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Abstract

Semiconducting nanoparticles with luminescent properties are used as detection probes and drug carriers in in-vitro and in-vivo
analysis. ZnO nanoparticles, due to its biocompatibility and low cost, have shown potential application in bioimaging and drug
delivery. Thus, ZnO/SiO, core/shell nanoparticle was synthesised by wet chemical method for fluorescent probing and drug
delivery application. The synthesised core/shell nanomaterial was characterized using XRD, FTIR, UV-VIS spectroscopy,
Raman spectroscopy, TEM and PL analysis. The silicon shell enhances the photoluminescence and aqueous stability of the pure
ZnO nanoparticles. The porous surface of the shell acts as a carrier for sustained release of curcumin. The synthesized core/shell
particle shows high cell viability, hemocompatibility and promising florescent property.

Keywords Bioimaging - Core/shell - Sustainable drug release - Biocompatible

Introduction

Bioimaging technique has been widely used to investigate the
cellular, physio-chemical functions and morphology with the
help of organic dyes and fluorescence proteins [1]. But these
organic dyes and protein are highly susceptible to
photobleaching, short stokes shift, decomposition and poor
photochemical stability due to frequent excitation which
makes them unsuitable for long-term cell imaging applica-
tions [2, 3]. So, researches have developed different tech-
niques such as magnetic resonance imaging, fluorescence
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imaging, computed tomography radio imaging, etc., that en-
ables better visualization of cells [4]. The use of luminescent
nanomaterial in fluorescence imaging outstands the other
techniques due to its high sensitivity, real-time imaging, and
minimal-invasiveness. Among them, semiconductor quantum
dots such as CdSe and CdTe have been widely used due to its
high extinct coefficient, quantum yield, photo-stability, nar-
row emission, tuneable emission wavelength, and single-
source excitation [5, 6]. But the use of cadmium (Cd) based
quantum dots in biological application was limited due to its
adverse toxic effect like generation of reactive oxygen species,
water-insolubility and release of Cd** ions [7-9]. Hence to
overcome these limitations alternative fluorescence tech-
niques and material needs to be developed.

Among the group II-VI semiconductors ZnO is an alterna-
tive material for Cd based fluorescent imaging. It has a with a
wide bandgap of 3.37 eV and 60 meV of exciton binding
energy [10]. Due to its unique property it provides various
application in different fields such as electronics, optoelec-
tronics, laser, sensors, energy generators, etc. [11, 12]. The
biocompatibility and biodegradable property of ZnO have pa-
ve a path for its potential biological application in various
domain like skincare, tissue regeneration, antimicrobial and
anticancer activity, biosensors, fluorescence probes, and drug
delivery [13—15]. ZnO shows weak excitonic photoemission
in the UV region and a broad multiple defect-related to visible
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luminescence under ambient conditions. But the weak visible
emission is due to the surface defect and water instability
nature that reduces the potential use of ZnO in florescence
imaging [7, 10]. ZnO emits weak green light under UV exci-
tation due to its surface defect [16]. ZnO fluorescence is easily
destroyed in wider pH that is present in our biological system
and thus appropriate surface modifications are required to sta-
bilize ZnO fluorescence [17]. Therefore, the most effective
way to achieve water stable and photostable ZnO is by coating
it with a wider bandgap material like silica (SiO,) to form
core/shell structure [18].

Core/shell nanostructure have gained attention from the past
two decades as it can be operated as a multifunctional
nanomaterial. Due to its distinguished property core/shell
nanomaterials are used in various applications like sensors,
electronics, optoelectronics, catalysis, biomedical, etc. [19,
20]. The size and width of the shell influence the surface charge,
surface reactivity, stability, and dispersive ability of the core.
The advantage of core/shell nanoparticle in the biomedical ap-
plications are (i) low cytotoxicity (ii) improved hydrophilicity
for bio and cytocompatibility (iii) surface modification and
functionalization and (iv) high chemical stability [21].

SiO, was selected as a shell due to its biocompatibility,
water stability, surface chemistry, wider bandgap and ease to
functionalization. Moreover, silica shells block the diffusion of
molecules from the core and the shell which reduces the toxic
effect of the nanoparticles [1, 22]. The growth of inorganic
Si0, over ZnO nanoparticles improves the photoluminescence
yield, photostability of the nanoparticles by reducing the
nonradiative recombination. In addition to that, the surface to
volume ratio of porous SiO, nanoparticle facilitates better
surface functionalization through covalent bonding or electro-
static interaction. Silanol groups present on the surface of the
SiO, make it hydrophilic which makes it water stable. Some of
the anticancer drugs like curcumin, camptothecin, and pacli-
taxel are hydrophobic and these hydrophobic drugs can bind to
the SiO, pores structure by hydrogen bonding and electrostatic
interaction which makes it stable in water and in turn aids in
drug delivery [23]. In this article, curcumin is used as a drug
due to its nontoxic and biocompatible behaviour. It is also used
as an anti-inflammatory drug, chemotherapeutics, antimicrobi-
al agent, anti-oxidant, antiarthritic and thrombus suppressive
agent [24, 25].

In this paper, we have prepared ZnO and ZnO/SiO, core/
shell nanoparticles by wet chemical synthesis for bioimaging
applications. The synthesized core/shell nanoparticles were
characterized using spectroscopy, structural, surface, and mi-
croscopy techniques. Curcumin (an anticancer drug) is loaded
on the SiO, shell as a drug for drug delivery application where
the drug loading and realizing property were studies along
with its florescence property. The cytocompatibility and
hemocompatibility of the core/shell material was futured
analyzed.

@ Springer

Experimental
Synthesis of ZnO Nanoparticle

ZnO nanoparticles were prepared by the co-precipitation
method. A stock solution of 8% (W/V) Zinc Nitrate solution
was prepared to which 2 M of Sodium hydroxide solution was
added dropwise and stirred continuously for 2 h. A white
precipitate was obtained and it was washed several times with
ethanol and deionized water. Followed by drying the sample
at 40 °C in hot air oven.

Synthesis of Zn0/SiO, Core/Shell Nanoparticle

1% (W/V) of the prepared ZnO nanoparticle was dispersed in
water: ethanol solution of ratio 1:9. It was then ultrasonicated
for 30 min. Then the solution was stirred. 5 ml of NH,OH was
added to the solution and stirred for 30 min. 0.25 g of CTAB
was added to the solution. After 30 min of stirring, 0.2 ml of
TEOS was added to the solution in a dropwise manner and
stirred continuously for 24 h. Then the solution was washed
several times with deionized water and dried at 80 °C in hot air
oven [26].

Drug Loading

Curcumin loaded ZnO/SiO, core/shell nanoparticle were pre-
pared by, dissolving 100 mg of curcumin in 100 ml of dichlo-
romethane. After stirring 100 mg of ZnO/SiO, core/shell
nanoparticle was added slowly and stirred for 24 h. After
continuous stirring the resultant solution was centrifuged,
washed and dried under vacuum to obtained Curcumin loaded
Zn0/Si0, core/shell nanoparticle. The amount of curcumin
loaded in ZnO/SiO, core/shell nanoparticle was obtained by
measuring the absorbance at 420 nm (standard curve for
curcumin is made separately). The drug loading percentage
was calculated using the below formula.

Drug loading (%) = [(A-B)/A] * 100.

where A and B represent the initial and final drug concen-
tration of the aqueous drug solution.

Drug Release Study

To determine the drug release profile, 50 mg of curcumin
loaded ZnO/Si0O, core/shell nanoparticles was taken in
100 ml phosphate-buffered saline (PBS) medium under sterile
condition. The drug release was studied for 35 h. At every one
hour interval 5 ml of the sample was taken and replaced im-
mediately with the fresh buffer. The amount of drug released
was measured spectroscopically. Curcumin concentration was
measured at 420 nm [27].
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Hemocompatibility Assay

10 ml of blood was obtained from a healthy volunteer.
Hemolysis assay is carried out in a solution containing 5 ml
of fresh ACD (acid citrate dextrose) human blood diluted with
a 5 ml 0.9% saline solution which is kept as stock. The pre-
pared sample (20 pg/ml) was mixed with 4 ml of saline solu-
tion and incubated at 37 °C for 30 min. The 0.3 ml of stock
solution was added to the tubes containing the sample and
incubated at 37° C. The measurement was done at different
time intervals (60,120,180 min). 100% hemolysis and 0%
hemolysis are represented as positive and negative control,
respectively. It is prepared by diluting 0.3 ml of stock solution
with 5 ml of Triton X 100 and 5 ml of saline solution, respec-
tively. At 1500 rpm, the solutions obtained were centrifuged
for 5 min, and the supernatant absorbance was measured at
545 nm. The oxyhaemoglobin content’s absorbance is report-
ed at 545 nm. The samples were performed and analysed in
triplicate. The formula employed to estimate hemolysis was:

OD es| _ODne
Hemolysis (%) = [ — £

—— =1 x 100
ODpos—ODneg]

Where,

OD,,¢, denotes absorption of 0% lysis.

OD,,,s denotes absorption of 100% lysis.

OD; denotes the absorption of the synthesised samples
[34].

Cytotoxicity Analysis

The NIH 3 t3 fibroblast cells were seeded in 96-well micro-
plates with a cell density of 1 x 10* cells/well and incubated
for 24 h at 37 °C in 5% CO, incubator. After attaining 80% of
confluency, the medium was replaced with ZnO/SiO, core/
shell nanoparticles of different concentrations (5, 10, 15, 20,
and 25 pug/mL) and incubated for 24 h. The cells were then
washed with phosphate buffer saline solution. 20 puL of
(MTT) solution (5 mg/mL) was added to each well and incu-
bated for 4 h. The formazan crystal was solubilized by adding
100 L. DMSO and the absorbance was measured at 570 nm.
The percentage of cell viability was calculated using the be-
low formula [28].
Absorbance of treated cells

Cell viability(%) = 100
el viability(%) Absorbance of control cells’

Cellular Imagine

The NIH 3 t3 fibroblast cells were seeded in culture dishes
(60 mm) with a cell density of 1 x 10° cells/well and incubated
at 37 °C in an incubator containing 5% CO,. After 70-85% of
cell growth, the cells were harvested by trypsinization

followed by washing it with PBS solution. The obtained cells
were then seeded (1 x 10* cells) in cover slip and incubated at
37 °C in the 5% CO, incubator, followed by washing and
fixing the cells with 3.6% formaldehyde for 15 min. Then
the coverslips were added with ZnO/SiO, core/shell
nanomaterial (5 pg/mL) and imaged under microscope.

Results and Discussion

Figure 1 shows the XRD image of pure ZnO and ZnO/SiO,
nanoparticles. The crystalline peaks of ZnO at 32.14°, 34.59°,
36.78°, 48.02°, 57.08°, 63.43°, 68.57°, 69.78°, 73.44°, and
77.61° corresponds to the crystal planes (100), (002), (101),
(102), (110), (103), (200), (112), (201), (202) and (104) re-
spectively. The peaks obtained at (100), (002) and (101) indi-
cates that the synthesised ZnO is of Wurzite structure.
Characteristic peaks of other crystalline phases of ZnO or
any other impurity peaks were not observed. The sharp and
strong intense crystalline peaks indicate the strong crystalline
nature of ZnO nanocrystal. The XRD pattern of ZnO/SiO,
shows no characteristic peak of SiO, but comparatively the
intensities of the pure ZnO peaks reduces. This indicates the
reduction in crystalline nature of ZnO. The hump between 20
to 30 indicates the presence of SiO, (amorphous) and it
matches with the previous results. TEM analysis further con-
firms that presence of SiO, [20, 29, 30].

Figure 2 (a) represents the FTIR spectrum of pure ZnO and
Zn0/Si0; nanostructure. ZnO shows single characteristic vi-
bration mode between 430 to 520 cm . The peak at 477 cm ™
belongs to the symmetric stretching of Zn-O. Due to the ab-
sorption of methane, ZnO forms H3CH-Zn>* ions which gives
rise to the C-H vibrational mode at 1387 cm™' and bending of
C- H at 837 cm ' [31]. In ZnO/SiO, nanostructure, the vibra-
tion of the Si-O-Si bridge can be witnessed around 1000—
1230 cm™'. This indicates the presence of SiO, in ZnO/

ZnO/Sio,
‘ ZnO

Intensity

(159 (103) (112)

2theta (deg)
Fig. 1 a XRD image of ZnO and ZnO/SiO,
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Fig. 2 a FTIR image of ZnO and ZnO/SiO,, b UV spectrum of ZnO nanoparticle and ZnO/SiO, nanostructure

Si0,. The bands at 1632 cm™ ' and 3466 cm ' belongs to —OH
bending and stretching respectively [20, 29, 30].

"
aso

Figure 2 (b) represents the UV spectrum of pure ZnO nano-

particle and ZnO/SiO, nanostructure. UV absorption of ZnO
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Fig. 3 a, b and ¢ TEM image of ZnO/SiO, Nanoparticles and d EDS elemental mapping of ZnO/SiO, core/shell nanoparticle.
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Fig. 4 a PL spectra of ZnO and ZnO/SiO, core/shell nanoparticle and b FTIR Spectra Curcumin loaded ZnO/SiO, core/shell nanoparticle

varies from 350 nm to 400 nm due to various factors like size,
structure and synthesis techniques. In this study pure ZnO
absorption occurs at 370 nm. A shift of 10 nm in the absor-
bance can be observed in ZnO/SiO, core/shell nanoparticles
when compared to the pure ZnO. This redshift is due to the
change in the excitation energy of the ZnO. The change in the
excitation energy could be due to the ultrasonication process
which was used to synthesised ZnO/SiO, nanostructure
[31-33].

Figure 3 (a, b, and c) represents the TEM image of ZnO/
SiO, core/shell nanoparticles. The TEM image conforms the
synthesised sample is of core/shell nanostructure. ZnO core
has a diameter of 60 nm and the width of the shell was 7—
10 nm. The elemental analysis (EDX) study was performed
for ZnO/SiO,; core/shell nanoparticle and was shown in Fig. 3
(d). The result confirms the presence of Zn, O, and Si
elements.

Photoluminescence analysis of pure ZnO and ZnO/SiO,
core/shell nanoparticles at room temperature with an excita-
tion wavelength of 325 nm is given in Fig. 4 (a). PL spectra of
ZnO exhibits two emission peaks. The first emission is be-
tween 370 and 420 nm. This corresponds to the bandgap

excitonic emission. The second emission is between 450 and
680 nm (red emission) which is due to the defect states of ZnO
among which Zn interstitial and oxygen vacancies defects are
the predominant ionic defects. In ZnO/SiO, core/shell nano-
particles excitation-emission was observed around 384 nm.
The red emission at 637 nm matches with the pure ZnO nano-
particles. This red emission occurring in both ZnO and ZnO/
SiO, core/shell nanoparticles. This is due to the Zn; to O;
transition [34, 35].

Figure 4 (b) shows the FTIR Spectra of Curcumin loaded
ZnO/Si0, core/shell nanoparticle. The predominant peak of
ZnO was observed at 475 cm ', The signature peak of
curcumin was observed around 1505 cm ™. This attributes to
the C=0 and C=C vibrations. The enol peaks are at 1275 cm ™'
(C-O vibration). Due to the interaction between SiO, and
curcumin, the broad peak of Si-O-Si bridge vibration between
1000 and 1230 cm ' is narrowed (at 1103 cm™ ). The peaks at
1633 cm™' and 3432 cm™' belongs to the bending and
stretching mode of —OH group respectively [24, 34, 36].

Nitrogen adsorption-desorption isotherm and pore size dis-
tribution performed for ZnO/SiO, core/shell nanoparticle and
curcumin loaded ZnO/SiO, core/shell nanoparticle are shown
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Fig. 5 a Nitrogen adsorption-desorption isotherm and pore size distribution of ZnO/SiO, core/shell nanoparticle and b Nitrogen adsorption-desorption
isotherm and pore size distribution of Curcumin loaded ZnO/SiO, core/shell nanoparticle
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Fig. 6 a Drug release profile of curcumin and b Hemolysis percentage of ZnO, ZnO/SiO, and Curcumin loaded ZnO/SiO,

in Fig 5 (a & b). Pore size distribution curve of ZnO/SiO,
core/shell nanoparticle were sized under 50 A, which confirms
that the ZnO/SiO, core/shell nanoparticle is mesoporous. The
total pore volume of ZnO/SiO, core/shell nanoparticle for
pores with a radius of less than 53.28 A is 9.796 cc g .
Curcumin loaded ZnO/SiO, core/shell nanoparticle have a
total pore volume of 4.503¢-03 cc g . The pores radius is less
than 53.00 A The change in the pore volume confirms that
curcumin is loaded in the pores of SiO, of ZnO/SiO, core/
shell nanoparticle.

The amount of curcumin present in 100 mg of ZnO/SiO,
core/shell nanostructure was calculated and found to be
65 mg. The FTIR analysis conforms the presence of the drug
in the core/shell nanostructure. In addition to that, the
Nitrogen adsorption-desorption isotherm and pore size distri-
bution confirm the presence of the curcumin in the porous
surface of the SiO, which in-turn reduces the pore size distri-
bution in the shell. The absorption of curcumin in the shell
might be due to hydrogen bonding, electrostatic interaction,

(a)

100

I Curcumin loaded ZnO/SiO, |

80
60

40

Cell Viability (%)

204

5 10 15 20 25
Concentration (ung/ml)

and the weak vander-wall force between the shell and the
drug.

Figure 6 (a) shows the drug release profile of curcumin
loaded ZnO/SiO, core/shell nanoparticles. The high surface
area and low toxicity of the SiO, makes it an appropriate
material for drug delivery application. The drug release anal-
ysis of curcumin loaded ZnO/ SiO, was carried out in the PBS
solution. The drug gets attached to the surface of the silica
shell due to hydrogen bonding and electrostatic interaction.
When it is exposed to the system (PBS at pH 7.4) the desorp-
tion of drug takes place. The interaction between the drug
(curcumin) and the pores in the SiO, surface decrease as the
drug gets attached to the hydrophobic surface of the cells
(biological system) which eventually detach the drug from
the silica surface in a sustained manner. The drug release
profile clearly explains the rate of drug release at each point
of time. Initially, the drug release starts after 1 h as the drug
needs time to attain sufficient surface energy to break the bond
between the drug and the silicon shell. Within 12 h 50% of the

Fig. 7 a Cytotoxicity assay on NIH3t3 fibroblast cells treated with ZnO/SiO, nanoparticles, and b microscopy images of NIH3t3 fibroblast cells treated

with ZnO/Si0O, nanoparticles at various concentration
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Fig. 8 a and b Florescence
images of Curcumin loaded ZnO/
SiO, in NIH3t3 fibroblast cells
with green emission.

drug is released and at 25th hour nearly 80% of the drug
release is witnessed. After 25 h the elution of the drug from
the ZnO/ SiO, gets slower due to the difference in the concen-
tration gradient. But as the time increase, 98.8% of the drug
release is achieved at the 35th hour. Thus, we can conclude
that a sustained drug release of 80% of the drug occurs within
24 h. This analysis shows the variance of P < 0.001.

Figure 6 (b) shows the hemocompatibility analysis of the
Zn0O, ZnO/ SiO, and curcumin loaded ZnO/ SiO,
nanomaterials. 20 pg/ml of samples were taken and treated
with fresh human blood at different time interval (1,2 and 3 h).
Less than 5% of erythrocyte lysis is permissible for biomate-
rials. ZnO *"** nearly 3.7% RBC lysis in the first hour and
then becomes steady (3.9%) at 2nd and 3rd hour. ZnO/ SiO,
shows 3.5% of RBC lysis after 3 h of incubation. The eryth-
rocyte lysis is less for ZnO/ SiO, when compare to pure ZnO.
This is because of its biocompatible nature. The SiO, core
prevents the leaching from the interior core. Curcumin loaded
Zn0O/ Si0O, showed a result similar to that of ZnO/ SiO, with a
slight variation of 0.18%. This shows that the prepared
nanomaterials were hemocompatible.

Figure 7 (a) shows the cytotoxicity analysis of curcumin
loaded ZnO/ SiO, against NIH3t3 fibroblast cells. The non-
toxic nature of ZnO and SiO, were readily shown in the cy-
totoxicity assay. Material that shows nearly 80% of cell via-
bility can be used in the biological system and can be classi-
fied as a biomaterial. Thus, different concentrations (5, 10, 15,
20, 25 pg/ml) of curcumin loaded ZnO/ SiO, nanoparticles
were incubated with fibroblast cells for 24 h. For 5 pg/ml
97.5% of cell viability is observed. For 10, 15 and 20 pg/ml
nearly 96%, 94.25% and 92% of cell were viable. 90% of cell
viability was noted for 25 pg/ml. Figure 7 (b) show the normal
optical image of the fibroblast cells treated with different con-
centrations of curcumin loaded ZnO/ SiO, nanoparticles. The
changes in cell morphology were negligible. Thus, this study
concludes that the prepared core/shell nanomaterial does not
show any toxic effect on the fibroblast cells and can be used
for bioimaging applications.

BT Y DR O

Figure 8 (a and b) shows the confocal fluorescence im-
aging of NIH3t3 fibroblast cell in presence of curcumin
loaded ZnO/ SiO, nanoparticles. The cells were cultured
and incubated with curcumin loaded ZnO/ SiO, nanoparti-
cles at 5 pg/ml concentration. ZnO shows a bandgap exci-
tonic emission and defect emission between 370 and
420 nm and 450-680 nm respectively. The coating of inor-
ganic wide-bandgap silica shell enhances the emission
spectrum which is noted by the redshift in the emission.
Yellow, blue, and green emission of ZnO had been reported
elsewhere depending upon the size, morphology and meth-
od of synthesis. The synthesized core/shell nanoparticle is
incubated with the cells and was analyzed under the confo-
cal microscope. Green emission is witnessed in the cells due
to the recombination and transition between the photoexcit-
ed hole and single charged oxygen valency in the
nanomaterials. The further reason for the green emission
can be the combination of the peak at 380 (blue color) and
635 nm (yellowish-orange color). Thus, it clearly shows
that even at minimum concentration curcumin loaded
Zn0O/ Si0, nanoparticles shows high fluorescence property
and the nanomaterial gets well attached to the cells and
produce broadly visible luminescence.

Conclusion

Multifunctional curcumin loaded ZnO/ SiO, core/shell nano-
particles were successfully synthesised and characterized. TEM
analysis confirms the synthesised nanomaterial is of core/shell
structure. The cytotoxicity and the hemocompatibility assay
conclude the biocompatible nature of ZnO/SiO, core/shell
nanoparticles. Curcumin loaded ZnO/ SiO, nanoparticles
shows high visible florescence even at lower concentration.
The sustained release of curcumin from ZnO/ SiO, core/shell
nanoparticles makes it suitable for targeted drug delivery
application.
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