32 fold (see Fig. 4C) compared to metal ion free medium.
Metal ions like Hg®* or Cu®* can make complex with curcumin and it
has been proposed that Cu®* chelates with keto-enol form of curcumin
[44]. When fluorescence of NHPs was measured in the presence of as
high as 100 umol L™! of Cu®* ions, there was no appreciable influence
on fluorescence intensity of NHPs. The lack of fluorescence quenching
of NHPs in the presence of Hg>* or Cu®* ions suggests that keto-enol
form of curcumin in NHPs is probably not free to chelate with these
metal ions due to interaction of keto-enol form with COL-SiO, hybrid
structures. This experiment further reconfirms hydrogen bond/electro-
static interaction between curcumin and COL/SiO, NP in NHPs, which
is supported by FT-IR spectra observed earlier. Cholesterol has
similarity with the structure of bile salt like cholate and deoxycholate.
Cholate/deoxycholate has similar kind of electrostatic (in monomeric
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form) and hydrophobic (aggregated form) interaction with curcumin
[45]. In addition, preferential complexation of the metal with the
amine —NH, function of COL can’t be ruled out either [46].

3.5. Cholesterol estimation

Once interference from metal was ruled out, NHPs were tested for
fluorescence sensing of cholesterol. Interestingly, addition of choles-
terol remarkably changed the emission maximum and fluorescence
intensity of NHPs. A large blue shift of > 100 nm was observed in the
fluorescence spectrum of NHPs in the presence of cholesterol with a
remarkable increase in fluorescence intensity as demonstrated in
Fig. 4B. When free curcumin was used instead of NHPs a similar blue
shift of ~50 nm and appreciable enhancement in fluorescence intensity
were found as shown in Fig. 5A.

The fluorescence maximum and intensity of curcumin is sensitive to
hydrophobic pocket [27]. The emission maxima of NHPs and free
curcumin were almost identical in the presence of cholesterol centered
at ~493 nm. This suggests there is a direct interaction between
curcumin and cholesterol in NHPs. The spectral shape and emission
maximum of curcumin in the presence of cholesterol were similar to
observed for curcumin intercalated in liposomes and non-ionic mi-
celles. Intercalation of curcumin due to hydrophobic interaction with
liposomes is relatively well established [27]. We suggest similar kind of
interaction between curcumin and cholesterol in NHPs. To understand
it further, cholesterol was replaced with another hydrophobic molecule,
oleic acid and fluorescence spectra of free curcumin and NHPs were
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Fig. 5. (A) Fluorescence spectra of curcumin in the absence and presence of cholesterol in water; (B) Fluorescence spectra of NHPs and curcumin in the absence and presence of 100 pM
oleic acid lipid) in water; (C) Comparison of fluorescence enhancement (F/F,) of curcumin and NHPs in the presence of different biomolecules. Concentrations of biomolecules were

fixed at 100 uM except for bovine serum albumin (BSA) where 3.3 uM was used.

compared. Interestingly, as depicted in Fig. 5B, the fluorescence
intensity of free curcumin increased 8-fold in the presence of 100 uM
oleic acid with a large blue shift (~40 nm) in emission maximum
whereas there was a nominal change of < 10% in fluorescence intensity
of NHPs in the presence of 100 umol L' oleic acid. Similarly,
fluorescence intensity of free curcumin increased 6-fold in the presence
of 3.3 umol L™! serum albumin but that of NHPs was negligible (see
Fig. 5C). Thus, the interaction of NHPs and cholesterol was special in
this case, which is different from that of serum albumin or oleic acid.

3.6. Interference study

The potential interference from various substances was tested. Uric
acid, ascorbic acid and glucose that interfere in common electroche-
mical methods for cholesterol quantification, did not affect fluorescence
intensity of both NHPs and free curcumin as seen in Fig. 5C. A
noteworthy observation is the differential behavior of curcumin in free
form and in NHPs in the presence of lipids (palmitic acid, oleic acid),
vitamin E and bovine serum albumin. Bovine serum albumin, oleic acid
and 6-O-palmitoyl-L-ascorbic acid could interfere during estimation of
cholesterol using free curcumin, whereas when NHPs was used
interference from these substances could be remarkably minimized
apart from suppressing interference from chelating metal ions like
Cu®*/Hg?" ion. There was also no interference from other kinds of
possible biochemical (see Fig. 5C) and metal ions (see Fig. 4C). In

addition, the fluorescence enhancement of NHPs was 12 fold higher
compared to 10.5 fold for free curcumin in the presence of cholesterol
suggesting NHPs enhances both selectivity and sensitivity of cholester-
ol determination in comparison to free curcumin.

3.7. Analytical performance

Comprehending the significance of NHPs for selective and non-
enzymatic sensing of cholesterol, the calibration curve for the determi-
nation of cholesterol by using NHPs as fluorescence sensing material
was established. The fluorescence spectra of NHPs in the presence of
different concentrations of cholesterol is shown in Fig. 6A, at very low
concentration of cholesterol (~2 pmol L™!) the emission maximum of
NHPs did not change appreciable but 10 umol L™ of cholesterol was
sufficient to completely blue shift the emission maximum to ~493 nm,
which was not affected by further increase in cholesterol concentration,
even at 10 mmol L™ of cholesterol. The fluorescence intensity altera-
tion of NHPs with cholesterol concentration is plotted in Fig. 6B. As
can be seen in the plot, in a wide range of concentration range 0—
10 mmol L™}, the curve showed an exponential growth. The log-log plot
illustrated a linear relationship (see inset of Fig. 6B). Chang and Ho
[47] have used gold nanocluster assisted fluorescent detection for
estimation of cholesterol using enzymatic reaction with a linear
dynamic range 2—100 pumol L™ where has Li et al. [23] have reported
grapheme quantum dots for fluorescence quenching based cholesterol
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Table 1
Comparison of fluorescence and electrochemical sensor performance.

Method

Materials LOD in pmol L™1 Linear Dynamic Ranges in mmol L™ Reference
Fluorescence Graphene QDs-ChOx- H,0, 0.08 0.0008-0.01 [23]
Fluorescence Au-PVP-ChOx-H,0, 1 0.001-0.1 [46]
Fluorescence Amplex Red-ChOx- H,0» 0.005 0.0005-0.05 [47]
Fluorescence Au NPs-B-CD 0.03 0.0003-0.015 [48]
Fluorescence Rhodamine B-B-CD-FRET 10 0.01-0.12 [49]
Electrochemical G/Ti(G)-3DNS/CS/ChOx 6 0.05-8.0 [50]
Electrochemical Pt/TMOS sol-gel/ChOx/p(DB) - 0.06-3.0 [51]
Electrochemical Chox/PVF*ClIO* /Pt - 0.1-5.0 [52]
Electrochemical ChOx/AgNPs/GCE 180 0.28-3.3 [53]
Electrochemical MWCNTs-ChOxSiO»-chitosan/PB/GCE 1 0.004-0.7 [19]
Electrochemical ChOx-ChE/AuNPs/PTH/GCE 0.6 0.002-1.0 [54]
Electrochemical W/ferrocyanide/[ChO/ChEt] 10 0.05-3.0 [55]
Electrochemical ChOx/nano-ZnO/ITI 13 0.13-10 [56]
Electrochemical ChOx/CS-Sn0O,/ITO 130 0.26-10 [57]
Electrochemical Nafion/ChOx-Ppy/PB/SAM/Pt 12 0.05-3.0 [58]
Electrochemical ZnO@ZnS/ChOx 400 0.4-4.0 [59]
Fluorescence Curcumin-COL-SiO, NP 2° 0.002-10 Present work

@ Minimum concentration that could change the fluorescence signal of NHPs.

Table 2
Recovery of synthetic samples of cholesterol using present method.

Sl. No. Concentration of Concentration of % of
Cholesterol Taken in Cholesterol Obtained Recovery
mmol L= in mmol L~

1 0.0200 0.022+2.3 110

2 0.10 0.109 £2.1 109

3 1.0 1.13+£2.2 113

4 7.0 7.16+1.9 102

estimation that could detect till 10 pmol L™1. Most of the fluorescence
probe based cholesterol sensors reported [23,48—50] using enzymatic
reaction or non-enzymatic techniques are focused in lower detection
limit and linear dynamic ranges are in 0.0003-100 umol L™ (see

Table 1), which is not of general biomedical diagnosis significance.
On the other hand, electrochemical methods reported are in
different concentration ranges [19,47-60] and many of them suffer
due to limited linear dynamic range and apply enzymatic reaction as
summarized in Table 1. The best electrochemical method using
enzymatic reaction has been reported by Solanki et al. [57] using
nanostructured ZnO with a linear dynamic range 0.13—10 mmol L™!
with a detection limit of 13 umol L. The present fluorescence method
has a linear dynamic range 0.002—10 mmol L™}, which shows a wider
linear dynamic range than the reported one [47-60]. Nevertheless, the
present method is not expected to reach lowest detection limit of the
methods applied in low concentration ranges (in nmol L™ concentra-
tion) due to its applicability in higher concentration ranges. For
validation, synthetic samples of cholesterol were prepared and the
concentrations were estimated using calibration curve obtained from
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this developed method. The obtained results in the form of percentage
of recovery (% of recovery) as summarized in Table 2 were within 10%,
which is quite acceptable.

3.8. Binding study and photostability of probe

The association constant of cholesterol with NHPs was estimated
using the following equation [61]:

log |:(F_Fiﬂ))] = log (K)+nlog[cholesterol]
0

where K and n are the binding constant and the number of binding
sites, respectively. F and F are the fluorescence intensity of NHPs at
excitation wavelength 425 nm and emission wavelength 500 nm in the
presence and absence of cholesterol. The association constant of
cholesterol with NHPs was estimated as K =6.60x10> liter/mol™! and
number of binding sites n =0.8, which is close to 1 as obtained from the
graph in Fig. 6C. The number of binding sites qualitatively suggest not
all the curcumin molecules present in NHPs is bound to cholesterol.
Since NHPs are much bigger in size compared to size of cholesterol, the
possibility of more than one cholesterol molecule binding to NHPs
could not be ruled out. It is also important to note that one NHP has
multiple numbers of curcumin units and the present n values might be
because of binding between cholesterol and curcumin.

The FT-IR spectrum (see Fig. 7A) at ~3430 cm ™ for free hydroxyl
group of cholesterol [62] and bands at ~3650 em~! and at ~3425 cm™!

112

of NHPs were not clearly identified in the mixture of cholesterol and
NHPs. Similarly, band at ~2948 cm™ and ~2870 cm™ due to C-H
bond of methyl group of cholesterol was not pronounced in the mixture
of cholesterol and NHPs. The band at ~1108 cm™' due to SiO»
vibration in NHPs shifted to ~1100 cm™ in the mixture of NHPs and
cholesterol. These FT-IR results suggest there is some kind of ground
state electrostatic interaction through the free hydroxyl group of
cholesterol along with hydrophobic interaction between NHPs and
cholesterol. However, the fluorescence lifetime decay profile for NHPs
in the absence and presence of cholesterol in water is shown in Fig. 7B.
As can been seen the excited state lifetime of NHPs increased in the
presence of cholesterol compared to in the absence of cholesterol but
increase in cholesterol concentration did not influence lifetime profile
remarkably. The variation of excited state lifetime profile in the
presence of cholesterol does not rule out an excited state interaction
between cholesterol and NHPs. The photostability of NHPs in buffer
solution is illustrated in Fig. 7C. When excited at 425 nm the
fluorescence intensity of NHPs within one hour did not get bleach
remarkably indicating the current sensor is quite stable during
measurement time.

4. Conclusion

Curcumin appreciably partitioned into polyelectrolyte form of COL
and the association of curcumin with COL in polyelectrolyte form was
found to be strong. It was found that in the presence of SiO, NP, COL
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integrated with curcumin self-assembled to form nano hybrid particles.
Size of these particles was in the ranges 25—-35 nm with SiO, NP as its
core and COL-curcumin as its outer layer having thickness of 4—8 nm.
However, due to hydrophobic nature of outer layer, these NHPs
aggregated in aqueous media to form large spherical structure in the
ranges 1-3 um, which could be broken down after dilution and
sonication. The fluorescence spectrum of NHPs was found to be red
shifted compared to free curcumin due to inner filter effect and/or
homo-FRET between curcumin molecules present on the surface of
individual nano hybrid particle. Although fluorescence intensity of free
curcumin was substantially suppressed by Hg®*/Cu®* ions due to
chelation through keto-enol form, Hg?*/Cu?* ion did affect fluores-
cence of NHPs, which could boost by improving analytical selectivity.
The fluorescence intensity of NHPs was extraordinarily increased in the
presence of cholesterol and was unaffected by ascorbic acid, uric acid,
glucose and other interfering substances, thus, the present method
ascertains that both the analytical selectivity and sensitivity during
cholesterol estimation can be further uplifted by NHPs integrated with
curcumin compare to free curcumin. The interaction between choles-
terol and NHPs was found to be a combination of ground state
electrostatic interaction through the free hydroxyl group of cholesterol
along with hydrophobic interaction between NHPs and cholesterol and
excited state interaction. The proposed method showed a wider linear
dynamic range and better than most of reported method using
enzymatic reaction. The NHPs were found to be photo-stable, simple,
quick and cost-effective, which opens the door to develop novel
analytical technique for targeted species using nano hybrid structure
without using enzymatic reaction, and to tune analytical specificity,
selectivity and sensitivity of probe molecule. In addition, present
method could be integrated in future with emerging ordinary smart
phone based optics for easy and fast detection of cholesterol at the site.
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