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Abstract

One of the limitations of fluorescence probe molecules during biomedical estimation
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is their lack of ability to selectively determine the targeted species. To overcome this
there have been various approaches that involve attaching a functional group or
aptamers to the fluorescence probe. However, encapsulating probe molecules in a

matrix using nanotechnology can be a viable and easier method. Curcumin (Cur) as a
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fluorescence marker cannot distinguish DNA and RNA. This research reports a novel
selective approach involving the use of nanocapsules composed of liposomal cur-
cumin coated with chitosan for the selective detection of RNA molecules using a
fluorescence method. The increase in RNA concentration enhanced the electrostatic
interaction between the negatively charge surface of RNA and the positively charged
nanocapsule, which was further verified by zeta potential measurement. This method
had a low limit of detection (36 ng/ml) and higher linear dynamic ranges compared
with other studies found in the literature. Moreover, the method was not affected by
DNA and was selective for the detection of RNA molecules for which the site of
interaction was confined only to uracil. The selectivity for RNA molecules towards
other analogues species was also examined and recovery range found was between
99 and 100.33%.
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1 | INTRODUCTION

genes. These main advantages of RNA molecules require the presence

of an upgraded, low-cost, rapid preparation and easy detection sen-

Nanosensors, or nanotechnology-enabled sensors, are having impres-
sive effects in providing alternative solutions in biological sensing.
This permits advanced detection sensitivity and specificity for health
assessments.!! By definition, a sensor is a material that responds to a
physical, chemical or biological specification and translates its
response into an output or signal change.[z] The development of
nanosensors has emerged due to many compelling drivers such as the
dramatic increase in chronic diseases that cause mutations in
ribonucleic acid (RNA). RNA is an essential polymeric molecule having

several benefits in coding, decoding, regulation, and expression of

sors to identify early stage disease.’®! The development of RNA detec-
tion methods has helped scientists to understand gene expression
patterns and elucidate the roles of different genomic elements in cel-
lular function and make it easier to detect a mutation in RNA cod-
ing.[ To establish an ideal detection of the abnormal expression of a
certain disease, the nanosensor should not interfere with the tracked
specific analyte. This is hardly achieved with traditional sensors such
as microelectrodes or the fibre optical sensors, due to their relatively
large area and size that cause physical noise.””! Various techniques are

generally found in the literature to detect RNA such as northern
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blotting, in situ hybridization, and reverse transcription polymerase
chain reaction. Basically, these techniques suffer from several limita-
tions such as low signal sensitivity, low specificity and minimal stabil-
ity.[6'7] These drawbacks tend to the development of relative methods
that ensure high stability and selectivity with minimal cost. Among
these methods, fluorescence emission spectroscopy is considered one
of the most simple, low-cost techniques to be adopted that has high
selectivity and stability.”®! Consequently, curcumin nanocapsules were
found to be a relative nanosensor to detect RNA.!"!

Curcumin is a yellow pigment extracted from the rhizomes of
Curcuma longa. This gold-coloured phytochemical has been widely
used in culinary applications, food colouring and medicinal applica-
tions.*? The biological benefit of curcumin encompasses anti-inflam-
matory, anticancer and antiamyloid activities.****! The additional
benefit of curcumin is its use as a probe molecule to study the envi-

161 micelles,!*”! Iiposomes[m] [19,20]

ronment of solvents, and proteins.

Furthermore, curcumin possesses a compelling absorption and
fluorescence profile, which has rendered it a useful molecular probe
for many sensing applications.?*!

In previous studies, curcumin was used as a probe to detect DNA
when encapsulated in poly(diallylammonium chloride-co-(sulfur diox-
ide)).?? In addition, when curcumin was encapsulated into
poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene
oxide), the detection of both RNA and DNA was achieved.!”! Being a
fluorescence transducer, curcumin has been used in biomedical appli-
cations to detect RNA and DNA.[?%!

Physiochemical properties of curcumin can be extremely
improved after being encapsulated in liposomes. When it is incorpo-
rated inside the liposomes membrane, its solubility, bioavailability and
biostability is enhanced that results in higher intensity of the fluores-
cence signal.?42°]

However, the use of the liposomal curcumin system alone is bur-
dened by some of the disadvantageous properties of liposomes, as
they can undergo hydrolysis that leads to the loss of the loaded cur-
cumin, can be oxidized and have a short circulation half-life. There-
fore, coating the liposome surface with a polymer layer was proposed
as an effective solution to stabilize and protect the liposomal cur-
cumin system. Chitosan, a natural hydrophilic cationic polymer, has
been used widely for that purpose due to its physiochemical and bio-
logical properties, safe toxicity profile and biocompatibility.[%]

In this study, curcumin was encapsulated inside DBPC liposomes,
in the presence or absence of a chitosan coating layer, where the sta-
bility of the nanocapsule increased when adding chitosan. The formed
nanocapsules was established as a selective nanosensor for the detec-

tion of RNA only.

2 | EXPERIMENTAL
21 | Materials

1,2-Dibehenoyl-sn-glycero-3-phosphocholine  (DBPC) phospholipid
was purchased from Avanti Polar Lipids. Chitosan oligosaccharide
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lactate (COL), adenosine triphosphate (ATP), cytidine triphosphate
(CTP), thymidine triphosphate (TTP), guanosine triphosphate (GTP),
uridine triphosphate (UTP), deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) were obtained from Sigma Aldrich. Moreover,
curcumin, cholesterol, tryptophan, uric acid were received from Acros
Organics. Cystine, creatinine, uracil, adenine, thymine, and guanosine
were obtained from Merck. Ethanol and methanol were obtained from
Sigma Aldrich and chloroform was purchased from Acros Organics.
The solvents used were of spectroscopic grade. All the chemicals were
used without any further purification. The thin film was dissolved
using monophosphate buffer (pH 7) received from Sigma Aldrich.

2.2 | Preparation of DBPC liposomal curcumin-
chitosan nanocapsules

DBPC liposomal curcumin nanocapsules (DBPC-Cur NCs) were pre-
pared based on the solvent evaporation method to get a thin film. Ini-
tially, 1.84 mg of curcumin was dissolved in 0.5 ml of ethanol and
0.5 ml of chloroform. Later on, curcumin solution was added to 10 mg
of DBPC powder dissolved in 2.5 ml of ethanol and 2.5 ml of chloro-
form. In the next step, the mixture was sonicated for few seconds and
then the solvents were evaporated using a rotary evaporator at 35-
40°C. Afterward, the acquired thin film was dried under an oven vac-
uum at 45°C for 10 min to ensure a full evaporation of the chloro-
form/ethanol mixture used. Later on, the film was dissolved in 5 ml of
phosphate buffer at pH 7. Over 5 min, the mixture was alternatively
heated for 30 s and vortexed vigorously for another 30 s at 85°C,
10°C above the phase transition temperature, until a complete homo-
geneous solution was obtained. Additionally, the chitosan layer was
added by dissolving 1 mg of COL, in 1 ml buffer at pH 7. Finally, the
solution was centrifuged at 15 000 rpm and dissolved in 5 ml of
buffer at pH 7, to obtain the final nanocapsule composed of DBPC,
curcumin and chitosan (DBPC-Cur-COL NCs).

2.3 | Sample preparation for RNA detection
A stock solution of RNA was prepared by dissolving 5 mg of RNA
powder in 5 ml double-distilled water measured using a 5 ml gradu-
ated cylinder. From this solution, several samples were prepared in
the concentration range 0-500 pg/ml. Each time, a definite volume
was taken from the RNA stock solution and was added to 0.2 ml of
the nanocapsules, pipetted using 1 ml pipette. The volume was com-
pleted to 3 ml by adding double-distilled water using a 5 ml pipette.
Similarly, 50 pg/ml stock solutions of DNA, thymine, cholesterol,
tryptophan, cystine, creatinine, uric acid, GTP, UTP, CTP, and TTP
analytes were prepared for the interference study.
24 | Measurement

Zeta potential value and size particles were measured using particulate

systems on a Nonplus Zeta Potential/Nano Particle analyzer. The
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absorption spectra were recorded at room temperature using a JASCO
V-570 UV-VIS-NIR spectrophotometer. The emission spectral mea-
surements and synchronous fluorescence scan were documented with
a resolution increment of 1 nm and slit width of 5 nm using a Jobin-
Yvon-Horiba Fluorolog Il fluorometer and the FluorEssence program.
The excitation source was a 100 W xenon lamp, and the detector used
was R-928 operating at a voltage of 950 V.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of cur-DBPC in the presence and
absence of COL

The preparation of liposomal curcumin was carried out based on the
thin film hydration method. This method is considered to be one of
the simplest ways to prepare liposomes. This method includes the for-
mation of a thin lipid film in a vial after the evaporation of the organic
solvents. Afterwards, following the addition of dispersion medium,

heterogeneous liposomes are formed.’?”!
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The encapsulation of curcumin into the DBPC membrane was
verified initially through UV-visible and fluorescence emission analy-
sis respectively. The UV-visible spectra are depicted in Figure 1(a).
Normally, curcumin is defined by its absorption peak at
Aabs = 425 nm. This wavelength is generally due to the presence of
the electronic dipole of n-n* type excitation.?®! Markedly, a red shift
in the wavelength from 425 nm to 462 nm was obtained for the
DBPC-Cur NCs. Therefore, the red shift was probably because cur-
cumin forms strong bonds with the lipid bilayer, inducing therefore
curcumin's movement from the aqueous phase to the hydrophobic
phase of the DBPC liposome.

Furthermore, the fluorescence emission analysis was established
and is depicted in Figure 1(b). Clearly, when exciting at
Aex = 425 nm, the emission wavelength of curcumin was blue
shifted from A¢n = 555nm (pure curcumin) to Aem = 516 nm
(DBPC-Cur NCs). This shift proved the strong entrapment of cur-
cumin into the liposome vesicles. Interestingly, the same results
were obtained by Kunwar et al.?’! and El Khoury et al.l®” when
encapsulating curcumin into DMPC and DPPC liposomes,

respectively.
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(a) UV-visible spectrum of pure curcumin and DBPC-cur nanocapsules. (b) Fluorescence emission spectrum of pure curcumin and

DBPC-cur nanocapsules excited at Ao, = 425 nm. (c) Scanning electron microscopy (SEM) image of DBPC-cur nanocapsules
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Moreover, the encapsulation of curcumin was confirmed by esta-
blishing measurements using scanning electron microscopy. According

to Athira and colleagues, curcumin exhibited a flat rod-like
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FIGURE 2 X-ray diffractogram of pure curcumin and DBPC-cur
nanocapsules
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structure.BY!

However, as depicted in Figure 1(c), the formed
nanoparticles are presented as spherical shapes. The difference in the
shape identified the successful encapsulation of curcumin into the
liposome membrane.

Furthermore, X-ray diffraction analysis was done and the results
are depicted in Figure 2. As clearly observed, curcumin diffraction
peaks are available in the range for 20 10°-30°. These diffraction
peaks revealed the high crystallinity nature of the curcumin, for which
the crystallinity degree was equal to 87%. Therefore, these peaks
were absent in the X-ray pattern of the DBPC-Cur nanocapsule show-
ing an amorphous structure. The degree of crystallinity of the nan-
ocapsule was equal to 20.54%. The change and the diminishing nature
of curcumin's crystallinity proved its total entrapment between the
liposome bilayers.

Generally, liposomes only have a short half-life due to leakage
and fusion of the encapsulated drug.!®? These drawbacks have
prompted the use of additional polymers to protect the encapsu-
lated curcumin. For this reason, chitosan oligosaccharide was added
as a coating layer onto the surface on the liposomal curcumin. The
deposition of chitosan layers onto the surface of the liposomal cur-

cumin was verified through zeta potential analysis. It was obvious
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FIGURE 3 (a) Zeta potential analysis of DBPC-cur nanocapsules in the absence of chitosan. (b) Zeta potential analysis of DBPC-cur nanocapsules in
the presence of chitosan. (c) Thermogravimetric analysis of pure curcumin and DBPC-cur nanocapsules prepared in the presence or absence of chitosan
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from Figure 3(a) that the liposomal curcumin surface was negatively
charged, with a value equal to —7.43 mV. This might be due to the
location of the phosphate group of the liposomes towards the
external aqueous component of the lipid bilayer. Therefore, the zeta
potential value became more positive in the presence of chitosan.
Therefore, liposomal curcumin coated with chitosan exhibited a pos-
itive surface charge equal to 5.94 mV (see Figure 3b). This variation
in the surface charge was related to the presence of chitosan due
to an amino group.

The effectiveness of the chitosan addition was evaluated through
thermogravimetric analysis (see Figure 3c). It was noted that curcumin
started to degrade at 200°C with a mass loss at ~70%. Therefore, as
found for DBPC-Cur NCs the mass loss decreased to 40% due to the
encapsulation of curcumin into the liposomes. Therefore, the addition
of chitosan moreover reduced the mass loss to 25%, generating more
stable NCs. Additionally, no mass loss was occurred at ~100°C reveal-
ing the formation of dehydrated NCs.

The successful preparation of liposomal curcumin coated with
chitosan was proved by their emerging efficiency as nanoprobes for
detecting RNA.

3.2 | Sensing of RNA molecules

The encapsulated curcumin in DBPC liposomes coated with chitosan
layer was used to detect RNA in aqueous solution. For this purpose,
fluorescence spectroscopic measurements of curcumin were investi-
gated in the presence of different concentrations of RNA. Figure 4
displays the variation in the emission intensity of the nanocapsule
with the increase in the RNA concentration. Interestingly, it was found
that the addition of different concentrations of RNA had marked
effects on the emission spectrum with an approximate eight-fold

increase. Moreover, upon the addition of RNA, the position of the

peak of the signal was slightly altered with a small shift towards the
lower wavelength region. The peak was blue shifted from 530 nm to

519 nm with the increase in the RNA concentration.

3.21 | Sensing mechanism

Reasonably, both the enhancement of the emission intensity and
the shift in the wavelength occurred as a result of electrostatic
interactions between positively charged nanocapsules and the neg-
atively charged RNA molecules. Therefore, this interaction pro-
moted aggregation in the solution that further stabilized the
excited state of curcumin inside the liposome--chitosan
nanocapsules, resulting in a boost in the emission intensity.?? Fur-
thermore, the association of RNA with the nanocapsule shielded
exposure of curcumin to polar environments that shifted the emis-
sion maximum towards the blue region. These results were verified
by zeta potential analysis, in which the surface charges of the
nanocapsules, RNA, and the mixture were equal to 8.87 mV,
—9.39 mV and —2.63 mV respectively. These results confirmed the
change in the surface charge of the mixture when adding RNA, in

that it being more negative.

3.2.2 | Limit of detection (LOD) and limit of
quantification (LOQ)

The linear correlation of emission intensity of encapsulated curcumin
versus RNA concentration in the range 0-20pg/ml and 30-
500 pg/ml was plotted and is shown in Figure 5(a,b). The linear equa-
tions for the two concentration ranges are | =0.17082x + 0.9275
with a correlation coefficient of R? =0.99147 and | = 0.00418x
+ 5.88588 with a correlation coefficient of R? = 0.99536.
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FIGURE 4 Variation of the emission intensity
with the increase in RNA concentration
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TABLE 1
RNA

Method used to detect Methods

Label free electrochemical method
RRS technique using AgNPs
DBPC-Cur-COL nanocapsules

Such good correlation results validated the applicability of this
method to quantify unknown RNA samples in the two given concen-
tration ranges.

The LOD and quantification were calculated based on the linear
equation obtained from the curcumin versus RNA concentration plot.
It was found that LOD and the LOQ values were 36 ng/ml and
110 ng/ml respectively, referring to the K x ¢ criteria, where o is the
standard deviation of the measurements, s is the slope of the calibra-
tion curve and K is constant equal to 3.3 for LOD and equal to 10 for
LOQ. Therefore, the present method gives low LOD and higher linear
dynamic ranges compared with other studies found in the literature,

as summarized in Table 1.

The Journal of Bi ical and Chemical L

8.0
(b) @ [RNA] in pg/mL
= Linear fit
7.6
7.2
=]
=
= 6.8
6.4
6.0 y=10.00418x + 5.88588
o = _ R™=0.99536

50 100 150 200 250 300 350 400 450 500
Concentration (ug/mL)

(a) Linear fit of the proposed method in the range 0-20 pg/ml. (b) Linear fit of the proposed method in the range 30-

LOD Concentration range References
0.14 ng ml~* 0.34-34 ng ml~* (33l

38 pgml—t 10-100 pg ml~* (341

36 ngml?t 0-500 pg mi~* Our work

3.2.3 | Analysis of the interaction site in RNA

molecule

The RNA molecule is made up of one long polynucleotide chain built
from four types of nucleotide subunits. Each nucleotide consists of a
phosphate group and a nitrogen base. The four types of nitrogen
bases are adenine (A) which has an amino group (-NH,), uracil (U),
guanine (G), and cytosine (C) belonging to pyrimidine bases. A and G
are purine bases. U and C are pyrimidine bases.

To determine the specific site of interaction of RNA molecules
with the nanocapsules, the fluorescence of the encapsulated curcumin

with each of the four nitrogen bases was established. As was noted in
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Figure 5(c), only uracil altered the emission intensity of curcumin. This
indicates that uracil was the actual site of interaction between RNA
and the encapsulated curcumin. Therefore, as uracil is the replace-
ment of thymine in DNA molecules and is present in RNA only, this
clarified the selectivity of the formed nanocapsules in the detection of
RNA only.

3.24 |
detection

Selectivity of the biosensor towards RNA

Recently, curcumin was widely used as a biosensor to detect RNA and
DNA. Therefore, the detection of RNA and DNA was carried out in
the same range using 1 uM of curcumin. The results have shown that
the increases in the RNA and DNA concentrations induced the
enhancement of the emission intensity of curcumin. This increase in
the intensity was because curcumin can bind easily to RNA and DNA
molecules.?®! Moreover, a study established by Beshnak and col-
leagues proved the ability of curcumin polymeric nanocapsules to
detect DNA and RNA simultaneously.m Therefore, Cur-DBPC-COL
NCs were tested to detect DNA. Interestingly, the increase in the
DNA concentration did not alter the emission intensity (see
Figure 6a). This was in accordance with the results obtained earlier,
when the formed NCs were not able to detect adenine, thymine, gua-
nine, and cytosine, the different nucleotides that form the DNA.
These data revealed the selectivity of Cur-DBPC-COL NCs to be used

as a nanosensor for the detection of RNA molecules only.

3.2.5 | Selectivity towards interference

Moreover, the evaluation of the selectivity and specificity of DBPC-
Cur-COL nanocapsules toward RNA was achieved by measuring the
fluorescence emission of DBPC-Cur-COL nanocapsules in the presence

of other interference molecules. It is obvious from Figure 6(b)

(a)

Curcumin +DNA
[ DBPC-Cur-COL +DNA
%77 Curcumin + RNA

[ DBPC-Cur-COL +RNA

Nanoprobe

that no significant change in the fluorescence emission intensity
of DBPC-Cur-COL nanocapsule had occurred in the presence of ATP,
CTP, TTP, UTP, GTP, uric acid, creatinine, etc., confirming the stronger
interaction between the DBPC-Cur-COL nanocapsules and RNA

molecules.

3.2.6 | Photostability of DBPC-cur-COL
nanocapsules with or without RNA

The photostability of DBPC-Cur-COL nanocapsules in the absence or
presence of RNA was elaborated and the results are presented in
Figure 7. It was notable that the fluorescence emission intensity ratios
of DBPC-Cur-COL with or without remained stable within 1 h. The
obtained result indicated that the sensor remained fairly stable while

performing the measurements.
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in the absence or presence of RNA

9
(b) B ATr I Liposomal curcumin
] | B urr B2 RNA
B2 crr 2 DNA
U | EE cr /77 Thymine
ok Bz rre 2 Cholesterol
[Z77 Tryptophan
[ Cystine
=5k ¢
Q Il Kreatinine
= 4k [ Uric acid
3
2
1
0

Analyte

FIGURE 6 (a)l/lo of DBPC-cur-COL nanocapsule towards the detection of RNA compared with pure curcumin. (b) 1/l of DBPC-cur-COL
nanocapsule alone and of DBPC-cur-COL nanocapsule with different analogues at C = 500 pg/ml
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TABLE 2 Recovery results of the proposed method
Theoretical concentration (pug/ml)
Unknown 1 8
Unknown 2 60
Unknown 3 150
Unknown 4 400
3.2.7 | Recovery of the method

The examination of the method applicability was carried out by evalu-
ating the analytical recovery of three unknown samples using the
obtained fitted calibration curves. Table 2 summarizes the obtained
results, in which the percentage of recovery of RNA was between
99.5% and 100.33% (n = 3).

4 | CONCLUSION

To conclude, DBPC liposomal curcumin nanocapsules coated with
chitosan were prepared using a thin film method to make a specific
nanosensor for the detection of RNA using fluorescence emission
techniques. The detection of RNA molecules was enabled due to
the presence of direct electrostatic interactions between the phos-
phate groups of the RNA molecules with the amino groups of
chitosan. However, no change in the emission intensity was
observed when using liposomal curcumin, curcumin, or chitosan
alone. The technique used was selective and sensitive towards the
detection of RNA using DBPC-Cur-COL nanocapsules against differ-
ent interference molecules. The recovery of the method was found
to be between 99.5 and 100.33% and the LOD was found to be
36 ng/ml.
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