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1. Introduction

Synthesis and characterization of novel protein
nanodots as drug delivery carriers with an
enhanced biological efficacy of melatonin in breast
cancer cellsT

Kanchan Yadav,? Megha Das,® Nurul Hassan,® Archana Mishra, Jayeeta Lahiszi,ce
Ashutosh Kumar Dubey,” Sanjeev Kumar Yadav® and Avanish Singh Parmar & *2

Melatonin is a potent antioxidant, chemotherapeutic and chemo preventive agent against breast cancer.
However, its short half-life is one of the major limitations in its application as a therapeutic drug. To
overcome this issue, the green-emitting protein nanodot (PND) was synthesized by a one-step
hydrothermal method for loading melatonin. The synthesized pH-7 and pH-2 PND showed a quantum
yield of 22.1% and 14.0%, respectively. The physicochemical characterization of both PNDs showed
similar morphological and functional activities. Furthermore, the biological efficacy of melatonin-loaded
PND (MPND) was evaluated in a breast cancer cell line (MDA-MB-231) for live-cell imaging and
enhanced nano-drug delivery efficacy. Interestingly, the permeability of neutral pH PND in both cell
cytoplasm and nucleus nullifies the limitations of real-time live-cell imaging, and ensures nuclear drug
delivery efficacy. Neutral pH PND showed better cell viability and cytotoxicity as a fluorescence
bioimaging probe compared to acidic PND. The bioavailability and cell cytotoxicity effect of MPND on
MDA-MB-231 breast cancer cells were studied through confocal and migration assay. Results showed
that MPND causes enhanced bioavailability, better cellular uptake, and inhibition of the migration of
breast cancer cells as compared to the drug alone. Besides, the synthesized MPND showed no sign of
fluorescence quenching even at a high concentration of melatonin, making it an ideal nanocarrier for
bioimaging and drug delivery.

natural circadian rhythm-induced breast cancer development is
very common.® Endogenous Mel modulates several signal

Melatonin (N-acetyl-5-methoxytryptamine) (Mel) is an indolic
compound with diverse physiological functions." This natural
compound is produced primarily from the pineal gland of
humans and other mammals, and controls the circadian
rhythm and sleep-wake cycle, growth and development of
different tissues.” Epidemiologic studies revealed that the risk
of cancer development inside the body increases with the
disruption of the natural circadian rhythm, and thus with
endogenous melatonin rhythms.®> In females, the disrupted
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transduction pathways associated with cell survival, migration,
proliferation and apoptosis® by counter-checking the redox
status of cells, and thus acts as the checkpoints of the actions of
several oncostatic factors.*” Moreover, Mel is a potent antioxi-
dant with anti-inflammatory and antitumor properties. Because
of this, it has been used as a therapeutic agent for treating
diverse types of cancers.** A cancer patient on Mel medication
takes Mel into the body frequently due to its high oxidation
affinity, short half-life (~35-50 min) and slow dissolution
properties. Mel gets metabolized easily, and is quickly elimi-
nated from the patient’'s body."*® Mel conjugated with nano-
carriers gets released slowly over a longer period, thereby
reducing the dosage and improving its bioavailability to cancer
cells.””** The different kinds of nanocarriers (such as chitosan—
tripolyphosphate nanoparticles, polyethylene glycol micro-
spheres (PEG), PLGA nanoparticles, gold nanoparticles (AuNPs),
and others) have been used for the oral, intravenous and
transdermal application of Mel.****?* The limitations of previ-
ously reported nanocarriers include their multistep synthesis
process, large size, higher cost of production, difficulty in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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scaling up, unexpected changes in pharmacokinetic behavior,
toxic side products, accumulation in the body, heterogeneous
phenomenon, poor drug loading and high burst release rate of
the drug, among others.”>*°

In recent years, fluorescent nanomaterials are high in
demand for basic and industrial research due to their potential
applications in the fields of bioimaging, sensing and drug
delivery.*** Several materials and methods have been used to
synthesize fluorescent nanomaterials.>**” For last two decades,
carbon quantum dots (CQDs) have been explored as a fluores-
cent material for different applications.**?*’ However, toxic heavy
metals (e.g., cadmium, lead) are involved in the synthesis
process of carbon quantum dots, which limits their widespread
use in in vivo biological applications.***' Major concerns with
present fluorescent materials are their size, low quantum yield,
the generation of chemical waste, multi-step process and bio
compatibility.** These concerns have restricted the widescale
biological application of available fluorescent materials espe-
cially in vivo, which has fueled the search for alternative
nontoxic and environment-friendly nanoparticles for bioimag-
ing and drug delivery.*

As an alternative, fluorescent nanodots synthesized from
bio-molecules (such as DNA, nucleotides, and carbohydrates)
have received increased interest due to their characteristics, like
excellent biocompatibility, facile synthesis method, water
solubility, high photostability, low cost, and higher life-
time.***® In particular, based on their robust and tunable
photoluminescence properties, nanodots are effectively
employed in biomedical applications. Due to their beneficial
aspect and an enormous range of applications, there is
a necessity to devise efficient and simple routes for synthesizing
other fluorescent nanodots of biological origin to improve their
biological applications in in vivo conditions.

In the present study, biocompatible green-emitting protein
nanodots (PNDs) having robust and tunable photo-
luminescence properties were synthesized from a common
model protein lysozyme by a one-step hydrothermal method.
The synthesis of PNDs as a drug carrier was optimized and
used as a novel nanodelivery system for melatonin in breast
cancer cells. They also enhanced the efficacy of the drug
melatonin by a slow, sustained release in breast cancer cells.
Furthermore, it has been exploited as bioimaging tools even at
higher concentrations of melatonin, as no fluorescence
quenching was observed. This makes it an ideal candidate for
drug delivery and as a bioimaging tool in the biomedical field
for in vivo study.

2. Materials and methods

2.1. Materials

Lysozyme (chicken egg white, lyophilized powder, single-chain
14 kDa with isoelectric point of 11.35), melatonin, glycine,
hydrochloric acid, sodium dihydrogen phosphate, disodium
hydrogen phosphate and sodium chloride were purchased from
Sigma-Aldrich. All chemicals utilized were of analytical grade,
and used without modifications.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.2. Synthesis of PNDs and MPNDs

The synthesis of the PNDs was carried out via hydrothermal
method.*”** The homogenous solutions of lysozyme
(40 mg ml™") were prepared at two different pH values (pH-2
and pH-7 buffer were prepared using glycine-HCI buffer and
Sorensen's phosphate buffer, respectively). The prepared solu-
tions were transferred to a 200 ml Teflon cylinder with a steel
autoclave, and heated for hydrothermal reaction at 200 °C for 15
hours. Furthermore, the solutions were cooled down and
centrifuged at 10k rpm for 10 min. The supernatant was
collected and filtered using the syringe filters (Axiva, 0.2 um
cutoff) to get the homogenous particle size. The filtered solution
was collected and stored at room temperature for further
studies. For in vitro study, MPND was prepared by adding a Mel
working concentration (0.84 mM) to the PND working concen-
tration (20 mg ml ") at room temperature, and mixed vigorously
by pipetting. The solution was incubated at room temperature
for 1 h before in vitro administration.

2.3. Characterization of PNDs

The synthesized PNDs were thoroughly characterized. UV-Vis
and photoluminescence measurements were carried out using
an Eppendorf Biospectrometer and Fluorolog (Horiba), respec-
tively. Fourier transform infrared (FT-IR) spectroscopy was
performed over the wavenumber region of 500-4000 cm ™" with
the resolution of 4 cm ™" using the Thermo Scientific Nicolet iD7
spectrometer. The transmission electron microscopy (TEM)
image was obtained using a TECNAI-T-20 (FEI instrument) at
200 kV accelerating voltage. The zeta potential was measured by
the Lite sizer 500 Anton Paar. Time-resolved fluorescence decay
curves were obtained using a Horiba Jobin Yvon single-photon
counting system with a 375 nm diode at a 1 MHz repetition rate
and 1.3 ns pulse width. A Nikon LV100ND fluorescence micro-
scope and Carl Zeiss 780 LSM laser scanning confocal micros-
copy system (Germany) were used for fluorescence microscopy.
X-ray photoelectron spectroscopy was recorded using K-Alpha,
Thermo Fisher Scientific equipped with a monochromatic Al
Ko micro-focused X-ray source (100-4000 eV). The energy reso-
lution was set at 0.1 eV at a pass energy of 1486.4 eV. The XPS
spectra were analyzed using CASA XPS software. The back-
ground was first fitted with Shirley function and subtracted, and
then the XPS peak was fitted with Gaussian Lorentzian line-
shape functions.

The relative quantum yield of PNDs was evaluated with
respect to quinine sulphate (Sigma Aldrich India, Ltd.). A
standard curve was plotted between the integrated fluorescence
intensity values with respect to the absorbance (<0.1) for
different quinine sulphate (QS) solution concentrations
prepared in 0.1 M H,SO,. A similar procedure was also followed
for the PNDs suspension with deionized water acting as dilu-
ents. The slope, obtained from the linear fit standard curves,
was used to calculate the quantum yield using eqn (1).

Grad, y 72
Grady, g2

&, = Py X

(1)
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&, = quantum yield of CQD, &y = quantum yield of standard,
Grad, = gradient of curve plotted for CQD, Grady, = gradient of
curve plotted for standard, n, = refractive index of the solvent
used for preparing the CQD solution, 7, = refractive index of
the solvent used for preparing the QS standard.

The quantum yield of QS has been estimated to be 0.54 in
H,SO, solution. The refractive index for 0.1 M H,SO, was taken
to be the same as that for DI water.

2.4. Cell culture

The human MG63 and MDA-MB-231 cancer cell lines were
procured from the National Centre for Cell Science (NCCS)
Pune, and cultured in Dulbecco's Modified Eagle Medium
(DMEM) (High Glucose) with 10% FBS, 0.1 mM Minimum
Essential Medium (MEM) Non-Essential Amino Acid (NEAA),
1% penicillin-streptomycin and 2 mM r-glutamine, as supple-
ments. Cells were grown in T25 flasks with vented caps (Genetix)
in a humidified atmosphere (Thermo Scientific, Heracellvios
160i) at 37 °C with 5% CO,. No contamination was observed in
the cell line used for the experiments.

2.5. Cell viability assay

The cytotoxicity of the PNDs was determined by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay in MG63 cells. MG63 cells were cultured in flat bottomed
96-well plates (Genetix) at 10* cells per well for 24 h before the
treatment. Cells were treated with complete media containing
10% FBS. To find the physiological dose at which the PNDs
could be further used for bioimaging and drug delivery, the cells
were plated into five groups (control and different dosages of
PNDs, i.e., 2 mg/100 pl, 4 mg/100 pl, 10 mg/100 pl and 20 mg/
100 pl) for 24 h.

To determine the working dosage of Mel in the breast cancer
studies, we performed a dose-dependent study with six different
concentrations (0.1-1 mM) of Mel in MDA-MB-231 cells.*® After
the incubation time, the MTT assay was performed according to
standard protocol.*>** The cytotoxicity was measured by deter-
mining the change of color formed due to formazan from 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide salt.
The absorbance of the colored medium was measured at
595 nm using a microplate reader (instrument), and the percent
viability was calculated by taking the viability of the control cells
as 100%.

To evaluate the cytotoxic effect of Mel alone and MPNDs on
the cell proliferation, the MTT assay was performed in MDA-
MB-231 cells by treating with Mel and MPNDs, along with no
treated control group after an incubation period of 24 h, 48 h
and 72 h.

2.6. Cell migration assay

The cell migration capability was evaluated by wound closure
assay. MDA-MB-231cells were seeded into 6 well plates for 24 h,
and a vertical wound was made down through the cell mono-
layer using a 200 pl sterile micro tip by pressing firmly against
the top of each well. The culture media containing cell debris
from each well was removed gently without disturbing the cells,
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and treated with the derived concentration. In the control
group, only complete DMEM media was added. Images were
taken at an interval of 2 h, starting from the treatment time (0 h)
up to 6 h. The quantitative analysis of the collective cell
migration assay was performed by measuring the wound
closure area using the following formula:

Wound closure% =[(4, =0h — 4, = Ah)/A, = 0 h] x 100%

A; = 0 h is the area of the wound measured immediately after
scratching (¢ = 0 h), and A, = A% is the area of the wound
measured at 4 hours after the scratch is performed.*

2.7. Cellular uptake studies

One day prior to treatment, MG63 and MDA-MB-231 cells were
seeded at 6 x 10° cells per well on the cover slides, which are
placed in the 24 well culture plate. The MG63 cells were then
treated with 20 mg of pH-2 PNDs and pH-7 PNDs for 24 h at
37 °C. Subsequently, the MDA-MB-231 cells were treated with
Mel and Mel-loaded pH-7 PNDs for 24 h at 37 °C. At 1 : 5000
concentration of DAPI, nuclear stain was added to the cells after
24 h of treatment. Finally, the images were captured by the
fluorescence microscope and confocal microscopy system.

2.8. Statistical analysis

All statistical analyses were performed with a one-way analysis
of variance (ANOVA) test and the results are represented as the
mean =+ SEM.

3. Results and discussion

3.1. Synthesis and characterization of the synthesized PNDs

To synthesize a novel drug delivery carrier with enhanced bio-
logical efficacy, protein nanodots were synthesized using
a common model protein lysozyme. We demonstrate that these
PNDs have excellent fluorescent property, and are biocompat-
ible. In addition, the presence of different functional groups
makes them an ideal candidate for biomaging and as a drug
delivery carrier. The overall synthesis process and mechanism
of formation of PNDs are schematically presented in Fig. 1.
Above the melting temperature, the native structure of the
protein deforms, leading to the formation of the small peptide
strands. A further increase in temperature starts to break the
peptide strands in the carbonaceous core nanostructure form
with a functional activity via self-assembly.** A previous report
suggested that the temperature and the time duration in the
hydrothermal technique play a significant role in the formation
of the nanodots by controlling the particle size, which further
enhances photoluminescence.**** For lower temperatures and
short duration of heating, the organic molecule may not
undergo appreciable carbonization of the material to produce
fluorescence.> So, we synthesized our PNDs at high tempera-
ture (200 °C) and longer duration (15 h). Above 70 °C, lysozyme
completely melt at all pH ranges, but the conformation of the
folded protein does depend on the pH value.*® To understand
the effect of the conformation of the folded protein on the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic presentation of the synthesis of PNDs using the hydrothermal method.

properties of the synthesized PNDs, the PNDs were synthesized
at two different pH values (pH-2 and pH-7). During the hydro-
thermal process, native proteins at both pH values were heated
at 200 °C for 15 h in order to disrupt the non-covalent bonds
responsible for stabilizing the lysozyme. These PNDs were then
extensively characterized using spectroscopic, optical and
microscopic techniques.

The UV-Vis absorbance spectrum reveals the maximum
absorption in the UV-blue region with two prominent absor-
bance peaks at 275 nm and 330 nm (Fig. 2a). The absorbance at
275 nm is ascribed to the m-1t* electronic transition of C=C
and the n-m* electronic transition of C=0 present on the PNDs
surface.®®®” The broad absorption extending between 330-
350 nm is due to the presence of excited states of the functional
groups on the surface.”®* One of the most remarkable charac-
teristics of PNDs is their intrinsic photoluminescence property,
which has an excitation-dependent fluorescence spectrum with
maximum fluorescence intensity found when excited at 340 nm
(Fig. 2b). The wavelength-dependent emission in the nanodots
can be attributed to the non-uniform size distribution of the
PNDs and the presence of various surface functional groups,
like carboxyl, hydroxyl and other oxygen species. Using eqn (1),
the relative quantum yield of PNDs was calculated. It was found
to be ~14% using quinine sulfate as a reference in 0.1 M

(b)

H,S0,.%° The fluorescence lifetime of PNDs at room tempera-
ture was measured with an average lifetime of 2.77 ns by fitting
with a R* value of 0.995 (Fig. 2c), where 7, = 2.23 ns and 7, =
5.94 ns were obtained. The multiexponential emission decay
may arise from the rapid band gap transitions between different
discrete states, or may also indicate the fast radiative recombi-
nation of multiple exciton species contributed by carboxyl,
hydroxyl and other oxygen species.** It has been reported that
the higher doping of nitrogen in nanodots usually leads to
a longer lifetime.** A larger life time at the excited energy level
makes PNDs an excellent material for cell imaging and
fluorescent-dependent sensing.

XPS and FTIR studies were conducted to gain information
about the chemical composition and functional groups on the
surface of PNDs. The bands at 3418 cm™ ' and 3186 cm™" are
due to the stretching vibrations of the O-H bond of the phenolic
group and N-H bond of the amine (-NH,) group, respectively
(Fig. 3a). The presence of a large number of O-H and N-H
groups lends to the hydrophilicity to PNDs. The broad peak in
the range of 1500-1700 cm ' is composed of the stretching
vibration of the C=C bonds, C=N bonds and N-H bond of the
amine groups. The presence of the graphitic nitrogen bonded to
three carbon atoms (C=N) is indicative of the nitrogen doping
of the carbon core of PNDs. The peaks at around 1404 cm ' and

(c)
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Fig. 2 Optical characterization of PNDs: (a) UV-Vis absorption and emission spectra (Aex = 340 nm) of an aqueous dispersion of PNDs. (b)
Excitation wavelength-dependent emission of PNDs. (c) Time-resolved PL decay curves of PND (Aem = 435 hm).
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Fig. 3 Spectroscopic characterization of PNDs: (a) FTIR spectrum of PND. (b) XPS survey spectrum. (c—e) High-resolution XPS spectra of Cls,
N1s and Ols. The XPS peaks have been deconvoluted into several components.

1109 cm™ ' are the stretching vibration of the C=0 bond

carboxylic groups and C-O bonds.** The characteristic amide I
(stretching of C=0) and amide II band (bending of the N-H
and stretching of the C-N group) of the protein is not observed
at all, indicating that all of the lysozyme has decomposed to
form nanodots. The XPS survey scan of the PNDs shows that the
PNDs are mainly composed of carbon, oxygen and nitrogen
(Fig. 3b). The high-resolution Ci1s (Fig. 3c) spectra has been
deconvoluted into three components, corresponding to the

_(b)

C=0 group (288 eV), C-N group (286 eV) and C-C (284.8 eV).
The N1s spectrum (Fig. 3d) has been fitted with two peaks at
399.6 and 400.3 eV, which are assigned to the N-C and N=C
groups, respectively. The high resolution O1s (Fig. 3e) spectrum
contains a peak at 531 eV & 531.6 eV due to the presence of the
O-H and C=0 groups, respectively. The higher percentage of
nitrogen than oxygen in the PND surface leads to the high
fluorescence intensity at very low concentration in aqueous
solution. Both XPS and FTIR measurements show that there are

(c)
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Fig. 4
dependent cell viability of PND for 24 h.
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Fig.5 Confocalimages of the breast cancer cell control (al-a4), and treated with pH-7 PNDs (20 mg ml™%: (b1-b4)), only Mel (0.84 mM: (c1-c4))
and Mel-pH-7 PNDs (MPNDs) (0.04 mM + 20 mg ml™ pH-7 PNDs: (d1-d4)).

oxygen-containing functional groups and nitrogen-containing
amino group present. PNDs synthesized at pH-2 showed
a similar pattern (Fig. S2-S51), which suggests that both PNDs
have similar physical properties and functional groups.
However, the differences in the ratio of the functional groups
present on the surface and defects are possible reasons for the
different maximum excitation wavelengths.

Transmission electron microscopy (TEM) was employed to
estimate the size and morphology of the PNDs. The PND
diameter lay within the range of 3-5 nm with an average
diameter of around 3.5 nm (Fig. 4a). The zeta potential
measurement of the synthesized PNDs at pH-2 and pH-7
showed that PNDs possess a negative surface zeta potential of
—17.4 mV and —12.5 mV, respectively (Fig. 4b), showing the
stability of PNDs in solution owing to the electrostatic repulsion
between the individual PNDs.*

3.2. Invitro cell cytotoxicity study of PNDs

The physical characterization of the PNDs suggested that it is
a good fluorescence carrier for bioimaging. On the other hand,
the presence of a wide range of functional groups on its surface
makes it an efficient nanocarrier with higher drug loading
efficiency. To be an efficient drug carrier for biological appli-
cations, the PNDs should be biocompatible with no/minimal
cellular toxicity. We first studied whether the PNDs of both

© 2021 The Author(s). Published by the Royal Society of Chemistry

pH values (pH-2 and pH-7) are non-toxic to the cells using MTT
assay. At pH = 2, the MTT assay for different concentrations of
PNDs showed cell death (3-21%) in MG63 at all studied
concentrations (Fig. S4af). One of the possible reasons could be
that the cell has a low survival rate at acidic pH. On the contrary,
when we analyzed the cytotoxicity of pH-2 PNDs in a pH-7 buffer
solution, the cells showed 99% survival (Fig. S4at). This shows
the importance of the pH in the cell cytotoxicity study. At
physiological pH (pH-7.4), the cells are more viable. In a similar
way, we analyzed the toxicity of pH-7 PNDs using different
concentrations (Fig. 4c), and the result showed only 3-0.6% cell
death, which was very low as compared to the pH-2 PNDs. Thus,
we can say that the PNDs synthesized at pH-7 are less cytotoxic.

3.3. PNDs as a fluorescent tool for bioimaging studies

In recent years, the nucleus has been considered as a diagnostic
biomarker for the pre-monitoring of diseases, like cancer, and
in cellular stress conditions due to changes in its morphology,
like nuclear fragmentation, nuclear blebbing and nuclear size.*®
PNDs (pH-2 and pH-7) confirmed its permeability through
confocal imaging in both cytoplasm and nucleus, and thus
enhanced the possibility of nuclear drug delivery applications
(Fig. 5(b1-b4)). We also studied the intensity level of the fluo-
rescence of both PNDs using different concentrations. The
results showed high fluorescence at 20 mg ml~" concentration

RSC Adv, 2021, 11, 9076-9085 | 9081


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra08959a

Open Access Article. Published on 01 March 2021. Downloaded on 1/14/2026 7:29:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
(a) (b)
1 2.5x108
e Absorbance
=== Emission at 280nm 100+
- 0.8 4 L 2x10¢ °\°
= —_ ]
\“i 5 8 80
D 0.6+ L 6 @ S
3 6 1.5x10 =8
s £ E 604
'E 0.4 4 L 1x108 2 E
o x o 0
@ € S 40
Qo - @©
< (5. L 5 .
0.2 5x10 =
204 3445
0 r - - - - . 0 v v T o T u
250 300 350 400 450 500 550 4000 3500 3000 2500 2000 1500 1000 500
Wavelength(nm) Wavenumber(cm-1)
(c) (d)
——pH-7 PND p
4x10°+ e = b *
Mel conc. = 5ul *%
~~ = *%
S 5 > *%
© 3x10°4 =
= 35l 2
- = 0.6+
= *
c  2x10°+ %
g 3 044
= S
1x10° 1 0.2
0 T 7 T ey 0-
350 400 450 500 550 600 650 Control 0.1 0.2 0.4 0.6 0.8 1

Wavelength (nm)

Fig. 6

Mel Conc.(mM)

(@) UV-Vis and emission spectra of melatonin (emission spectra was measured with excitation wavelength), (b) FTIR spectrum of pH-7

PNDs and Mel-pH-7 PNDs (MPNDs), and (c) emission spectra of Mel-pH-7 PNDs (MPNDs) at increasing concentration of Mel, (d) cell viability

study of dose-dependent Mel for 24 h.

in both pH-2 and pH-7 PNDs, whereas at 4 mg ml™" (low)
concentration, the pH-2 PNDs showed no florescence from the
cells. In contrast, the pH-7 PNDs still showed minimum
florescence (Fig. S5(a1-a4), (b1-b4), (c1-c4) and S6(al-a4), (b1-
b4), (c1-c4)).t Therefore, for further studies, the pH-7 PNDs
were used at 20 mg ml~" concentration as a fluorescent nano-
carrier for the bioimaging and drug delivery of Mel (Fig. 5(d1-
da)).

3.4. Physical characterization of Mel-loaded PNDs (MPNDs)

The optical characterization of Mel shows an absorbance peak
at 275 nm. The excitation and emission spectra showed that
both excitation wavelengths (260 nm and 313 nm) correspond
to the same emission range with a peak position at 356 nm
(Fig. 6a). The pH-7 PND and Mel conjugate (MPNDs) are stable
in the water suspension for several months without a change in
their optical properties. By analyzing the absorbance peak of
Mel and the emission peak of PNDs, we can conclude that no
fluorescence resonance energy transfer (FRET) phenomenon is
happening between PND and Mel.** The FTIR spectrum of
a pure MEL standard showed major peaks of functional groups
at 3306 and 3260 cm™ ' (N-H bending and C-N stretching), 1492
and 1550 cm™ ' (aromatic -C=), 1630 cm ™' (C=0), 1180 and
1217 em™ ' (-C-0), and the complex formed with PNDs showed

9082 | RSC Adv, 2021, 1, 9076-9085

a small shift in the peak positions (Fig. 6b).>* The FTIR study
shows that the functional groups present on the PNDs surface,
mainly double bonds (C=0, C=C and phenolic groups), can
interact with the aromatic ring of Mel with dipole-induced
dipole forces and form a complex, which can facilitate charge
transfer from the donor to acceptor. The complex shows
a higher increase in the fluorescence intensity at very low
concentration of Mel, and as we increase the concentration of
Mel in the system, the intense fluorescence remains constant
(Fig. 6¢). The Mel interaction with the PNDs provides new states
and defects for the charge transfer, and enhance the photo-
luminescence intensity.**** The UV and PL analysis of the
complex shows that PNDs can be a very good carrier for the
bioimaging and drug delivery of Mel for further in vitro studies.

3.5. Studying the therapeutic bio-efficacy of Mel-loaded
PNDs (MPNDs)

In order to study and understand the biological efficiency of
MPNDs for breast cancer treatment, we first measured the ICs,
of the Mel drug alone in MDA-MB231 cells, which was 0.84 mM,
and this concentration was further used for all drug treatments
in the present study. Mel was then loaded in PNDs, and MPNDs
were prepared at 0.84 mM concentration (Fig. 6d). The ICs,
values of Mel has been shown in the parabolic and linear graphs

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Cell proliferation analysis with Mel and MPNDs by MTT assay. ** showed the significance level of p < 0.001 between the control and
Mel, whereas ## showed the significance level of p < 0.001 between Mel and MPND. (b) Cell migration study with Mel (b1-b4) and MPNDs (c1-
c4). (c) Histogram showing the wound closure% within the group comparison. * denotes the significant changes between the control and
MPNDs groups; # denotes the significant changes between the control and Mel groups, and @ denotes the significant changes between Mel and

MPNDs groups.

in Fig. S4(b and c),} respectively. MDA-MB231 cells were treated
with Mel and MPNDs separately, and incubated for 24 h. The

physical characterization of

fluorescence at the cellular level; thus, the cells treated by Mel
only showed no fluorescence (Fig. 5(c1-c4)). On the other hand,

Mel showed negligible self-

© 2021 The Author(s). Published by the Royal Society of Chemistry

PNDs and MPNDs allowed for the visualization of morpholog-
ical changes after treatment in confocal imaging (Fig. 5(d1-d4)).
The cell proliferation analysis via MTT assays after 24 h, 48 h
and 72 h incubations with Mel only and MPNDs separately
showed a significant decrease in the cellular mortality in both

RSC Adv, 2021, 11, 9076-9085 | 9083
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groups for up to 48 h of treatment when compared to the
control and ‘only PND’ treated cells. Interestingly, after 72 h of
treatment, the Mel-treated cells showed less cell mortality
(31.33%), whereas the MPNDs still showed high cell mortality
(61.53%). From these results, we may conclude that the MPNDs
might have helped in the slow release of the drug, making it
more effective for a longer period of time, ie., 72 h (Fig. 7a).
Various nano-carriers have already been reported for the effec-
tive drug delivery of Mel in cancer therapies. The majority of
them possess self-toxicity towards the cancer cells, which
enhances the mortality efficacy of Mel in in vitro cancer treat-
ment with time.*** However, this self-toxicity of the nano
carriers is also capable of harming other parts of the body, aside
from cancerous cells. Importantly, our synthesized PND was
non-toxic. Thus, the retained cell mortality of the MDA-MB231
cells for at least 72 h was totally due to the slow release of the
drug Mel from MPND.

Cell migration is involved in several pathological processes,
such as tumor invasion, neoangiogenesis and metastasis. To
study the efficacy of MPND as compared to Mel alone on cell
migration, we performed the in vitro wound healing assay. We
found that the breast cancer cell migration becomes slower with
Mel treatment, and also cell death was observed from the
wound site at the time interval of 4 h and 6 h in comparison to
the control cells. In comparison with only Mel treatment, the
MPNDs-treated cells showed no cell migration at the time
interval of 2 h and 4 h, and very small cellular progression
towards the wound at 6 h was observed. Simultaneously, the
higher cell death was also observed in the MPNDs-treated cells
at the wound sites at 2 h, 4 h and 6 h (Fig. 7b and c). These
results support the previous views of melatonin in breast cancer
treatment with the added benefit that MPNDs lowers the limi-
tation of the half-life of Mel, which enhances the efficiency of
Mel in lowering the cell proliferation and cell migration.®”**

4. Conclusion

In the present study, we have reported an efficient, simple and
cost-effective method for the synthesis of protein nanodots
(PNDs) at two different pH values using lysozyme as a protein
source. The synthesized PNDs were thoroughly characterized
using TEM, FTIR, UV-Vis, and XPS for morphological and
chemical analysis. Further, the synthesized PNDs were used as
a carrier for the loading of melatonin, and the synthesized
MPNDs nano drug delivery system was characterized. They
showed remarkable aqueous stability and photoluminescence
property. The application of developed MPNDs was studied on
breast cancer cells. MPNDS showed higher cellular uptake,
more cytotoxicity and invasion properties compared to free
melatonin. Thus, a novel nano drug delivery system for the
melatonin breast cancer cell was successfully synthesized and
applied as an efficient bioimaging and drug delivery system.

Conflicts of interest

There are no conflicts to declare.

9084 | RSC Adv, 2021, 11, 9076-9085

View Article Online

Paper

Acknowledgements

The authors would like to thank the Department of Science and
Technology (SERB), India—CRG/2019/000903 (Core Research
Grant) & SB/S2/RJN-140/2014 (Ramanujan Fellowship Award)
for the financial support of this study.

References

1 G. Benitez-King, J. Pineal Res., 2006, 40, 1-9.

2 S. M. Hill, D. E. Blask, S. Xiang, L. Yuan, L. Mao,
R. T. Dauchy, E. M. Dauchy, T. Frasch and T. Duplesis, J.
Mammary Gland Biol. Neoplasia, 2011, 16, 235-245.

3 D. E. Blask, R. T. Dauchy and L. A. Sauer, Endocrine, 2005, 27,
179-188.

4 L. Tamarkin, D. Danforth, A. Lichter, E. DeMoss, M. Cohen,
B. Chabner and M. Lippman, Science, 1982, 216, 1003-1005.

5 J. Wang, X. Xiao, Y. Zhang, D. Shi, W. Chen, L. Fu, L. Liu,
F. Xie, T. Kang, W. Huang, et al, J. Pineal Res., 2012, 53,
77-90.

6 R. ]J. Reiter, S. D. Paredes, L. C. Manchester and D. X. Tan,
Crit. Rev. Biochem. Mol. Biol., 2009, 44, 175-200.

7 X. Yuan, B. Li, H. Li and R. Xiu, J. Pineal Res., 2011, 51, 220-
225.

8 S. G. Grant, M. A. Melan, J. J. Latimer and P. A. Witt-Enderby,
Expert Rev. Mol. Med., 2009, 11, e5.

9 A. Dominguez-Rodriguez and P. Abreu-Gonzalez, Int. J.
Cardiol., 2011, 149, 382.

10 F.]J. Padillo, J. F. Ruiz-Rabelo, A. Cruz, M. D. Perea, 1. Tasset,
P. Montilla, I. Tanez and J. Muntané, J. Pineal Res., 2010, 49,
264-270.

11 V. Srinivasan, D. W. Spence, S. R. Pandi-Perumal, I. Trakht
and D. P. Cardinali, Integr. Cancer Ther., 2008, 7, 189-203.

12 A. Korkmaz, R. J. Reiter, T. Topal, L. C. Manchester, S. Oter
and D. X. Tan, Mol. Med., 2009, 15, 43-50.

13 A. Galano, D. X. Tan and R. ]J. Reiter, J. Pineal Res., 2011, 51,
1-16.

14 D. Bonnefont-Rousselot, F. Collin, D. Jore and M. Gardes-
Albert, J. Pineal Res., 2011, 50, 328-335.

15 R. J. Reiter, D. -X. Tan, B. Poeggeler, A. Menendez-Pelaez,
L. -D. Chen and S. Saarela, Ann. N. Y. Acad. Sci., 1994, 719,
1-12.

16 B. Poeggeler, S. Saarela, R. J. Reiter, D. -X. Tan, L.-D. Chen,
L. C. Manchester and L. R. Barlow-Walden, Ann. N. Y.
Acad. Sci., 1994, 738, 419-420.

17 H.J. Um, J. W. Park and T. K. Kwon, J. Pineal Res., 2011, 50,
359-366.

18 S. Proietti, A. Cucina, F. D'Anselmi, S. Dinicola,
A. Pasqualato, E. Lisi and M. Bizzarri, J. Pineal Res., 2011,
50, 150-158.

19 M. Shokrzadeh and N. Ghassemi-Barghi, Pharmacology,
2018, 102, 74-80.

20 M. Mirhoseini, Z. Rezanejad Gatabi, M. Saeedi, K. Morteza-
Semnani, F. Talebpour Amiri, H. R. Kelidari and
A. A. Karimpour Malekshah, Res. Pharm. Sci., 2019, 14,
201-208.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra08959a

Open Access Article. Published on 01 March 2021. Downloaded on 1/14/2026 7:29:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

21 C. D. C. P. Hara, A. C. Honorio-Franca, D. L. G. Fagundes,
P. C. L. Guimaraes and E. L. Franca, J. Nanomater., 2013,
2013, 1-8.

22 S. Kumar Yadav, A. Kumar Srivastava, A. Dev, B. Kaundal,
S. Roy Choudhury and S. Karmakar, Nanotechnology, 2017,
28, 365102.

23 N. S. Rosli, A. A. Rahman, A. A. Aziz, S. Shamsuddin and
N. S. Zakaria, Solid State Phenom., 2017, 254-258.

24 L. G. Martins, N. M. khalil and R. M. Mainardes, Curr. Drug
Delivery, 2018, 15, 554-563.

25 S. K. Yadav, A. K. Srivastava, A. Dev, B. Kaundal,
S. R. Choudhury and S. Karmakar, Nanotechnology, 2017,
28, 365102.

26 F. S. T. Mirakabad, K. Nejati-Koshki, A. Akbarzadeh,
M. R. Yamchi, M. Milani, N. Zarghami, V. Zeighamian,
A. Rahimzadeh, S. Alimohammadi, Y. Hanifehpour, et al,
Asian Pac. J. Cancer Prev., 2014, 15, 517-535.

27 J. P. Rao and K. E. Geckeler, Prog. Polym. Sci., 2011, 36, 887—
913.

28 F. Danhier, O. Feron and V. Préat, J. Controlled Release, 2010,
148, 135-146.

29 S. Sharma, A. Parmar, S. Kori and R. Sandhir, TrAC, Trends
Anal. Chem., 2016, 80, 30-40.

30 K. Knop, R. Hoogenboom, D. Fischer and U. S. Schubert,
Angew. Chem., Int. Ed., 2010, 49, 6288-6308.

31 O. S. Wolfbeis, Chem. Soc. Rev., 2015, 44, 4743-4768.

32 J. Zuo, T. Jiang, X. Zhao, X. Xiong, S. Xiao and Z. Zhu, J.
Nanomater., 2015, 2015, 1-13.

33 V. Caponetti, J. W. Trzcinski, A. Cantelli, R. Tavano,
E. Papini, F. Mancin and M. Montalti, Front. Chem., 2019,
7, 168.

34 D. Shukla, F. P. Pandey, P. Kumari, N. Basu, M. K. Tiwari,
J. Lahiri, R. N. Kharwar and A. S. Parmar, ChemistrySelect,
2019, 4, 4839-4847.

35 P. Reineck and B. C. Gibson, Adv. Opt. Mater., 2017, 5,
1600446.

36 S. Pramanik, S. Chatterjee, G. Suresh Kumar and P. Sujatha
Devi, Phys. Chem. Chem. Phys., 2018, 20, 20476-20488.

37 T. T. Olmez, E. Yuca, E. Eyupoglu, H. B. Catalak, O. Sahin
and U. O. S. Seker, ACS Omega, 2018, 3, 585-594.

38 T. S. Atabaev, Nanomaterials, 2018, 8(5), 342.

39 Y. Dong, R. Wang, H. Li, J. Shao, Y. Chi, X. Lin and G. Chen,
Carbon, 2012, 50, 2810-2815.

40 A. L. Robson, P. C. Dastoor, ]J. Flynn, W. Palmer, A. Martin,
D. W. Smith, A. Woldu and S. Hua, Front. Pharmacol.,
2018, 9, 80.

41 A. M. Derfus, W. C. W. Chan and S. N. Bhatia, Nano Lett.,
2004, 4, 11-18.

42 E. C. Jensen, Anat. Rec. Adv. Integr. Anat. Evolut. Biol., 2012,
295, 2031-2036.

43 D. Shukla, M. Das, D. Kasade, M. Pandey, A. K. Dubey,
S. K. Yadav and A. S. Parmar, Chemosphere, 2020, 248,
125998.

44 C. X. Guo, J. Xie, B. Wang, X. Zheng, H. Bin Yang and
C. M. Li, Sci. Rep., 2013, 3, 2957.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

45 A. Jha, M. K. Viswanadh, A. S. Burande, A. K. Mehata,
S. Poddar, K. Yadav, S. K. Mahto, A. S. Parmar and
M. S. Muthu, Int. J. Biol. Macromol., 2020, 150, 413-425.

46 H. Liu, Y. Sun, Z. Li, J. Yang, A. A. Aryee, L. Qu, D. Du and
Y. Lin, Nanoscale, 2019, 11, 8458-8463.

47 R. Rangel, J. A. Cortes, J. Lara, P. Quintana, J. J. Alvarado-Gil
and O. Contreras, Nano, 2015, 10(3), 1550046.

48 D. Shukla, S. Bose, S. P. Choudhury, V. K. Sharma, M. Das,
S. Sabbarwal, S. K. Yadav, M. Kumar and A. S. Parmar,
ChemistrySelect, 2019, 4, 13677-13688.

49 Y. 1i, S. Li, Y. Zhou, X. Meng, J. J. Zhang, D. P. Xu and H. Bin
Li, Oncotarget, 2017, 8, 39896-39921.

50 C. R. Justus, N. Leffler, M. Ruiz-Echevarria and L. V. Yang, /.
Visualized Exp., 2014, 88, €51046.

51 X.Hu, C. Dong, R. Su, Q. Xu and C. Z. Dinu, Sci. Rep., 2016, 6,
1-13.

52 A. D. Ozkan, A. B. Tekinay, M. O. Guler and E. D. Tekin, RSC
Adv., 2016, 6, 104201-104214.

53 S. Sarkar, D. Banerjee, U. K. Ghorai, N. S. Das and
K. K. Chattopadhyay, J. Lumin., 2016, 178, 314-323.

54 S.-H. Song, M. Jang, H. Yoon, Y.-H. Cho, S. Jeon and
B.-H. Kim, RSC Adv., 2016, 6, 97990-97994.

55 T. J. Su, J. R. Lu, R. K. Thomas, Z. F. Cui and ]. Penfold,
Langmuir, 1998, 14, 438-445.

56 M. J. Deka, P. Dutta, S. Sarma, O. K. Medhi, N. C. Talukdar
and D. Chowdhury, Heliyon, 2019, 5, €01985.

57 V. N. Mehta, S. Jha, H. Basu, R. K. Singhal and S. K. Kailasa,
Sens. Actuators, B, 2015, 213, 434-443.

58 J. Zhou, Z. Sheng, H. Han, M. Zou and C. Li, Mater. Lett.,
2012, 66, 222-224.

59 S. C. Hess, F. A. Permatasari, H. Fukazawa, E. M. Schneider,
R. Balgis, T. Ogi, K. Okuyama and W. J. Stark, J. Mater. Chem.
A, 2017, 5, 5187-5194.

60 V. Ramanan, S. K. Thiyagarajan, K. Raji, R. Suresh, R. Sekar
and P. Ramamurthy, ACS Sustainable Chem. Eng., 2016, 4,
4724-4731.

61 Y. Xu, M. Wu, Y. Liu, X. Z. Feng, X. B. Yin, X. W. He and
Y. K. Zhang, Chem.-Eur. J., 2013, 19, 2276-2283.

62 D. Bhattacharya, M. K. Mishra and G. De, J. Phys. Chem. C,
2017, 121, 28106-28116.

63 A. S. Parmar and M. Muschol, Biophys. J., 2009, 97, 590-598.

64 T. Yamamoto, B. L. Lee, I. Nurulla, T. Yasuda, I. Yamaguchi,
A. Wada, C. Hirose, M. Tasumi, A. Sakamoto and
E. Kobayashi, J. Phys. Chem. B, 2005, 109, 10605-10610

65 Y. Sun, S. Zheng, L. Liu, Y. Kong, A. Zhang, K. Xu and C. Han,
Nanoscale Res. Lett., 2020, 15, 1-9.

66 D. C. Altindal and M.
Microencapsulation, 2016, 33, 53-63.

67 L. C. Ferreira, F. Orso, D. Dettori, J. Z. Lacerda, T. F. Borin,
D. Taverna and D. A. P. C. Zuccari, PLoS One, 2020, 15(2),
€0228062.

68 L. Mao and S. M. Hill, Proc. Amer. Assoc. Cancer Res., 2005,
65(9), 58.

Gumusderelioglu, J.

RSC Adv, 2021, 11, 9076-9085 | 9085


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra08959a

	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a

	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a

	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a
	Synthesis and characterization of novel protein nanodots as drug delivery carriers with an enhanced biological efficacy of melatonin in breast cancer cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08959a


