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This work presents a new facile strategy to fabricate self-assembled spherical and mesoporous submicron-sized capsules, ‘dandelions’ of
ZnO nanorods and nanoparticles. Self-assemble ‘dandelions’ capsules have been synthesized from Zn(Ac), and Igepal CO-520. The
mechanistic approach for the growth of self-assembled ZnO capsules has been elucidated. Physical characteristics of the novel capsules
responsible for biomedical applications have been studied through XRD, Raman, UV-Vis-NIR, XPS and EPR. The mechanical stability
of the capsules has been characterized through the high energy ultrasound with time scale in 10% PBS buffer. The biocompatibility of
the capsules has been investigated with a cell based study using normal lymphocyte and K562 cancer cells through MTT assay. The
loading and release efficiency of the fluorescent molecules (Rhodanine 6G), anti-cancer drugs (doxorubicin hydrochloride, DOX), and
nucleic acid (DNA) have been investigated. All the results indicate the high potential of self-assembled ZnO ‘dandelions’ capsules in
relevant applications in medical biotechnology, such as for sustained drug delivery with the formation of {(ZnO)né+-(DOX)n1} complex
and gene delivery with the formation of {(ZnO),’*-(DNA),, complex formation. The fabrication of such type of self-assembled
idiosyncratic capsules is very simple, feasible, and cost effective, and demonstrate improved performances in drug and gene delivery
applications.

plays an important role in entrapping foreign biomolecules in
performance of the medical delivery applications in vivo as well
as in vitro. Along with these qualities the capsules should be
biocompatible to evade the additional site-effects.

However, ZnO with different sizes and morphologies have
recently attracted more attention to the researchers because of

1 Introduction

Functional porous micron-/nano-sized capsules are powerful
platforms for medical biotechnology'!! such as for drug and gene
delivery,” protection of biological species® and biologic
imaging."¥ Typically micro-/nanocapsules with hydrophilic/
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hydrophobic properties are capable of entrapping small
biomolecules (e.g., fluorescent molecules, medicines/drugs, and
nucleic acids, DNAs, siRNAs). They can be synthesized through
approaches including micro/mini-emulsion,’”!  self-
assembly,l! phase separation,”” hydrothermal synthesis'™
processes etc. Another versatile approach of designing functional
mesoporous or mesoporous-hollow nanocapsules of inorganic
(Ag, Si0,, Si0,-ZnO)®! and organic (polymers)'” is the
soft/hard templating. In the growth process of polymer nano
capsules, chains are deposited layer-by-layer on the template
nanoparticles; whereas for the creation of inorganic capsules, the
tiny nucleates are usually generated from the precursor materials
which are deposited on the easily removable templates. The
capsules size, shape and porosity depend on the size of the
template used and on their removal process. These internal
microstructure of mesoporous and mesoporous-hollow capsules

various

w
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their potential to be used in medical biotechnology such as for
antibacterial ~ activity,''!  photodynamic  therapy,!'?  drug
delivery,!"”) and the ability for destruction of cancer cells." So
far numerous reports have been found for the fabrication of ZnO
micro/nanocapsules either as spherical mesoporoust™® or
spherical hollow structure."™ Hollow ZnO ‘dandelions’®
structure can be obtained from oxidation of metallic zinc
followed by the growth in a hydrothermal process based on the
Kirkindal effect'” (moment of the interface between a diffusion
couple and the atomic diffusion occurs through vacancy exchange
and not by the direct exchange of atoms, Kirkindal, 1947).
Mesoporous ZnO polyhedron cages!'™® and urchins!**! can also
be prepared by thermal evaporation/sublimation of the surface
oxidized metallic zinc droplets. Further, self-organization/self-
assembly is another well accepted approach for designing hollow
structure. Self-assembly of ZnO nanoparticles (NRs and/or nano
sheets) through hydrothermal process produces micron sized
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spherical capsules.['"**'® Most challenges are associated with the
self-assembly approach to achieve the ZnO with uniform
mesoporous and hollow capsules."”) However, we can design
micro/nanocapsules in various approaches but the materials
should be prepared having high affinity towards the foreign
molecules to load them and should have high selectivity towards
the target sides to release and these are the key essentials for
target drug and gene delivery. The limitations lay in prevalent
like distracted binding, lethargic mass transfer, low sample load
competence, and targeted poor admiration of the medicines in the
aqueous systems.!*”) The monodispersity nature and the size of
the capsules are two major landscapes of the drug and gene
carriers. The monodispersed capsules permit consistent and
precise dosages of drug molecules, while the carrier with
submicron sized diameter (preferably, d<l pm) dodges the
capillary blockage leading to effective uptake by the cancer cells
in vivo.*'1 Some previous studies concentrated on ZnO capsules
and their mesoporous structure in the same field. However, a
detailed understanding of microstructure designing and adjusting
in delivery applications is still lacking for the fabrication of self-
assembled ‘dandelions’ capsules as well as required properties
regulation for the improvement of its use in drug and gene
delivery. Recently, we reported various approaches to produce
mesoporous nanoparticles as well as hollow nanocapsules for
nanoformulation of medicines,”'”! but still we need to improve
their properties.

Herein this work, we report on the successful design of
submicron sized mesoporous self-assembled ZnO ‘dandelions’
with spherical shape for their uses in delivery of anticancer drugs
and DNAs. These mesoporous ZnO ‘dandelions’ capsules
possess unique multifunctional properties. For the drug delivery
purposes, the central hollow cavity of the novel stable ZnO
‘dandelions’ acts as a reservoir of drugs/DNAs, while the
mesopores act as channels for the same to diffuse out of/ or load
into the capsules. To obtain the self-assembled ZnO ‘dandelions’,
zinc acetated [Zn(Ac),] have been used as a precursor and
allowed to hydrolyse in presence of a surfactant [Igepal CO-520,
(C,H40),-C5Ho40, n~5] in the aqueous medium. After vacuum
drying, the white solid was heated at different temperatures to
standardize and obtain the mesoporous self-assembled ZnO
‘dandelions’ capsules. Mesoporous ‘dandelions’ are made of self-
assembled ZnO NPs and nanorods (NRs) with hexagonal wurtzite
structure. The synthesis procedure represented here is very
simple. A clear mechanism for the formation of self-assembled
ZnO ‘dandelions’ has been demonstrated. The detail physical
properties of the self-assembled ZnO ‘dandelions’ capsules have
been studied systematically and the mechanical stability of the
capsules have been studied through ultrasound. To the best of our
knowledge, none of the reports concentrates on the mechanistic
manipulation of the micro structure design, properties and
stability study during the fabrication process of mesoporous self-
assembled ZnO ‘dandelions’ capsules. Further, the use of self-
assembled ZnO ‘dandelions’ capsules in anticancer drug (DOX)
and nucleic acids (DNAs) delivery have been explored in this
report.

2. Experimental Methods
Mesoporous self-assembled ZnO ‘dandelions’ capsules have been
synthesized by hydrolysis of 5 gm of Zn(Ac), (>99.8%, Sigma-
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Aldrich ), and 1 ml of Igepal CO-520 (M,~441, Sigma-Aldrich)

6 in 50 ml of dd water at 80°C for 12 hrs followed by the heat

treatment of the hydrolysed white dry powder. After the
hydrolysis the water was evaporated in vacuum followed by the
drying at 120°C. Knowing that the Igepal CO-50 has b.p. of ~240
°C, and in order to remove unwanted impurities along with Igepal
CO-50, the product was calcined at 350 °C for 3-5 hrs. A series of
reactions were performed with different amount of Igepal CO-50
(0.25, 0.5, 0.75, 1.0 and 1.25 ml) keeping the precursor amount
and other parameters constant to investigate the role of Igepal in
the formation of the self-assembled ZnO ‘dandelions’. Solid state
crystal structures of the samples were investigated through XRD
(with a Bruker D8, using Cu Ka radiation operating at 40 kV/30
mA with a 0.02 step size and a ls step, A= 0.15406 nm). The
mechanical stability of the mesoporous self-assembled ZnO
‘dandelions’ was checked with a bath sonicator (model: ELMA
S60H, peak power: 60W, f= 37 kHz) in dd water at various time
scale. The emission spectrum was acquired, and simultaneously
we investigated the photoluminescence (PL) (option with a plate
reader, SYNERGY MX BIOTEK). High resolution scanning
electron microscopy (HRSEM) (Model: HITACHI S-3400 N),
field emission SEM (Model: ULTRATM 55 UK ZEISS) and
High resolution transmission electron microscopy (HRTEM)
(Model: FEI TECHNAI G2 200 kV S-twin) were measured to
find out the shape, size and morphology of the products. The 3D
topography structure was confirmed by the noncontact mode of
AFM (SII Oo Seiko Instruments Inc.) Elemental analysis was
performed with an energy dispersive X-ray spectroscopy (EDS)
(HORIBA 7021H). IR-active characteristics were found out by
the Fourier transform infra-red (FT-IR) (Nicolet model Impact-
410) studies. UV-Vis-NIR experiments were conducted with a
LAMDA 750 spectrometer (PerkinElmer). BET surface area and
pore size were confirmed with a TriStar II-3020™ (Micrometrics)
surface area and pore size analyser using N, gas at -196.35°C.
Electron Spin Resonance (EPR) experiments were conducted
with a JEOL: JESFA200. XPS were conducted with an Omicron
Nanotechnology XPS system, (X-ray source: Al Ka, 1486.6 eV).
Laser scanning confocal microscopy (Model: Carl Zeiss,
Germany, Model 710 NLO) was used to study the interactions,
loading and release efficiency of Fluorescent molecules
(Rhodamine 6G), DNA and the anticancer drug (DOX).

MTT assays were conducted for Lymphocyte and K562
(leukemic patient’s cancerous cells) cells according to our
previously reported method.™ In brief, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide ~(MTT) assay was
performed in 96 well culture plates using exponentially growing
normal WBC lymphocytes and K562 leukemic patient’s
cancerous cells. 100 pl of RPMI medium containing 5000 cells
was taken in each well of 96 well plates and the plate was
incubated in CO, incubator with 5% CO, injection at 37 °C for 24
hrs. Next day the various concentrations of mesoporous self-
assembled ZnO ‘dandelions’ (0, 100, 200, 500, and 1000 pg/ml)
were prepared in medium and 100 pl of each was added to each
well to get final concentration of 0, 50, 100, 250, and 500 pg/ml,
respectively. Three sets were prepared for each concentration to
minimize the error. 100 ml of RPMI medium was used as control.

s Then the cells were incubated in CO, incubator (5%) for 24 hrs at

37 °C. After 24 hr incubation 20 pl of 5 mg/ml MTT prepared in
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1 x PBS was added to each well in dark and incubated in CO,
incubator for 3 hrs. Then 50 pl of buffer was added to each well
and incubated for 5 min and then the absorbance was recorded at
570 nm with microplate reader. Cells viability at each
concentration was calculated using eq.1:
Viability (%) = (ABST /ABSC) x 100.................c.... (1)

Where the ABST and ABSC are the absorbance of treated and
control cultures, respectively at 570 nm.

o

2. Results and Discussions

10 Self-assembled spherical ZnO ‘dandelions’ have been
synthesized by the hydrolysis of Zn(Ac), in dd water at 80°C in
the presence of Igepal CO-520 (1 ml in 50 ml water) followed by
the calcination of the white hydrolysed product at 350 °C as it has
been discussed in the experimental section. The ZnO NPs and

15 NRs are self-assembled into ‘dandelions’ of size 400-900 nm in
diameter as shown in representative FESEM images Figure 1(a)
& (b) and in AFM topography (Figure 1(c)) and 3d image
(Figure 1(d)). The ZnO NPs and NRs are involved in the self-
assembly process having sizes of 50-100 nm (particle’s average

20 diameter) and 100-200 nm (rod’s length), respectively. However,
considering ten FESEM images, we found that 70% particles are
of size 400-700 nm and rest are in between 700-900 nm in
diameter.

500

0 200 400 600 800

[nm]
0 200 400 600 800

[nm]
Figure 1. (a) & (b) FESEM images of self-assembled ZnO
‘dandelions’, (c) & (d) AFM topography and 3d image of the
same, respectively.
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G

An effort has been made to get the HRTEM image of the self-
assembled ZnO ‘dandelions’ but due to the high working voltage
(200 keV) it has disintegrated all of a sudden into individual NPs
and NRs which are the constituent blocks of self-assembled ZnO
‘dandelions’ capsules. Therefore, FESEM of NRs (Figure 2(a))
and HRTEM images of the NRs (Figure 2(b)) and ZnO NPs
(inset of Figure 2(b)) have been acquired. It is observed that the
3s NPs are mostly polygonal. The magnified HRTEM images

revealed that the separation between two lattice planes is ~4.45 A

for both ZnO NPs and NRs which is matching well with the

literature value (Figure 2(c)). The selected area electron
diffraction (SAED) pattern revealed that atoms are hexagonally

3

S

40 arranged in the crystal system (Figure 2(d)). The magnified
HRTEM image of ZnO polygonal NPs and its SAED patterns
have been shown in the supporting Figure (Figure S1). The EDS
spectra revealed that the self-assembled ZnO ‘dandelions’ are
free from any trace elements other than elemental zinc and

4s oxygen (Figure S2).

Figure 2(a) FESEM image of ZnO NRs after disintegration of
self-assembled ZnO ‘dandelions’. (b) HRTEM of ZnO NRs and
inset of 2(b) is the HRTEM of the ZnO polygon after

so disintegration in 200 kV electron beam obtained from self-
assembled ZnO ‘dandelions’, (in set for NPs). (c¢) Shows the
lattice planes (obtained from (HRTEM) and (d) is the SAED
pattern for the ZnO NRs.

Scheme 1.

Schematic representation
ss mechanism how the ZnO NPs and NRs self-assembled to form
‘dandelions’ capsules. (a) individual ZnO particles, (b) self-
assembly started, (c) self-assembly progressed, (d) hemispherical
self-assembled structure, (¢) hemispherical structure started to
coalesce and (f) self-assembled ZnO ‘dandelions’ capsules,
e respectively.

showing a possible

A schematic representation is shown in Scheme-1 for the process

This journal is © The Royal Society of Chemistry [year]
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and the steps involved in the formation of self-assembled ZnO
‘dandelions’ capsules. First, the hydrolysis Zn(Ac), —Zn(OH),
occurs followed by the dehydration (-H,O) to form ZnO
(nucleates). Subsequently the grain growth progresses followed
by the Ostwald ripening mechanism,**! which leads to the
formation of ZnO NRs and assembled stepwise as it is shown in
Schematic-1(a)—(f) as the possible intermediate steps to be
involved in the self- assembled process to form ‘dandelions’
capsules. Therefore, individual nanoparticles (Scheme 1(a) )
10 come closer to each other to form a dandelion structure (Scheme
1 (b) & (c)) followed by the formation of hemispherical self-
assemble porous structure (Schematic 1(d)). Finally, two or more
hemispherical porous structure coalesced (Scheme 1 (e)) to grow
together into a self-assembled ZnO capsules
(Scheme 1(f)). Nevertheless, intermediate stages of Scheme-1 are
metastable and readily converted into the final stage on
increasing the temperature and due to the solid state diffusion.
These self-assembled ZnO ‘dandelions’ capsules have a topology
with ordered mesoporous structure (see BET result in supporting
file) with hollow cavity at the centre of the capsules. In terms of
the accessibility of these mesopores from the outside into the
cavity, they are like channels and void lattices. Herein, the self-
assembly process is driven by the surface tension generated due
to the presence of the residue of Igepal CO-520 with a critical
25 initial concentration (1 ml in 50 ml water) and van der Waals
forces of interaction. It is worth mentioning that with other
various concentrations of Igepal CO-520 (keeping all other
conditions unaltered), the approach leads to the formation of
either NPs or NRs without forming any self-assembled structure.
30 The formation of hollow structure of the self-assembled ZnO
‘dandelions’ capsules can be explained by the solid state
directional flow of materials (see representative micrograph with
possible mechanism, Figure 3). In this process, differential
diffusion of ZnO creates the voids like in the Kirkindal effect'”
35 and the molecular (ZnO) diffusion also possibly occurs through
the vacancy exchange along with the exchange of molecules (tiny
nucleates) following the Ostwald ripening (directional flow of
mass from tiny particles to larger one). The net directional flow
of ZnO nucleates is mass balanced by an opposite flow of
40 vacancies with an exact volume which can condensed to create
central cavity of self-assembled ZnO ‘dandelions’ capsules.

o

‘dandelions’

o

)
S

Zn0O
Nucleates

I -H,0
Zn(OH),

T +H,0
Zn(Ac),

y
Signal A = InLens
WD = 35 mm

EHT = 5.00kV -
Mag = 139.66 K X

Date 30 Jan 2012
Time :47:09:30

Figure 3. Cavity creation mechanism to form self-assembled
45 ZnO ‘dandelions’ hollow capsules.

The XRD pattern of the porous self-assembled ZnO ‘dandelions’

capsules is shown in Figure 4. The results have been compared
with the diffraction patterns of pure ZnO NRs and nanoparticle
so samples which has been synthesized in the presence of lower
concentration of Igepal CO-520 (0.25 and 0.5 ml, respectively,
Figure S3). Self-assembled ZnO ‘dandelions’ capsules exhibit
hexagonal crystal structure with diffraction peaks at 20 = 31.9°,
34.6°, 36.5°, 47.7°, 56.8°, 63.0°, 66.5°, 68.2°, 72.8°, 77.1° and
ss 81.6° corresponding to the preferred orientations of planes (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004) and
(202) planes, respectively. These results correspond to the phase
pure wurtzite-type ZnO (hexagonal phase, space group P6;mc,
JCPDS card no. 36-1451, polar axis parallel to c-axis) with the
o lattice parameters, a=3.24 A, b=3.24 A and ¢=5.19 A and no
evidences for any other oxide forms of metallic zinc are
observed.***! These results are compared with the XRD of NPs
(FESEM in Figure S4(a)) and NRs (FESEM in Figure S4(a)) of
ZnO which prove that the porous self-assembled ZnO
os ‘dandelions’ capsules are constructed with the nanorods and
nanoparticles as building blocks of ZnO. Further, SAED pattern
(Figure S2) shows that there is no residue of Igepal CO-50
present with the self-assembled ZnO ‘dandelions’ (FTIR in
Figure S5).

70

ZnO dandelions

(110)
(103)
)2
)

=—(102)
(

Intensity (a.u.)
| -
—
L
L

E j ZnO NPs
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20 30 40 50 60 70 80 90
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Figure 4 XRD patterns of self-assembled ZnO ‘dandelions’
capsules, ZnO NPs and ZnO NRs.

336

—27n0O NRs
— Zn0O ‘a9ndelions’
—7n0O NPs

Intensity

350 400 450
Wavelength (nm)

300 500

Figure 5. PL spectra for self-assembled ZnO ‘dandelions’ capsules, ZnO
75 NPs and ZnO NRs.
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PL for self-assembled ZnO ‘dandelions’ was collected at 260 nm
excitation wavelength (data was taken at 4.8K) and compared
with ZnO NPs and ZnO NRs (Figure 5). An emission peak for
ZnO NPs, ZnO NRs and self-assembled ZnO ‘dandelions’ is
observed at 336 nm ( UV-visible region)*®). For self-assembled
ZnO ‘dandelions’ this peak intensity is intermediate to ZnO NPs
(low intensity) and ZnO NRs (high intensity). Additionally a
weak band appears at ~388 nm for ZnO NPs. This peak is less
prominent for self-assembled ZnO The low
intensity prominent peak appears at 388 nm for ZnO NPs is due
to the large oxygen vacancy and for the defects present in the
nanostructure.”**"?*] These oxygen vacancies create deep levels
(V,) and trap one or two electrons (V,"). Another reason for the
appearance of visible 388 nm emission from nano crystalline
ZnO NPs and is due to the transition of photo-generated electrons
from the conduction band to deeply trapped holes. Further, the
trapping of holes occur due to the presence of O ions at the
surface of ZnO nanocrystals.”® Trapping of a photo-generated
hole at the surface is also in an agreement with the size/shape-
dependence of the emission intensities.?”” The rate for a surface
trapping process decreases as the particle size increases since the
surface-to-volume ratio decreases and thus the green emission is
observed for nano sized ZnO particles.”® The less intense peak at
388 nm for self-assembled ZnO ‘dandelions’ capsules is observed
due to the formation of a number of structural defects generated
due to the multiple transition since ZnO NPs are present.”-*
Therefore, the absorption in self-assembled ZnO ‘dandelions’
capsules is the combined result of ZnO NPs and ZnO NRs. It can
be assumed that the effective absorption part for the ZnO NPs in
self-assembled ZnO is less intense as its size
decreases due to the co-operative roles of Ostwald ripening and
Kirkindal effect, and ZnO NPs are slowly converted into ZnO
NRs as well as into a self-assembled structure.

‘dandelions’.

‘dandelions’

375

35

—— 7ZnO 'dandelions’
—— 7ZnO NRs
——7Zn0O NPs

546

40

Absorbance

45

400 600 800 1000 1200 1400
Wavelength (nm)

Figure 6. UV-Vis-NIR absorption spectra for self-assembled
ZnO ‘dandelions’ capsules, ZnO NPs and ZnO NRs.

To find out the defect states, movement of the vacancies (V,"),
and the local surface plasmon resonance (SPR) for self-
assembled ZnO ‘dandelions’ capsules, UV-Vis-NIR absorption
spectrum has been acquired and compared with the results of
ZnO NPs and ZnO NRs since these are its constitute blocks
(Figure 6).

These results well demonstrate the formation mechanism of
the self-assembled ZnO ‘dandelions’ capsules. In Figure 6, a

e peak is appeared at ~200 nm due to the quartz (sample holder).
An absorption band at 375 nm appears for both self-assembled

ZnO 'dandelions'
ZnO NRs
ZnO NPs

b

(=
(=

o
L

Intensity (a.u.)
'.6’
S
1

L I IR R TR R
320 322 324 326 328 330 332
Mag. Field (mT)

Figure 7. EPR spectra of self-assembled ZnO ‘dandelions’
capsules, ZnO NPs and ZnO NRs.

s Figure 8. Self-assembled ZnO ‘dandelions’ capsules (a) before
sonication and (b) after 30 min sonication. In (b), the green line is
the outer circumference and the red line is representing the
circumference for the hollow cavities of the debris still present
even after sonication for 30 min.

70
ZnO ‘dandelions’ and ZnO NRs, which is blue shift as compared
to the ZnO NPs (absorption band at 380 nm). The blue shifting of
the absorption bands for the self-assembled ZnO ‘dandelions’
capsules compared to the ZnO NPs occurs due to the phonon

75 localization by the O defects and due to the directional growth
in ZnO NRs along the c-axis.****?722%] This may be the result of
quantum size effects. Similar phenomenon is observed in ZnO
NRs. Therefore, the suspended delocalization of vacancies (V,')
in-plane electrons lead to the significant blue shift in the electron

s0 UV-Vis-NIR band in self-assembled ZnO ‘dandelions’ capsules.

To find out the electronic environment and their magnetic
moment, EPR experiments were conducted (Figure 7). As the
self-assembled ZnO ‘dandelions’ capsules are confined due to the
directional growth of ZnO NRs along the c-axis and a number of

ss ZnO NPs have huge defect states which are involved in
‘dandelions’ as constituent blocks. There are possibilities of
limited interactions of the NRs surface with water molecules and
defects due to the less surface area to volume ratio, and hence
produces a smaller number of free radicals or singlet oxygen in a

90 water suspension and is supposed to produce less intense EPR
peaks compared to the ZnO NPs. Similar results were observed in
our earlier study, where the ZnO NPs’s surface was capped with
a layer of SiO, and it produced less number of free radicals due to

This journal is © The Royal Society of Chemistry [year]
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the limited interaction with water and hence the intensity of EPR
peak was less.”™ In the present study the reason behind the high
intensity of EPR peak for self-assembled ZnO ‘dandelions’
capsules with compared to the ZnO NRs and ZnO NPs may be
due to the presence of huge amount of defect states (V,") of ZnO
NPs in it which is created due to the mass transferred through the
diffusion and due to the phonon localization controlled by the O
2 defects and which are created due to the co-operative roles of
the Ostwald ripening and Kirkindal effect during the growth of
10 the self-assembled ZnO ‘dandelions capsules. Further this may
be the reason of shifting of the value of the g-factor from 2.0023
to 2.0111. This shift may be due to the anisotropy of the angular
momentum and spin-orbital coupling, and hence the electron spin
alignment occurs at the lower effective magnetic field strength
15 (B,) in the resonance conditions. Moreover, the broadening of the
EPR peak in self-assembled ZnO ‘dandelions’ capsules is
associated with the conventional broadening factors such as
overall increase in the size and the crystal lattice distortion.*’
All these results are in agreement with the Raman spectra
20 (Figure S6). Raman study shows that the crystal structure of self-
assembled ZnO ‘dandelions’ capsules is wurtzite hexagonal type
and belongs to the P6ymme (C’) space group in which the
primitive unit cell forms with two formula units with all the
atoms occupying the Cs, sites. The Raman bands are appeared
25 due to the phonon localization by defects (V,") and due to the
anisotropic internal strains corresponding to the directional
crystal growth.”® 2™ Hence the paramagnetic behaviour actually
increases in self-assembled ZnO ‘dandelions’ due to defects (V")
as well as it enhanced the loading efficiency of DOX and DNA
30 which will be discussed in the subsequent section.

o

Figure 9. Confocal microscopy image for self-assembled ZnO
‘dandelions’ capsules (a) loaded with Rhodamine 6G and (b)
35 loaded with DNA (1.4 kb).

Mechanical stability of the self-assembled ZnO ‘dandelions’

capsules in aqueous medium is important for its use in sustained

delivery, since throughout the loading of medicine, its geometry
40 and morphology should not collapse. Further undamaged or
slowly degradable/collapsible medicine loaded capsules should
be sustained for a longer period to regulate the delivery even after
iterated collisions with the blood cells and vessels. Therefore,
self-assembled ZnO ‘dandelions’ capsules were ultrasonicated in
PBS solution up to 15 minutes and found that they are quite
stable. Even after sonication for 30 minutes, the residue of radius
of curvature is persisted as it is shown in a representative FESEM
image (Figure 8). It is known that the van der Waal’s forces of
interactions are very week and are not strong enough to stabilize

4

o

so the spherical geometry of the self-assembled ZnO ‘dandelions’
capsules under such a strong energy of ultrasonic waves.
Therefore, the integrating forces between the NRs or NRs and
NPs at the contacting area in the self-assembled ZnO
‘dandelions’ capsules have been developed due to the co-

ss operative roles of Ostwald ripening and Kirkindal effect during
the growth of the self-assembled ZnO ‘dandelions and is assumed
to be strong enough to stabilize the capsule’s integrity. Moreover,
the presence of critical amount of Igepal CO-50 having polymeric
long chain with side bulky group is the decisive factor in forming

60 such type of an idiosyncratic spherical capsule.

To find out the usefulness in medical biotechnology,
cytotoxicity of the self-assembled ZnO ‘dandelions’ capsules has
been investigated with the normal lymphocyte cells and chronic
myeloid leukemia cancer cells (K562) incubated at different

s concentration of the sample (e.g., 50, 100, 200, 400 and 500
pg/ml) through the MTT assay according to our standard
protocol. The results showed that more than 85% of the cells
remained alive after 48 hrs of incubation at the maximum
concentration of self-assembled ZnO ‘dandelions’ capsules

70 (Figure S7). It is worth mentioning that among the several metal
oxide nanoparticles reported, such as ZnO, CuO, Al,0s, La,0;,
Fe,03, Sn0O,, TiO, etc., ZnO is the safest for living cells®™ and
idiosyncratic self-assembled ZnO ‘dandelions’ capsules is a
unique nanostructure material which can be used for in vivo drug

75 and gene delivery applications. To promote the usefulness of this
materials for delivery applications, Rhodamine 6G (100pg/ml
PBS), anticancer drug (DOX, 100png/ml PBS) and EtBr-labelled
plasmid DNA extracted from yeast (1.4 Kb) have been taken as a
model for fluorescence molecule, anticancer drugs, and nucleic

s0 acid, respectively; and investigated their loading efficiency in

Figure 10 Schematic representation of DOX loading in self-

assembled ZnO ‘dandelions’ capsules and to form {(ZnO), -
s (DOX),,} complex, there is a possibility of path 1 and path 2 for

loading of DOX in mesopores and inside the hollow cavity.

PBS solution with 10 mg of self-assembled ZnO ‘dandelions’
capsules. Confocal microscopy images (Figure 9, confocal
% microscopy image for DOX is not shown) clearly show the strong
fluorescence signal, i.e., Rhodamine 6G (green fluorescence), and
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EtBr-labelled DNA (red fluorescence) molecules have been
loaded successfully. Rhodamine 6G molecules show fluorescence
at the excitation wave length of 526 nm,\*'! whereas, ZnO
fluoresces upon excitation in the wave length rage between 346
to 450 nm.B*% This emission is a result of ZnO having huge
oxygen vacancies which create positively charged environment
(cationic, §"). Thus it advances the loading efficiency of DNA
(negatively charged) in the self-assembled ZnO ‘dandelions’
capsules due to the electrostatic interactions and it enters inside
the pores and cavities and subsequently form {(ZnO),}*"
{(DNA)}*. The size of the surface pore is observed to be large in
self-assembled ZnO ‘dandelions’ capsules (from smaller size 9
nm to 30-50 nm) (FESEM Figure 1 and Figure 8) which is
matching well with the BET results. It is found that the average
size of the BJH pore is ~8.46-8.85 nm with larger pores
(supporting Figure S9 (a) and 9(b) for BET results). The BET
surface areas observed to be 230 m%gm (Langmuir surface area =
352 m*gm). Therefore, DNA molecules can easily enter inside
the pores and cavities of the ‘dandelions’ and due to the
electrostatic interactions few of them can attach to its surface.
Similar loading phenomenon has been observed in our earlier
work during the formation of ‘SiOZO-plex’ a complex of SiO,-
ZnO mesoporous composite and DNA.PY However, DOX has
three active sites (one is the nitrogen atom in the sugar moiety
and other two are the chelating sites of the quinone and the
phenolic oxygen on both sides of the anthracycline aromatic
moiety)?**! and can form bonds with metal ions like Ca'?, Mg™,
Zn"? and Ni*? in the form of a complex structures which are
more stable compared to the free DOX.1*¥ Thus we believe, along
with the dangling Zn(II) state the (ZnO), " electronic state with
‘m’ number of §" of self-assembled ZnO ‘dandelions’ capsules
predominantly formulate a chelating intricate with DOX (Figure
10). This mechanistic approach is in good agreement with the PL,
UV-Vis-NIR, and EPS results obtained (Figure. 5, 6 and 7) in
support of the defective states (Vo') present in ZnO and
paramagnetic behaviour present in self-assembled ZnO
‘dandelions’ mesoporous capsules which are aiding the formation
of {(ZnO), -(DOX),} as well as  {(ZnO),}**-{(DNA)}*
complex (Figure 10). However, the loading efficiency

40

45
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N
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ss Figure 11. Release kinetics of Rhodamine 6G and DOX from
loaded self-assembled ZnO ‘dandelions’ capsules.
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capsules have been calculated by UV-Vis-NIR spectroscopy and

60 is found to be ~10 pg/10mg and ~6.5 pg/ 10mg of sample,

respectively, in the 24 hrs loading period. Where (100ug of
drug)/(10 mg of sample) in 1ml of PBS was taken in each case.
Finally, we have studied the release kinetics of Rhodamine 6G
and DOX (Figure 11) under normal condition in 1 ml PBS
solution (pH~ 7.3) at 25° C. Figure 12 show the release intensity
of DOX with time investigated through UV-Vis-NIR spectra at
RT (25°C) from which the percentage release has been calculated.
The release profile shows that ~78% of Rhodamine 6G and ~88%
of DOX molecules (Figure 11) have been slowly released over a
period of 12 hrs. After 8hrs, the release profile for both
Rhodamine 6G and DOX start to from plateaus. It is found that
the dissociation of {(ZnO)né+-(DOX)nl} is faster. As an example,
in the initial 2 hrs ~70% DOX are released from the self-
assembled ZnO ‘dandelions’ capsules whereas, the release of
Rhodamine 6G reaches only ~65%. Further we have studied the
release of DOX under ultrasound assistant medium and found
that almost all the amount of the drug get released from the
capsules within 30 mins and this is due to the disintegration of the
self-assembled structure (stability of self-assembled capsule is
max 30 mins in high power ultrasound) . However, release of
DOX at the affected sites should indeed be prolonged since it is
desired for the killing of cancer cells. In an earlier study the DOX
release from mesoporous ZnO nanoparticles was found to be 60%
within the initial 4 hrs but at the very low pH (pH~4) under
reservoir-sink conditions, and till date similar work has never
been reported for the self-assembled ZnO ‘dandelions’
capsules."** We measured the ICs, for the pure DOX in
leukemia cancer cells (K562) and found to be 1.10 uM which is
very close to the ICs, reported value for the HeLa cells.['****] The
ICsy for {(ZnO), -(DOX),,} in leukemia cancer cells K562 has
been measured and the value obtained is 3.32 pM. This high
value of ICsy for K562 obtained may be due to the (i) high
stability of {(ZnO), -(DOX),.}, (ii) regulated sustained release of
free DOX from the mesopores, and hollow cavity of self-
assembled ZnO ‘dandelions’ capsules, and (iii) due to the slow
disintegration of DOX molecules from the {(ZnO), -(DOX),}
complex. These results directed us for the potential uses of self-
assembled ZnO ‘dandelions’ capsules for drug/gene delivery
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s Figure 12. UV-Vis-NIR spectra for DOX releasing with time

from loaded self-assembled ZnO ‘dandelions’ capsules.

and for the anticancer treatment. All the results are achieved for
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the pure self-assembled ZnO ‘dandelions’ capsules which have
been further confirmed through XPS results (Figure S8).

4. Conclusions

In summary, herein this work we demonstrate a facile synthesis
approach for idiosyncratic self-assembled ZnO ‘dandelions’
spherical and mesoporous capsules. Mesoporous ‘dandelions’
capsules are made of self-assembled ZnO NPs and NRs with
hexagonal wurtzite structure. We have proposed a possible
mechanism involved in the synthesis process to achieve hollow
self-assembled ZnO ‘dandelions’ capsules. The method is well
controlled and the self-assembled ZnO ‘dandelions’ capsules are
mechanically quite stable in ultrasound assistant medium.
Physical characteristics and defect levels of the novel capsules are
responsible for the biomedical applications which have been
elucidated. Further, we have successfully loaded with large
amounts of Rhodamine 6G, DNA and anticancer drug (DOX) in
the ZnO ‘dandelions’. DNA loading in self-assembled ZnO
‘dandelions’ capsules involves the defective oxide-DNA complex
formation {(ZnO), -(DNA),,}. DOX loading in self-assembled
ZnO ‘dandelions’ capsules involves the formation of {(ZnO),;-
(DOX),,} complex. The defects present in the ZnO is responsible
for the formation of {(ZnO), -(DOX)m} intricate complex.
Further the release kinetics of Rhodamine 6G, and anticancer
drug (DOX) have been studied at normal stirring condition
without varying other condition such as temperature of pH. All
the results reveal that the novel self-assembled ZnO ‘dandelions’
spherical and mesoporous capsules are useful for drug and gene
delivery applications. ~ Additionally, self-assembled ZnO
‘dandelions’ can also be a potential candidate as a nano reservoir
for medicines, useful for antibacterial activity, making sensors,
catalysis, and for designing the optoelectronic devices with
improved performances. Understanding the interactions between
the ZnO ‘dandelions’ capsules carrying drugs/nucleic acids
(DNAs) and cells are very important to enrich the delivery of
therapeutics. The release of therapeutics under different cellular
environments and their activities are now being considered for
our future direction of research and will be published elsewhere.
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Facile Synthesis of Self-Assembled Spherical
and mesoporous Dandelion Capsules of ZnO:
Efficient Carrier for DNA and Anti-cancer

s Drugs

Idiosyncratic self-assembled dandelion mesoporous capsules
have been synthesized with ZnO nanoparticles and nanorods.
Mechanistic approach of the formation of the novel capsules and
the anticancer drugs and genes loading mechanism have been

10 elucidated. The formation of {(ZnO), -(DOX),,} and {(ZnO), -
(DNA),,,} complexes with the novel self-assembled dandelion
mesoporous capsules are very useful tools for the delivery of
anticancer drugs and genes, respectively.
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