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Introduction

Janus objects, named after the double-faced Roman god,* are
fascinating in nature.”> One example is a bacteriophage (i.e.,
a virus that infects bacteria), which shows Janus shapes and
extraordinary properties.®* The past ten years have witnessed
vigorous progress in the study of Janus nanoparticles especially
the ones with morphological asymmetry and how the asym-
metric nanoparticles adjust their functions."** Nanoparticles
with morphological asymmetry, e.g., heterodimeric AB type with
two domains and heterotrimeric ABC type with three different
domains in one particle, can be fabricated generally through
top-down or seed-mediated approaches.”'* However, using
molecular assembly to synthesize Janus nanoparticles is
extremely difficult, and to date there is no report on the prep-
aration of ABC type heterotrimeric nanoparticles through a one-
step bottom-up assembly approach.

Janus nanoparticles with various structures and composi-
tions have wide-spread applications in catalysts,'> nano/micro-
motors*' and nanomedicine.”®” The interaction between
nanoparticles and cells plays a central role in cellular delivery
applications.”®?® The impact of the size, shape, composition,
aspect ratio and orientation of nanoparticles interacting with
cells has been extensively reported.>**->* Nevertheless, there are
few reports where the difference between Janus and spherical
nanoparticles is directly compared.
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intestinal epithelial microfold cells and exhibit higher cargo transport across an in vitro epithelial
monolayer model mimicking the human intestinal epithelium.

In the present work, for the first time, we report a bottom-up
self-assembly approach of ABC type heterotrimeric nano-
particles (Scheme 1a). The synthesis involves three molecular
precursors: 3-aminophenol (AP), formaldehyde (F), and tet-
raethyl orthosilicate (TEOS) in an ammonia water/ethanol
solution containing ethylenediamine (EDA). The hydrolysis and
condensation of TEOS firstly results in the formation of silica
primary particles (SPPs, 2-3 nm)* and then Stober spheres with
larger particle sizes (several tens of nm)* as building block A.
The polymerization of AP and F occurs afterwards, leading to
APF oligomers which nucleate as building block B preferentially
on one side of block A. Afterwards, SPPs and APF oligomers co-
condense, forming building block C on the other side of A.
Eventually, an ABC type heterotrimeric nanoparticle with an
acorn-like Janus morphology is constructed, which can be used
to generate secondary Janus-type derivatives (Scheme 1b): Janus
silica nanoparticles (J-SNPs) by calcination to remove APF. By
tuning the reaction conditions, symmetric SNPs (S-SNPs) can

O F o SiO, primary particle

S > APF oligomer

Scheme 1 Synthesis process and mechanism. (a) Bottom-up self-
assembly of ABC type heterotrimeric nanoparticles and (b) their
conversion into secondary Janus-type silica nanoparticles (I).
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also be prepared. J-SNPs and S-SNPs were well dispersed and
stable in PBS solution (Fig. S1t), and can be used as a new
platform to investigate the impact of symmetry on the interac-
tions between nanoparticles and cells.

Results and discussion

Transmission electron microscopy (TEM) images of the heter-
otrimeric nanoparticles (Fig. 1a and b) clearly showed a Janus
nanostructure similar to the morphology of the fruit acorn,
consistent with scanning electron microscopy (SEM) observa-
tions (Fig. 1¢). The particles were monodisperse and uniform in
size (~420 nm). As shown in Fig. 1b, the “bulge” (block B)
exhibited a hemispherical morphology with a smaller contrast
than the “cap” (block C) with spike-like fine nanostructures.
Moreover, the core (block A) showed the darkest contrast.
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Scanning TEM (STEM) coupled with energy dispersive X-ray
spectroscopy (EDS) elemental mapping (C, N, O, and Si) was
used to record the heterogeneous composition in the hetero-
trimeric colloidal nanoparticles. The high-angle annular dark
field (HAADF) STEM image (Fig. 1d) showed a similar acorn-like
morphology to that in Fig. 1b. According to the corresponding
elemental mapping results, the distribution of C and N
elements exhibited a higher intensity in block B than in A and C.
The O and Si intensity showed an opposite trend, and the Si
signals were hardly observed in block B. The heterogeneous
distribution of C, N, O, and Si elements was evident in the
overlapped image. The above results indicate that the acorn-like
heterotrimeric nanoparticle has a structure as shown in Scheme
1: the “bulge” (block B) is composed of APF without SiO,, the
“cap” is a silica-APF composite shell (block C), and there is
a silica-rich core (block A) inside.

Fig.1 TEM, SEM, STEM EDS mapping and ET images of the ABC type heterotrimeric nanoparticles. TEM (a and b); SEM (c); HAADF-STEM (d) and
the corresponding EDS elemental mapping images and their overlays. Tilting TEM images (e and f, from +120° to 0°) and the ET slice (g). All scale

bars are 200 nm.

This journal is © The Royal Society of Chemistry 2019
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To obtain detailed structural information of Janus nano-
particles, electron tomography (ET) was used.?® Tilting the Janus
nanoparticles along the x-axis resulted in a spherical appear-
ance (Fig. 1e and f), which explains the observation of “spher-
ical” nanoparticles in Fig. 1a (denoted by arrows). An ET slice
from the center through the y-z plane of the ABC type hetero-
trimeric nanoparticle showed clearly three blocks (Fig. 1g).

Thermogravimetric analysis (TGA) was conducted to study
the composition ratio in the ABC type heterotrimeric nano-
particles (Fig. S27). A weight loss of ~40% was observed, indi-
cating that the weight ratios of the APF polymer and silica are
~40% and ~60%, respectively. After removing the APF polymer
from the ABC type heterotrimeric nanoparticles by calcination
at 550 °C, well dispersed J-SNPs were obtained. From the SEM
image (Fig. 2a), an AB type heterodimeric Janus morphology
was observed with a mean particle size of 370 nm. The Janus
structure was confirmed by TEM observation (Fig. 2b). A solid
core with a mean size of 230 nm was observed. The length of the
spiky shell was ~70 nm and the diameter of one spike was
around 10 nm. A core with a relatively smooth surface was
embedded in a partially open spherical spiky shell as illustrated
by the 3D model (Fig. 2¢), similar to the moonflower seed pod in
nature. Some of the nanoparticles were observed to be fully
covered by the silica spikes, which may be because the “dent”
part was facing down as supported by the tilting TEM images
shown in Fig. 2d and e. Our observations suggest that the APF
“bulge” (block B) in the ABC type heterotrimeric nanoparticle
was fully removed during calcination, and the core (block A)
remained as the solid particle, while the silica-APF composite
“cap” (block C) was converted into the spiky silica shell (Fig. 2f).

N, sorption-desorption analysis of the ABC type heterotrimeric
nanoparticles and J-SNPs is shown in Fig. S3, demonstrating the
mesoporous nature of J-SNPs (Table S17). The particle sizes of the
ABC type heterotrimeric nanoparticles and J-SNPs measured by
dynamic light scattering (DLS, Fig. S1t) were slightly larger than
their TEM/SEM results mainly due to hydration.

Compared to the Pickering emulsion and surfactant
assembly approach wused in the synthesis of head-tail

Fig. 2 SEM (a), TEM (b), 3D model (c), tilting TEM (d and e, from 0° to
+90°) images and the ET slice (f) of J-SNPs. Scale bars are 200 nm in
a-b, and 100 nm in d-f.
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asymmetric SNPs,*”*® the bottom-up assembly approach devel-
oped in this study does not use surfactant templates or pre-
formed seed particles to prepare the ABC type heterotrimeric
nanoparticles and J-SNPs. In addition, the J-SNPs have a spiky
shell (Fig. 2f),* different from the large-pore tail structure in
previous reports.>”*

We propose a compromised colloidal interaction model to
explain the formation of ABC type heterotrimeric nanoparticles.
In our synthesis, there are two polymerizable systems that can
form isolated silica (A) and APF (B) colloidal particles (Fig. 3a) in
the absence of EDA. This is because both silica and APF nano-
particles are negatively charged,® and thus there is repulsion or
weak interaction between silica and APF, leading to homoge-
nous nucleation and particle growth of both A and B particles
individually (named as the A + B model, see Fig. 3b and e). As
shown in Fig. 3c, the addition of a high amount of EDA (0.22
mL) introduces positive charge on the silica surface and triggers
the heterogeneous nucleation and growth of the A@B model
(more precisely, B is the copolymerized silica primary particles
and APF, see Fig. 3d and e). Only when the interaction between
two colloidal systems is compromised (adjusted by the EDA
amount at 0.175 mL), not too weak to cause A + B growth nor too
strong to induce A@B growth, the nucleation of polymerized
APF occurs preferentially on one side of the silica core, forming
a Janus A-B assembly (see Fig. 3e) (see ESI for detailed dis-
cussionst). The relative size of block B on each nanoparticle can
be easily tuned by the amount of EDA (Fig. S47).

The reduced amount of EDA could be responsible for the
first deposition of the APF block in the Janus A-B assembly
model, rather than the APF-silica block at higher EDA amounts
in the A@B growth model. With increasing reaction time, the
copolymerized SPPs and APF form the third block (C) on the
other side of the silica core, forming the ABC type hetero-
trimeric nanoparticles (Scheme 1a and Fig. 1). This is supported
by time-dependent TEM studies of the ABC type heterotrimeric
nanoparticles (Fig. 3f-i and f1-i1), which showed that block A
was first formed with a silica-dominant composition, followed
by the formation of the AB type Janus structure where the B
block is predominantly APF, and finally the ABC type hetero-
trimeric nanoparticles with both silica and APF in the C block
(see ESI for detailed discussionst).

Janus nanoparticles prepared via the bottom-up assembly
approach provide novel platforms to investigate the impact of
nanoparticle asymmetry on their cellular interactions and drug
delivery performance. As a demonstration, the transepithelial
transport of Janus nanoparticles was evaluated using an
epithelial Caco-2/microfold (M) cell monolayer model.** Caco-2
cells were selected as the model epithelial cell and grown on
a porous surface to mimic the gut epithelium. M cells, which are
located in the human intestinal epithelium in the gut, are
highly specialized for the phagocytosis and transcytosis of gut
lumen macromolecules, particulate antigens and microbes
across the epithelial barrier.*” In the in vitro model, Raji B cells
were co-cultured with Caco-2 cells on transwells to stimulate the
differentiation of M cells (Fig. 4a).>* S-SNPs (see Fig. 3d and S5)
were chosen as a control sample. The transepithelial transport
and cell monolayer internalization were measured separately

This journal is © The Royal Society of Chemistry 2019
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A-B
1

Interaction between silica and APF

Fig. 3 TEM images of APF—silica nanoparticles with different amounts of EDA. (a and b) 0 mL; (c and d) 0.22 mL. As-synthesized samples (a and
c); calcined samples (b and d). Schematic illustration of the three growth models (e). TEM images of morphological evolution of the ABC type
heterotrimeric nanoparticle collected at different reaction times. 5 min (f and f1); 15 min (g and g1); 30 min (h and hl); 1 h (i and i1). The as-
synthesized composite (f—i); silica structures (f1-il) obtained by calcination of samples in (f—i). Scale bars are 400 nm in a—d, and 100 nm in f—i

and f1-il.

for J-SNPs and S-SNPs (labelled with RITC, Fig. S6 and S77). As
shown in Fig. S8, J-SNPst showed higher transported and
uptake amounts across the cell monolayer compared with S-
SNPs, except for short incubation times (0.5 h), where the
uptake amounts were similar. Collectively, the Caco-2/M cell
monolayer takes in more J-SNPs than S-SNPs.

Afterwards, a model protein antigen ovalbumin (OVA,
conjugated with FITC to give green fluorescence) was loaded
into the nanoparticles to further evaluate the protein transport
ability of J-SNPs and S-SNPs across the Caco-2/M cell monolayer,
which provides useful information for future oral delivery
applications.®® Characterization of the FITC-OVA loaded SNPs
can be found in Fig. S9.7 After adding the FITC-OVA loaded NPs
(NPs-FITC-OVA) to the apical side of the Caco-2/M cell mono-
layer, the uptake and transported amounts of the NPs-FITC-
OVA were evaluated using a plate reader (Fig. 4b) and flow
cytometer (Fig. S10 and S117). It is found that both the uptake
and transported amounts increased with the incubation time
(0.5-4 h), which were determined according to the fluorescence
intensity of FITC-OVA in the cell monolayer and the basolateral
chamber. The fluorescence intensity was used to reflect the
relative uptake and transported amounts of OVA. At 4 h, J-SNPs

This journal is © The Royal Society of Chemistry 2019

displayed a much higher transepithelial amount of FITC-OVA
than S-SNPs.

To understand the difference in transepithelial transport
between J-SNPs and S-SNPs, cells were stained with rhodamine-
phalloidin to indicate the activation of phagocytosis. It was
found that J-SNPs stimulated faster and more intense phago-
cytosis than S-SNPs (Fig. 4c), suggesting that the higher trans-
cytosis of J-SNPs through the Caco-2/M cell monolayer is
associated with their enhanced phagocytosis. From the Z-stack
confocal scans (Fig. 4d), the superposition of green (M cells) and
red fluorescence (SNPs) suggests that M cells play a main role in
transcytosis. At an incubation time of 0.5 h, J-SNPs were
observed inside or at the bottom sides of Caco-2/M cells (dashed
circle), while S-SNPs were mainly entrapped on the cell surface
or on the top side (white arrows) at 0.5 and 2 h, indicating the
faster transcytosis of J-SNPs. At a prolonged incubation time of
4 h, both J-SNPs and S-SNPs were found to be located at the
bottom side of M cells, indicating transport through M-cells.

We further compared the protein transport ability of two other
conventional spherical silica nanoparticles, dendritic mesoporous
silica nanoparticles (DMSNs) and MCM-48 (see Fig. S12 to S15 for
more details on characterizationt). FITC-OVA loaded DMSNs and

Chem. Sci,, 2019, 10, 10388-10394 | 10391
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Fig. 4 Schematic illustration of the Caco-2/M-cell monolayer (a). Fluorescence intensity of FITC-OVA loaded J-SNPs and S-SNPs transported
through or taken up by the human intestine Caco-2/M-cell monolayer (b). Statistical analyses were performed by using two-way ANOVA. ***
indicates p < 0.001, **** p < 0.0001. Fluorescence images of the Caco-2/M-cell monolayer treated with J-SNPs and S-SNPs at 0.5, 2 and 4 h (c).
Fluorescence microscopic Z-scans of the Caco-2/M-cell monolayer incubated with J-SNPs and S-SNPs (labelled with RITC, red) for 0.5, 2 and 4
h (d). Rhodamine phalloidin (red) staining was used in (c). Cell nuclei were stained with Hoechst (blue) in c and d. M cell borders were stained with
wheat germ agglutinin Alexa Fluor 488 (green) in (d). All scale bars are 10 um.

MCM-48 showed lower uptake and transported amount at low
incubation times (0.5 and 2 h) compared with those of J-SNPs and
S-SNPs (Fig. S16t). At 4 h, the uptake of MCM-48 is similar to that
of J-SNPs, however the transported amount is significantly lower
than that of J-SNPs. Representative images of the Z-stack confocal
scans are shown in Fig. S17,1 the cellular uptake of DMSNs and
MCM-48 was found to be increased with the incubation time,
while only limited transported nanoparticles were observed,
consistent with the results from the protein transepithelial
transport experiment. The above results suggest that the asym-
metry of nanoparticles plays a significant role in their cellular
uptake and transport performance. J-SNPs facilitate faster and
enhanced transcytosis across the Caco-2/M cell monolayer than S-
SNPs, mainly through enhanced phagocytosis by non-profes-
sional phagocytic M cells with high phagocytic capability.**

The above conclusion is further supported by cellular uptake
and phagocytosis studies of ]-SNPs and S-SNPs in four cell lines
(Fig. S18-52071), showing that J-SNPs were internalized more

10392 | Chem. Sci,, 2019, 10, 10388-10394

and faster by cells with high phagocytic capability (RAW264.7
and HCT116 cells, Fig. S21-S257), but not in cells with low
phagocytic capability (CHO-K1 and KHOS cells). By inhibiting
the phagocytosis pathway in RAW264.7 and HCT116 cells, the
uptake of J-SNPs was significantly reduced (Fig. S26t), high-
lighting the critical role of the phagocytosis pathway in the
internalization of J-SNPs.

The reason for the enhanced phagocytosis of J-SNPs over S-
SNPs in cells with high phagocytic capability is not clear, but is
presumably associated with the Janus morphology. SEM
observations (Fig. S27 and S287) revealed that a relatively higher
number of J-SNPs appeared “spherical” and partially engulfed
in RAW264.7 and HCT116 cells. This trend was not observed in
CHO-K1 and KHOS cells. It is suggested that only in cells with
high phagocytic capability (e.g., RAW264.7 and HCT116 cells),
could the “dent” side contact mode with the cell membrane
facilitate phagocytosis, eventually leading to higher cellular
uptake of the J-SNPs than S-SNPs. Clearly, this theory should be

This journal is © The Royal Society of Chemistry 2019
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tested in more cell lines and various asymmetric nanoparticles
to draw a conclusion.

Finally, the MTT assay of J-SNPs and S-SNPs in the four cell
lines (RAW264.7, HCT116, CHO-K1 and KHOS cells) was con-
ducted at different incubation times (24 h and 72 h) as shown in
Fig. S29 and S30.7 Under the particle concentration range of 0—
110 pg mL ™, both J-SNPs and S-SNPs showed dose dependent
cytotoxicity in RAW264.7, CHO-K1 and KHOS. RAW264.7 cells
were found to be more susceptible compared with other cell
lines, probably due to their high phagocytic ability. At 24 h of
incubation in RAW264.7, J-SNPs showed a higher cytotoxicity
compared to S-SNPs. At prolonged time points, both J-SNPs and
S-SNPs showed similar dose dependent cytotoxicity regardless
of the shape of the nanoparticles, consistent with literature
reports. HCT116 cells showed higher cell viability than other
cell lines and no significant dose dependent behaviour was
observed, indicating that HCT116 cancer cells were more
resistant to SNPs under the experimental conditions.**?*

Experimental
Synthesis of the ABC type heterotrimeric nanoparticles

Monodisperse ABC type heterotrimeric nanoparticles were
synthesized through a one-pot surfactant free process under
alkaline conditions in an alcohol-water system. Typically, 3-
aminophenol (0.41 g), formalin (37 wt%, 0.9 mL), and tetraethyl
orthosilicate (TEOS, 1.75 mL) were added to the solution
composed of ammonia aqueous solution (28 wt%, 1.56 mL),
deionized water (10 mL), ethylenediamine (EDA, 0.175 mL) and
ethanol (40 mL). The above solution was vigorously stirred at
room temperature for 4 h. The as-synthesized particles were
separated by centrifugation, and washed with ethanol and
deionized water three times. The final product was obtained by
drying at 50 °C overnight. The J-SNPs were obtained by calci-
nation of the pre-dried ABC type heterotrimeric nanoparticles at
550 °C in air.

Conclusions

In summary, a bottom-up surfactant-free self-assembly route is
developed for the synthesis of ABC type heterotrimeric nano-
particles and Janus-type silica nanoparticles. This finding leads
to a variety of nanoparticles with controllable morphologies and
compositions, which will be useful tools in future studies to
understand the nanoparticle-cell interactions. Moreover, J-
SNPs have enhanced transport through an in vitro epithelial
monolayer, indicating the potential application of J-SNPs as oral
delivery vectors with improved delivery efficiency.
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