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ABSTRACT: Multifunctional nanoplatforms were prepared via floating
self-assembly using a hard nanoparticle (NP) as the core and a modified-
polymer (MP, cholesterol-chitosan linked with polyethylenimine) droplet
as the shell in a single-pass aerosol nanoencapsulation process. The
floating hard NPs (silica, calcium carbonate, gold-decorated graphene
oxide, and thiol-capped gold) were directly injected into MP droplets at
the opening of a spraying device. Subsequently, the solvent was thermally
extracted from the droplets, resulting in the formation of biofunctional
nanoplatforms. Measured in vitro, the genes complexed with the
nanoplatforms were transfected into target cells, exhibiting higher
efficiencies for the MP particles alone without a significant increase in
in vitro cell cytotoxicity. The aerosol encapsulation could be further
extended to prepare other combinations [gold-silica and gold—calcium
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carbonate including doxorubicin (Dox)] using the MP, and their hybrid natures demonstrated photothermal cancer cell killing
and chemo-thermal Dox release capabilities through surface plasmon resonance heating.
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F inely synthesized and modified nanoparticles (NPs) of size
20—500 nm are widely employed for therapeutic,
diagnostic, and theranostic (i.e, both therapeutic and
diagnostic) purposes. The large active surface areas of NPs
can improve their ability to bind and deliver functional
components such as drugs, proteins, and probe materials in
order to efficiently treat and diagnose cells and tissues.”” On
this account, numerous approaches to prepare/modify biofunc-
tional NPs have been investigated for enhancement in
biomedical applications. Even though many nanoplatforms
have been recently introduced for nanomedicine through the
use of wet chemical methods,” further study is still required to
improve the properties and effectiveness of such platforms,
including preparation strategies for their practical usage.

Researchers have favored chitosan as a biocompatible
platform in recent years due to its favorable physicochemical
properties and scalability. Thus, chitosan and its modified forms
are widely employed as carriers, scaffolds, and protective/
antibacterial layers in therapeutic applications.s‘6 More recently,
chitosan modifications were attempted by incorporating fatty
acids, folates, cationic compounds,é_9 and so on to enhance the
biochemical interaction and transfection into cells for more
practical applications.'’ In the area of therapeutics, modifica-
tions with lipids or polyethylenimines (PEI) have been
frequently investigated and demonstrated to improve the
biofunctionality without a significant increase in cytotoxicity/
side effects.

Researchers have also become interested in incorporating or
combining biofunctional organic/polymeric compounds with
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other functional components in order to enhance or comple-
ment their properties.n’12 In particular, inorganic NPs-
incorporated hybrid nanoplatforms are extensively employed
in biomedical applications for external stimuli-responsive
controlled drug release and enhanced traceability."* Specifically,
in recent years, various metallic NPs have been incorporated
with biofunctional organic components for photo- or chemo-
thermal therapies due to surface plasmon resonance heating
when they are placed in cells under infrared (IR) or near-
infrared (NIR) irradiation."

Although researchers have proposed many wet chemistry
formulations based on the suspension of metallic particles for
biomedical applications, such formulations may only be
workable (and possess the desired performance) for a short
period of time. In addition, organic or polymeric components
incorporated with metallic NPs are normally unstable due to
gradual degradation by hydrolysis; biofunctional nanomaterials
in a suspension or colloidal form are therefore not
recommended.'* Nanomaterials in a colloidal form also tend
to aggregate during storage, thus changing the materials’
properties and making them less suitable for bioapplications.'®
As a result, we require a paradigm shift in our strategy for
preparing stable organic—inorganic hybrid nanomaterials with a
simpler and more versatile processing method for efficient use
in biomedical applications.
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Figure 1. Schematic of aerosol nanoencapsulation for preparing NP@MP using a series connection of an aerosol NP generator and an MP

encapsulator.

A single-pass aerosol route is an alternative method for
preparing such nanomaterials with fewer preparation steps;
such a process can allow long-term storage of the prepared
nanomaterials in powdered form.'® Aerosol techniques in
biomedical applications are generally employed for the
treatment of bronchopulmonary disease via the delivery of
therapeutic agents to the mucosa of the respiratory tract and
pulmonary alveoli;'” more recently, researchers have further
applied and/or modified these techniques to prepare micro- or
nanoscale biofunctional hybrid materials for other therapeutic
applications.'®"” However, because the conventional aerosol
route of most materials is commonly performed under high-
temperature conditions (500 °C and above), this process can
only be used for fabricating inorganic-based materials.”” When
using a single-pass aerosol route for the production of the
inorganic part of hybrid materials, it is essential to perform
further treatments (i.e., incorporation with organic or polymeric
compounds) before the materials will be suitable for use.'® It is
thus necessary to use low-temperature processing, as temper-
atures above 300 °C will decompose most or%anic or polymeric
materials (i.e., biofunctional soft materials).>

This study introduces a single-pass, low-temperature aerosol
nanoencapsulation method for preparing multibiofunctional
nanoplatforms consisting of a hard NP (silica, SiO,; calcium
carbonate, CaCO;; Au-decorated graphene oxide, AuG; or
thiol-capped Au, AuT) as the core and a modified-polymer
(MP; cholesterol-chitosan linked with PEI) as the shell. To
enhance the delivery of drugs, genes, vaccines, and tracin:
agents into target cells, polymer-incorporated SiO,,”> CaCO,,”
Au,”* graphene,” and thiol’”® nanoplatforms have been
employed. In one recent study, MP was chosen, because it
has an enhanced cationic charge with low toxicity and high
affinity to hard NPs'* and has been aerosolized to enhance the
performance of gene delivery into mammalian cells without
using multiple wet chemical processes.”” Despite the successful
use of both components, the preparation systems of hybrid
nanoplatforms should be modified and reconstructed when the
compartment replacement of the platforms is required to
produce a different function.”> Consequently, the introduction
of practical generalizable assembly strategies in a built-to-order
configuration is a huge challenge in the preparation of various
desired nanoplatforms without significant changes to the
preparation system. To perform nanoencapsulation (Figure
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1), we directly injected floating hard NPs into MP droplets
using a spray device and subsequently heat-treated them (<90
°C wall temperature) to liberate the solvent from the droplets,
resulting in the formation of multibiofunctional nanoplatforms.
The assembled nanoplatforms were electrostatically collected
on hydrophobic substrates to evaluate their ability in gene
delivery and photo- (HeLa cell killing) and chemo-thermal
[doxorubicin (Dox, Sigma-Aldrich, USA) release] activities
after testing the cytotoxicity.

The particle size distribution in the aerosol state was
analyzed using a scanning mobility particle sizer (model 3936,
TSI, Shoreview, MN, USA) to verify the mean diameter,
standard deviation (SD), and number concentration (Figure 2).
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Figure 2. Size distributions of aerosol MP alone, individual NPs
(Si0,), and MP encapsulated NPs (SiO,@MP).

The measured diameter, SD, and concentration of the SiO,@
MP hybrid structures were 130 nm, 1.85, and 3.4 X 10° cm™3,
respectively (see Table S1). Data for SiO, NPs were 57 nm,
1.75, and 2.8 X 10° cm™>, respectively, and those for individual
MP particles were 130 nm, 1.86, and 2.7 X 10° cm™,
respectively. The results showed only a new unimode size
distribution; the distributions were closer among the MP
particles than among the SiO, particles, which suggest that the
SiO, particles were nearly quantitatively combined with the MP
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Figure 3. TEM images of MP alone (left), individual NPs (SiO,, CaCO;, AuG, or AuT) (top), and MP encapsulated NPs (SiO,@, CaCO;@,

AuG@, or AuT@MP) (bottom).

components, forming MP-encapsulated SiO, NPs (ie., SiO,@
MP nanoplatforms). Other cases (CaCO;@MP, AuG@MP,
and AuT@MP; Figure S1) also demonstrated this incorpo-
ration behavior. For an appropriate comparison, the diameter,
SD, and concentration of aerosol NPs (SiO,, CaCO;, AuG, and
AuT) were set to ~60 nm, ~ 1.75, and ~2.9 X 10° cm™3,
respectively.

Transmission electron microscope (TEM, CM-100, FEI/
Philips, USA) images (Figure 3) indicate that the SiO, particles
are agglomerate (consisting of individual SiO, nanocrystals),
while the MP particles exhibit a similar spherical shape with a
smooth surface and are separate from each other. Solid MP
particles were obtained using this method, which was caused by
the given drying rate and can be explained with the Peclet
number, Pe, dimensionless number that represents the relative
time-scales for diffusion (D4*/45,) and convective drying z:

1)d
Pe =

The Pe value of the current condition was significantly
smaller than 1, indicating the migration of solutes at the
interface toward the core region of droplets. It was sufficient to
keep up with convective drying, thereby inducing the formation
of dense solid particles. When the SiO, NPs passed through the
opening of the atomizer (Figure 1), the SiO, particles were
capsulated by the MP particles due to the gas pressure. In the
heated tubular flow reactor, the gas temperature (Figure 1) was
partially lower than the glass transition temperature of chitosan
(140—150 °C). Consequently, the particles were not softened
and a spherical morphology was maintained (ie., the
mechanical strength was sustained).”® The high resolution
TEM image shows a gray network shell around the SiO, core
particles, implying the presence of an MP moiety that
completely covered the SiO, particles. For CaCO;@MP, MP
encapsulated one CaCOj; particle; thus, the morphology was
more spherical compared with that of SiO,@MP. AuG and
AuT NPs were also capsulated by spherical MPs, but some
particles protruded from the MP shell, probably because of
their higher diffusivity to the MP shell. The diffusion coeflicient
D of a particle in a droplet is related to its size D,,.
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kT
3uD, )

where k is the Boltzmann constant, T is the temperature, and y
is the droplet viscosity. The diffusivity of the Au-based particles
was approximately 15 times larger that of the SiO, and CaCO;
particles, and this induced the protrusion of Au particles from
the MP shells. The efliciencies of MP encapsulation of SiO,,
CaCO;, AuG, and AuT NPs were 96.4, 98.7, 91.9, and 90.1%,
respectively, and were calculated using the following equation

N
ﬂencaP = [1 - E]IOO(%)

0

(©)

where N, and N are the number concentrations of NPs before
and after encapsulation, respectively. The mean mode diameter
of the MP particles was 125 + 9.3 nm. The same data for the
SiO,@, CaCO;@, AuG@, and AuT@MP nanocomposites
were 131 + 8.3, 128 + 6.9, 138 + 9.9, and 134 + 8.1 nm,
respectively, and these data are well matched with the data
described in Figure 2 and Figure SI.

As shown in Figure S2, the IR spectrum (absorbance mode)
(Nicolet 6700, Thermo Electron, Madison, WI, USA) of the
MP particles showed bands at around 1664, 1580, and 1380
cm™), corresponding to amides I, II, and III, respectively. Other
bands at 1160 and 1033 cm™ could be assigned to the
asymmetric stretching of the C—O—C bridge and C-O,
respectively; these peaks were attributed to the saccharine
structure of chitosan. The MP further introduced two more
broad bands at around 2950 and 3400 cm™', which were
attributable to alkyl bends and amine-hydroxyl stretching
vibrations, respectively. After the NP was capsulated by the
MP, there were no significant differences between the MP and
NP@MP, whereas the specific peak of the amide groups (II)
intensified, especially for the SiO,@, AuG@, and AuT@MP
cases. This means that the NP may generate an effective linkage
with amide groups. Furthermore, for the AuG@MP and AuT@
MP cases, other amide groups (I and III) were intensively
linked onto the NPs. In short, the changed spectra in the NP@
MP platforms may indicate a DNA-binding ability to form
NP@MP-gene complexes via electrostatic attraction. The zeta
potential of NP@MP-gene complexes is described in Table S2.
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The positive charges of the complexes suggest that the
nanoplatforms may have potential for delivering genes into
cells. The zeta potential varies with different NP@MP
platforms; AuT and SiO, have the highest and lowest values,
respectively, and these correspond with the peak characteristics
of the IR spectra, although there were no significant differences
in the zeta potential between the platforms.

An electrophoretic mobility shift experiment (not shown)
was performed to confirm the formation of the nanoplatform-
gene complexes for employing such complexes in a gene
delivery test. To investigate the appropriate ranges of mass ratio
(NP@MP platform to gene), we tested ratios of 0.2, 1.0, S.0,
10.0, 20.0, and 50.0 to confirm the complexing efficiency. The
10.0 ratio was eventually chosen for the gene delivery tests,
because nearly all the genes were efficiently bound with NP@
MP platforms and clearly showed little gene liberation from the
complexes.

The cytotoxicities of the platforms were then assessed,
because one essential feature of any biomedical application of
NP@MP platforms is that they must be biocompatible.
Measurements of cell viability of the platforms were performed
at different mass concentrations (5—100 ug mL™) using a 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium assay in 293 human embryonic
kidney cells in comparison with cell viability only from the MP
(Figure S3). The results show that cell viabilities were higher
than 92.3% for all the tested NP@MP platforms, whereas a
slightly better viability (>96.5%) was observed for the MP
alone. This suggests that the incorporation of NPs did not
increase the cytotoxicity of the MP particles, thereby providing
evidence that there was no significant interference in the cells’
reproductive abilities after incubation with the platforms. The
slight cytotoxicity may be caused by cationic polymers, which
may interfere with the critical intracellular processes of cells.
The slightly higher cytotoxicities of the platforms at higher
mass concentrations may be caused by damage via interactions
between NP surfaces and cellular compartments. Specifically,
enzymatic degradations and/or single-strand breaks of genes in
cells via catalytic oxidative stress from NPs may have slightly
increased the cytotoxicities at higher mass concentrations. ?

The gene delivery performance of the platforms was then
evaluated using luminescence measurements of green fluo-
rescent protein (GFP) genes. The results [shown in Figure 4a,
expressed as relative luminescent units (RLUs) mg_I of
protein] from the platforms complexed with the GFP genes
were compared with the results from the MP particle-GFP gene
complexes. As a control, the gene delivery performance of
naked DNA was first attempted for comparison purposes; the
intensity of GFP fluorescence reached approximately 1.1 X 10*
RLU mg™ in the 293 cells. The results were significantly
enhanced (i.e., intracellular transfection was achieved) when
employing MP (1.33 X 10° RLU mg™) and platforms (1.7 X
10° to 2.6 X 10° RLU mg™); all platforms showed higher
delivery performances. As shown in Figure 4b, the correspond-
ing fluorescent microscope images further confirmed the
different gene delivery abilities of the complexes. According
to the zeta potential data (20—27 mV, Table S2), the
differences in gene delivery may have been caused by different
bindings between an NP and MP, providing different levels of
gene delivery (1.3 X 10° to 2.6 X 106 RLU mg™) since there is
no significant difference in particle size between the nanoplat-
forms. The AuT@MP platforms demonstrated the highest
efficiency because AuT can more easily bind with functionaliz-

a

1.00EH7

1.00E+06

1.00E-HS

1.00E+04

RLU mg" of protein

1.00E+03

L _MP__ |
CaCO,@MP

AuG@MP AuT@MP

Figure 4. (a) Gene delivery performances and (b) fluorescent
expressions of MP alone, and NP@MP nanoplatforms (SiO,@,
CaCO;@, AuG@, or AuT@MP) in 293 human embryonic kidney
cells over 24 h.

ing or targeting ligands (i.e, inducing a high affinity between
the luciferase and thiol groups in complexes) than other
materials;*” additionally, its protruded characteristics from the
MP shell enhanced the interaction with cell surface receptors
and thus may affect the amount of gene transfection.

To evaluate the multifunctional ability of nanoplatforms
produced using the proposed processing method, we further
prepared and employed Au-SiO,@MP (left TEM image) and
Au-CaCO;@Dox-MP (right TEM image) platforms as nano-
platforms for applications in photothermal therapy and the
chemo-thermal release of Dox, respectively. The left side of
Figure S shows the change in temperature (measured using an
IR thermometer) of phosphate-buffered saline (PBS, Sigma-
Aldrich, USA) containing Au-SiO,@MP platforms. The
temperature increase (2.3—14.9 °C) is proportional to the
mass concentration (5—100 Hg mL™!). From the temperature
measurements, it can be concluded that the Au-SiO,@MP
platforms absorbed the irradiated laser light, and the light was
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Figure S. Results of photothermal therapy using Au-SiO,@MP (left TEM image) and chemo-thermal Dox release from Au-CaCO;@Dox-MP (right
TEM image) under laser irradiation with a 705 nm wavelength. Temperature increases (left) for different mass concentrations (from S to 100 g
mL™") under 705 nm laser irradiation for a duration of 3 min (1.8 W cm™2). Representative fluorescence images of HeLa cells without (green, viable)
and with (red, dead) Au-SiO,@MP under laser irradiation. NIR-induced release of Dox (right) from Au-CaCO;@Dox-MP. A photograph (right)
shows Au-CaCO;, Dox-MP, and Au-CaCO;@Dox-MP samples in PBS solution.

successively converted into thermal energy. On the basis of this
conversion upon 705 nm excitation, in vitro photothermal
therapy using the NPs was investigated. Viable or dead cells
were differentiated using calcein AM (viable cells, green
fluorescence, Life Technologies, USA) and propidium iodide
(dead cells, red fluorescence, Life Technologies, USA) after
laser irradiation. In the control group (laser irradiation in the
absence of Au-SiO,@MP), all cells displayed green fluores-
cence, thus showing that the irradiation had no significant
cytotoxic effects. When the platforms were exposed to laser
irradiation for 3 min, the platforms exhibited a photothermal
effect for HeLa cells; hence, nearly all cells that were placed
inside the circle of the laser spot were killed and exhibited
homogeneous red fluorescence. The cells incubated without the
platforms mostly stayed alive, exhibiting green fluorescence.
The right side of Figure 5 shows the Dox release behavior from
Au-CaCO;@Dox-MP platforms. The platforms sampled using
a hydrophobic substrate were injected into a PBS solution and
exposed to the laser. The irradiation enhanced the Dox release
from the platforms, and the release pattern (i, a drastic
increase in the Dox release with the temperature) coincided
with the temperature increase pattern. The converted heat
upon irradiation enhances Dox release from the NPs since heat
may promote the oscillation of Dox molecules adsorbed by the
platforms. As can be seen in the photographs (the right side of
Figure S), the reddish color of Dox-MP turned pale after it was
combined with Au-CaCOj;, implying that most of the Dox was
adsorbed in Au-CaCO; (particularly in CaCOs;), and that its
release can be triggered by laser irradiation. From the
photoderived activities, the proposed processing method may
enable the fabrication of various multifunctional nanoplatforms
for use in biomedical applications.

A single-pass aerosol nanoencapsulation method for
preparing MP-encapsulated NP platforms has been employed
in gene delivery, photothermal therapy, and chemo-thermal
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release after testing the biocompatibility. It exhibited a slightly
higher cytotoxicity but better gene delivery efficiencies in 293
human embryonic kidney cells when compared to the MP
alone. Other nanoplatforms (Au-SiO,@MP and Au-CaCO;@
Dox-MP) produced using the proposed processing method
were further available for photothermal cancer cell killing and
chemo-thermal Dox release activities without the use of
additional chemical processes. This new strategy can thus
enable the on-demand continuous fabrication and modification
of fresh multibiofunctional nanoplatforms for use in various
biomedical applications, which may further generalize to a wide
range of theranostic applications, and may also hold immense
promise for biomaterial coatings.
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