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We report a facile approach of using DNA molecules as switches to
selectively activate silica coating onto specific facets of
upconversion nanoparticles. Being simple and reproducible, this
method improves the understanding of silica coating mechanism
and opens up new opportunities for nanomedicine delivery.

Nanoparticles, as the building blocks in nanobiotechnology, are
broadly used as molecular-specific tags?, responsive sensors? 3,
nanoscale carriers*®¢, and stimuli-reactive triggers in
nanomedicine delivery systems? 8. Among a variety of surface
modification strategies for nanoparticles, silica coating attracts
substantial attention because a silica capping layer can
introduce a stabilized interface for molecular functionalization®
10, When upconversion nanoparticles (UCNPs) become a new
family of luminescent nanomaterials, with unique properties in
converting near infrared light into visible and UV emissions,
silica coating has been commonly used for the surface
modification and phase transformation of UCNPs for chemical
sensing!l- 12 bioimaging3-15, intracellular sensing1® 17, NIR light
triggered drug therapy'4 17.18 and optogenetics?®.

As the stability, specificity, selectivity, and biocompatibility
of nanoparticles rely largely on their surface properties,
nowadays exploration of the anisotropic surface properties of
nanoparticles becomes a trend for creating novel functional
nanomaterials or optimizing the performance of the particles
for emerging applications29-22, According to previous reports2%
21, 23 the site-specific silica coating can be achieved by the
surface curvature of nanoparticles, but the fundamental
mechanism thereof remains unclear. Wang et al.2% suggest that
the prior modification of thiol-terminated
methoxypoly(ethylene glycol) (PEG-thiol) could prevent silica
deposition onto the ends of gold nanorods (AuNRs). Murphy et
al.Z3 believe that the oxidization state of capping ligands could
be the key to anisotropic silica deposition. For instance, PEG-

Institute for Biomedical Materials & Devices (IBMD), Faculty of Science, University of
Technology Sydney, NSW 2007, Australia

Electronic Supplementary Information (ESI) available: [details of any supplementary
information available should be included here]. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

Wei Ren, Yingzhu Zhou, Shihui Wen, Hao He, Gungun Lin, Deming Liu, and Dayong Jin”

disulfide can selectively bond onto the ends of AuNRs,
facilitating silica deposition on the side facets; while PEG-thoil
modification deters silica deposition onto AuNRs as it shows no
site preference but covers complete surface of AuNRs.
Nevertheless, current publications are mainly focused on
AuNPs, the site-specific silica coating onto UCNPs has seldom
been reported.

DNA molecules are rich in phosphodiester bonds on their
backbones, which enables their direct conjugation onto the
trivalent lanthanide ions of UCNPs2426, Moreover, the
surfactant molecules of UCNPs are featured with different
binding strengths on end (001) and lateral (100)/(010) facets?7.
In our recent study, we have found that DNA molecules exhibit
selectivity with regard to the different facets of UCNPs28. The
intriguing property of DNA molecules has enabled us to obtain
both hydrophobic and hydrophilic facets on UCNPs. Such a
facet-selective DNA binding might offer a promising route for
the anisotropic silica coating on UCNPs by using DNA molecules
as capping ligands.

To clearly observe the difference on (001) and (100)/(010)
facets, rod-shape UCNPs are utilized. DNA modification is
initiated by a ligand exchange method?5 26, By shaking the
mixture of chloroform containing UCNPs and the aqueous
solution that contains synthetic DNA molecules for two hours,
the initial surfactants of UCNPs would be replaced, transferring
UCNPs from chloroform to the aqueous phase. A micro-
emulsion method with minor adjustment is followed to coat
silica onto the DNA capped UCNPs?!>. Briefly, the pre-treated
UCNPs are dispersed in cyclohexane with a surfactant (IGEPAL®
CO-520) and ammonium hydroxide with the help of
ultrasonication for 10 minutes. Then orthosilicate (TEOS)
cyclohexane solution is added dropwise into the UCNPs
suspension under magnetic stir. After 10 hours, pure ethanol is
added to the suspension to stop the reaction. The UCNPs are
then purified by ethanol and water for 3 times respectively and
finally stored in water for further analysis. It should be noted
that only after adding CO-520 and the use of ultrasonication can
the DNA-modified UCNPs be well-suspended in cyclohexane.
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Fig. 1 Different TEM results of the as-synthesized and DNA-modified UCNPs. (a, d)
Carton diagram of silica coating onto as-synthesized UCNPs and DNA modified
UCNPs. (b) TEM image of the as-synthesized UCNPs after silica coating. (c) High-
resolution TEM image of the single UCNP marked by a circle in (b). The squared
area is zoomed in for a clear vision. (e) Silica coating of UCNPs modified with DNA
molecules. (f)High-resolution TEM image of the single UCNP marked by a circle in
(e) and the enlarged tip area. Scale bar: 100 nm.

Characterisation by transmission electron microscopy (TEM) in
Figure 1 shows that a uniform silica shell forms all through the
surface of as-synthesized UCNPs whereas a silica shell only
forms on the (100)/(010) facets of DNA modified UCNPs.

Our recent work?® proves that in the ligand exchange
process, the phosphodiester bonds on the backbone of DNA can
only replace the surfactant molecules on the (001) facets of
UCNPs, leaving the (100)/(010) facets covered by initial organic
surfactants to generate anisotropic surface; nevertheless,
phosphate groups on the terminus of DNA show the strongest
affinity which replace all the surfactant molecules on the (001)

and (100)/(010) facets, rendering UCNPs fully hydrophilic.
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Fig. 2 Investigation on the site-specific silica coating mechanism. (a) Mechanism
of selective silica coating: DNA on the (001) facets prevents deposition of TEOS
precursor, leading to anisotropic silica coating. (b) TEM image of a dumbbell-shape
UCNP with silica coated on (100)/(010) facets. (c) Schematic illustration of silica
coating onto UCNPs with DNA modification on (001) and (100)/(010) facets in
ethanol. (d) TEM result shows no selectivity in amphiphilic solvent ethanol. (e, f)
In cyclohexane, neither (001) nor (100)/(010) facets of UCNPs can be coated with
silica if covered by DNA molecules. bar: 20 nm.
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Fig. 3 (a, b) TEM images of UCNPs after silica coating using increased amounts of
TEOS. (c) Acid etching of silica coated UCNPs in (b). The etching process initiates
from the two ends. (d, e) TEM images of UCNPs after silica coating using an
increased amount of DNA by decreasing the pH value. (f) Comparison of
fluorescence spectra for supernatants used for UCNPs purification after DNA
modification at low pH value (black curve) and after silica coating (red curve). Scale
bar: 100 nm.

Therefore, we assume that in organic solvent (e. g.
cyclohexane), only the hydrophobic facets of UCNPs exhibit
affinity to the silica precursor TEOS to form solid silica layers
(Figure 2a and b). To verify this hypothesis, Stober method that
applies ethanol as the reaction medium for silica coating onto
UCNPs with hydrophilic surfaces4 1529 js conducted on the DNA
modified UCNPs. Just as we assumed, in amphiphilic solvent
ethanol, both hydrophilic (001) facets and hydrophobic
(100)/(010) facets of DNA modified UCNPs are affined to TEOS.
Thus, silica shells form all through the surface of UCNPs (Figure
2c and d). We further use DNA molecules with phosphate
groups modified on the 5 terminus (P-DNA) to replace the
organic surfactant molecules on both (001) and (100)/(010)
facets and proceed micro emulsion method for silica coating on
the totally hydrophilic UCNPs. As shown in Figure 2e and f, the
hydrophilic DNA molecules on the surface of UCNPs prevent the
deposition of TEOS precursors, therefore no silica layers are
formed on the P-DNA modified UCNPs. In conclusion, in the
organic solvent cyclohexane, silica layers cannot form onto the
UCNPs’ facets that are covered by DNA molecules, leading to
anisotropic silica structures. Notably, in this work, dumbbell-like
UCNPs with round edges are applied for the investigation of
site-specific silica coating mechanism. This highlights the
feasibility of the selective silica coating technique.

As the source of silica, the amount of TEOS plays a vital role
in the anisotropic coating. We increase the concentration of
TEOS for 5 times (from 0.5%o to 2.5%0) to coat silica onto the
rod-shape UCNPs. TEM results show that compared with the
control group (Figure 3a), a high concentration of TEOS
generally leads to thicker silica layers on the (100)/(010) facets
of UCNPs; meanwhile, many free silica spheres appear in the
system (Figure 3b). However, the concentration of TEOS does
not alter the result of anisotropic coating: the (001) facets are
still uncoated. To confirm the selective silica coating, we add HCI
into the above aqueous suspension of UCNPs, and the (001)
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facets of UCNPs are etched due to the lack of silica protection
(Figure 3c).

It has been proved that with the decreasing of pH, there is a
dramatic increased amount of DNA molecules which can be
physically inserted in between the organic surfactant molecules
on the (100)/(010) facets of UCNPs28, To identify if the pH-
incurred DNA molecules on the side facets would influence the
site-specific silica coating, we proceed silica coating onto UCNPs
which are pre-treated by dye (FITC) labelled DNA molecules
under pH 5.5. After reaction, silica shells are found only on the
(100)/(010) facets of UCNPs; meanwhile, a strong fluorescence
signal is detected in the supernatant used for final product
purification, suggesting that TEOS is still only affine to the
(100)/(010) facets and further hydrolyses to form silica layers.
This indicates that the DNA molecules physically absorbed on
the (100)/(010) facets caused by low pH value would not
influence the site-specific silica coating. Therefore, there is no
need for the delicate control of the concentration of DNA,
medium pH and the amount of TEOS to achieve UCNPs with
anisotropic silica shells, guaranteeing the reproducibility of this
approach.

Toward the bio-applications of UCNPs such as intracellular
imaging, we test the fluorescence properties of the UCNPs
before and after silica coating/site-specific silica coating at
single nanoparticle level by using our home-made confocal
microscope (Figure S2). As shown in Figure 4c and g, the
fluorescence intensity of UCNPs after silica coating does not
change significantly compared with that of the as-synthesized
ones. Meanwhile, after DNA modification and facet-selective
silica coating, the fluorescence intensity of UCNPs decreases
slightly. Similarly, there is no significant change in the intensity
ratio of the two main peaks at 560 nm and 660 nm. The slight
change of the fluorescence intensity and band ratio could be
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Fig. 4 (a, e and i) TEM images of three kinds of UCNPs: as-synthesized, silica coated,
and site-specific silica coated. (b, f and j) Confocal microscopy fluorescence
intensity measurement of the three kinds of UCNPs on single nanoparticle level.
(c, g and K) Fluorescence intensity of UCNPs. (d, h and I) Calibrated fluorescence
spectrum of the three samples to show the change of ratio for each emission
bands.
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Fig. 5 3D scanning by our home-made microscope reveals the distribution of
UCNPs of anisotropic silica shell (a) and whole silica shell (d) inside of two
randomly selected cells. (b) and (e) are images of cells with UCNPs (green color
dots) inside at Z=6 pm. (c) and (f) show the proposed mechanisms of cell uptake
process of two kinds of UCNPs respectively.

attributed to the surface quenching effect3% 31 on the un-coated
(001) facets.

The size32, shape33-35, and surface properties3® 37 of
nanoparticles would largely influence their cell uptake
efficiencies. We find here that the anisotropic silica shells
tailored by DNA molecules can also impact the UCNPs’ delivery
into cells. Figure 5 shows two typical cells treated with rod-
shape UCNPs with silica shell and anisotropic silica shell
respectively (more images can be found in supporting
information). Calibrated by fluorescence intensity, equal
amounts (0.03 pumol) of UCNPs with isotropic and anisotropic
silica coating are added to cells (MDA-MB-468) and cultured for
3 hours. The UCNPs with anisotropic silica coating exhibit a high
cell-uptake efficiency (Figure 5a) whereas the isotropic silica
coated UCNPs can hardly penetrate inside cells within 3 hours
(Figure 5d). According to our result, it is supposed that the
anisotropic surface functionalization of DNA on the tips and
silica shell on the lateral facets of rod-shape UCNPs, could lead
to the orientation-selective uptake of UCNPs by the cells. Owing
to the bio-compatible DNA molecules, cell uptake the rods by
orienting the tips toward cell membrane. The silica coated
lateral facets of UCNPs facilitate the cell uptake more smoothly
towards the intercellular plasma environment.

Conclusions

In all, we suggest a new route in tailored silica coating onto
nanoparticles. We have achieved selective silica coating by
using DNA molecules which avoids complex chemical synthesis.
The technique does not rely on the special morphologies of
nanoparticles. Reproducible silica coating could be guaranteed
by its facile manipulation that free from delicate control of
reagent concentration, which promises this approach for scaling
up synthesis. The increased cell uptake efficiency demonstrated
in this work would also contribute to nanomedicine
development and cell-nanomaterial interaction studies.
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