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Numerous nanocarriers have been currently developed for intracellular delivery. The potential
cytotoxicity of these very small inorganic nanocarriers has raised great consideration. Thus, it becomes
of utmost importance to conduct the intracellular trace of nanocarriers. Among many analytical
techniques, surface enhanced Raman scattering (SERS) method is one of the current state-of-the-art
techniques for cell visualization and trace. In this work, a novel stellate porous silica based gene delivery
system has been designed for SERS trace purpose. A stellate porous silica nanoparticle modified with
many small Au nanoparticles is designed to replace common metallic SERS tags. The results show that the
designed system not only could deliver siRNA into cells for therapy, but also could realize SERS trace with
high sensitivity and non-invasive features. The constructed delivery system has considerable potential to
trace the dynamic gene delivery in living cells.

© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

As a large majority of drug and gene therapy is limited by
serious side effects, which caused by lethal dose and the rapid
resistances of cancer cells, nanoscale drug/gene delivery systems
have been employed. They are designed to overcome limitations
caused by poor solubility and stability, low dosage, in vivo
degradation, short circulating, poor pharmacokinetic profiles,
and lack of ‘free’ therapeutic cargos selectivity. Currently,
numerous nanocarriers with smart design and constructive
advantages have been developed for intracellular delivery [1-8].
Although these nanosystems have high stability for mechanical
and thermal changes, high biocompatibility, efficacious fabrication
cost and low toxicity, the potential cytotoxicity of these very small
inorganic nanocarriers has raised great considerations [9-14]. The
trace study has been established to investigate intracellular
delivery performances of the delivery systems.

For intracellular trace and cell visualization, many different
analytical techniques have been developed. Light microscopy,
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electron microscopy and atomic force microscopy are used for a
higher resolution cell visualization and subcellular structure
observation. However, due to the limitation of their working
principles, these methods only can collect the image of sample
surfaces. The inside sub-structures of cells cannot be observed
without killing and sectioning cells. External fluorescent tags are
used for specifically reporting the cell structures, and fluorescence
microscopy has been introduced for chemically selective trace.
Confocal laser scanning fluorescence microscopy is widely utilized
for visualizing intracellular uptake. However, each fluorescence
reporter can only be excited by one distinct-wavelength laser,
which causes the simultaneous trace of different structures has
great limitations [15]. The artificial fluorescence label cannot avoid
altering the physic-chemical characteristics of the analyzed
system, which might trigger destructive problems. Alarmingly,
photo-bleaching of fluorophores and fluorescent noises of the cell
background might also interrupt the intracellular trace of carrier
and drug [16].

In order to circumvent these issues, vibrational microscopy like
surface enhanced Raman scattering (SERS) technique has been
introduced for non-destructive trace. Unlike fluorescence method
has problems such as rapid photo-bleaching and the background
interruptions, Raman reporter are more photo-stable, and the
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fingerprint Raman signals are easier to separate from the auto-
fluorescence background [17]. Thus, the high sensitive and high
resolution SERS method is regarded as one of the current state-of-
the-art techniques for cell visualization and trace. In general, SERS
is realized by the combination of SERS tags and Raman reporters.
When these two parts are in the close vicinity, the electromagnetic
field strength can significantly increase, which results in the
enhancement of the Raman signal [18]. The common SERS tags are
metallic nanoparticles such as silver and gold. General applied
structures are nanospheres, while other complex structures such
as nanorods [19-23], nanoflowers [24-28], nanostars [29-31] and
metallic composites [32] have also been reported recently.
However, most metallic SERS tags are high cost due to pure noble
metal, and have shortage of the ability of gene delivery due to non-
porous structure.

Herein, as shown in Scheme 1, we designed and fabricated a
composite nanocarrier as a novel SERS tag by modifying many
small Au nanoparticles on stellate porous silica nanoparticle (Au-
ST-Si0,), followed by the adsorption of Raman reporter (4-
mercaptobenzoic acid, 4-MBA) and the loading of small interfering
RNA (siRNA). The special Au@silica structure can endow the
delivery system with active SERS effect. When the 4-MBA-Au-ST-
SiO,@siRNA are delivered to cancer cells, endocytosis phenomena
and endosome escape should occur and siRNA molecules can
release to the cytoplasm to carry out their pharmacological and
anti-cancer functions. When observed with confocal Raman laser
scanning microscopy, human osteogenic sarcoma (KHOS) cells
incubated with 4-MBA-Au-ST-SiO,@siRNA show SERS mapping
with very obvious red color.

Stellate porous silica (ST-SiO,) was synthesized by a sol-gel
synthesis procedure [33,34]. Scanning electron microscopy (SEM)
images exhibit that ST-SiO, has an average particle size of
80-120 nm (Figs. S1a and b in Supporting information). After
the removal of surfactant, the uniform morphology of ST-SiO, is
clearly demonstrated as nanospheres with center-radial pores of
10-30nm, as shown in SEM (Figs. S1c and d in Supporting
information) and transmission electron microscopy (TEM) images
(Figs. 1a and b). The size is further verified by dynamic light
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Fig.1. TEM images of ST-SiO, (a, b) and Au-ST-SiO,, (¢, d) in low magnitude (a, ¢) and
high magnitude (b, d).

scattering (DLS) measurement (Table S1 in Supporting informa-
tion). The average hydrodynamic size of ST-SiO; is 97.2 nm with an
average zeta potential of -30.5 + 0.7 mV. The NH,-ST-SiO, nano-
spheres were synthesized by the reaction of (3-aminopropyl)
triethoxysilane (APTES) with silanol (Si—OH) via post-grafting
amino groups. The successful modification of aminopropyl group
on ST-SiO, was approved by The DLS result of NH,-ST-SiO, show
they have an average hydrodynamic size of ca. 105.0 nm with an
average zeta potential of 27.1 £1.2 mV (Table S1). From ST-SiO to
NH,-ST-SiO,, the zeta potential changes from negative to positive,

Scheme 1. (a) Fabrication of stellate porous silica based siRNA delivery system and (b) their possible intracellular siRNA delivery pathway and SERS traceable approach.
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proving successful functionalization of amino groups. The surface
modification of amino groups is important for anchoring Au
nanoparticles via the strong coordination interaction between the
empty d orbital of Au atom and the free pair of electrons on the N
atom of the amino group [35]. Furthermore, Au-ST-SiO, was
fabricated by in-situ reduction of HAuCl,4-3H,0 on NH,-ST-SiO, via
deposition-precipitation method [35]. As shown in TEM images
(Figs. 1c and d), the prepared Au-ST-SiO, are uniform nanospheres
with an average particle diameter around 100 nm. The aggregated
Au nanoparticles are varied in size-range from 2 nm to 20 nm on
the surfaces of NH,-ST-SiO, skeletons. It can be noticed in Figs. 1¢
and d that small Au nanoparticles are distributed inside stellate
pores and stable around NH,-ST-SiO,. From DLS (Table S1), Au-ST-
SiO, composites have an average hydrodynamic size of 198.2 nm
with zeta potential of 8.7 = 0.6 mV. The large increase of particle
size from 105.0 nm to 198.2 nm may be ascribed to two particle
aggregation. The decrease of zeta potential value from ST-SiO,-NH,
to Au-ST-SiO, may be ascribed to the reduction of the exposed
amino groups after the electrostatic adsorption between Au and
amino groups. In addition, the capillary adsorption of stellate pores
should be another contribution to the formation of Au@silica
aggregation. Finally, 4-MBA-Au-ST-SiO, nanocarriers were fabri-
cated by attaching Raman reporter 4-MBA on Au-ST-SiO, by the
coordination interaction between -SH and gold [35,36]. From DLS
(Table S1) and TEM images (Fig. S2 in Supporting information),
these nanocarriers have an average hydrodynamic size of 202.1 nm
with zeta potential of 7.9 + 0.9 mV. Except a little decrease of zeta
potential from 8.7 + 0.6 mV to 7.9 + 0.9 mV, no obvious difference
in sizes or morphologies appears after 4-MBA combination
because the percentage of the added 4-MBA in Au-ST-SiO; is
quite low (0.1%).

X-ray diffraction (XRD) patterns and Fourier transform infrared
(FT-IR) spectra were also employed to characterize these materials.
From the wide-angle XRD pattern (Fig. 2a), the broad 26 diffraction
angle of 10 to 30° indicates the amorphous silica, while 26 angles at
38.18°, 44.39°, 64.58° and 77.55° match the standard Au planes of
(111), (200), (220) and (311) from JCPDS card. The intensity
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proportion of the tested sample can also match the standard one
shown by red vertical line. In FT-IR spectra of ST-SiO, (Fig. 2b),
peaks center at 1068 cm~!, 945cm~! and 800cm™' can be
attributed to the typical Si-O-Si asymmetric stretching, Si—OH
and Si-O symmetric stretching vibrations. The peak centre at
1735cm™! is attributed to —COOH group vibration, proving the
attaching of 4-MBA on Au-ST-SiO; (Fig. 2b). The 4-MBA attachment
was also verified by Raman spectra (Fig. 2c). For pure Raman
reporter 4-MBA, obvious Raman peaks at 1099.1cm~! and
1595.5 cm™! are ascribed to v8a and v12 aromatic ring vibrations
of 4-MBA [33]. However, in Raman spectrum of 4-MBA-Au-ST-SiO,,
the dominated peaks are centered at 1073.3 cm~' and 1585.5 cm ™.
The blue shift is ascribed to the interaction between 4-MBA and Au
nanoparticles.

Effective enhancement factor (EEF) of 4-MBA-Au-ST-SiO, can be
roughly calculated by the eqution EEF = IsgrsNpuik/IpuikNsers [36—
38], where Isggs and Iy are the intensities of SERS and bulk
spectra at the 1078cm™!, and Npui/Nsgrs is the molar ratio
between the bulk and SERS sample. As shown in Fig. 2c, EEF of 4-
MBA-Au-ST-Si0, is calculated as approximate 1.35 x 10°, based on
1099.1 cm~! of Raman peak and 1073.3cm™' of SERS peak. It
means that the constructed 4-MBA-Au-ST-SiO, nanocarrier can
indeed realize SERS phenomenon. The binding capability of siRNA
on 4-MBA-Au-ST-SiO, nanocarriers was measured by agarose gel
electrophoresis. For economic reason, instead of expensive siRNA,
a model oligo DNA with same quantity of the bases was used in
experiments. As shown in Fig. 2d, the weight ratio of nanocarriers
to model DNA rangea from 10 to 200 with a naked oligo DNA as a
control. The brightness of top binding DNA occurs and increases
from weight ratio 50 to 200, showing the 4-MBA-Au-ST-SiO,
nanocarrier has gene binding capability. In addition, the brightness
decrease of escaped DNA also verifies gene binding.

The biocompatibility of 4-MBA-Au-ST-SiO, nanocarriers and
the cytotoxicity of 4-MBA-Au-ST-SiO,@siRNA were investigated by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) assays against human embryonic kidney (HEK 293T) and
KHOS cell lines. As illustrated in Fig. 3a, cell viabilities of both HEK

Fig. 2. (a) XRD parttern of Au-ST-SiO, and ST-SiO, with standard gold intensity obtained from JCPDS card No. 04-0784. (b) FTIR of 4-MBA-Au-ST-SiO,, ST-SiO,-NH, and ST-
Si0,. (¢) Raman spectra of 4-MBA and 4-MBA-Au-ST-SiO,. (d) Agarose gel retardation assay of 4-MBA-Au-ST-SiO,/siRNA at different weight ratios. Table summarizes the

Raman signal situation.
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Fig. 3. (a) The biocompatibility and (b) cytotoxicity studies in healthy human cell line HEK 293T and human osteosarcoma cell line KHOS.

293T and KHOS cells remain above 85% with 4-MBA-Au-ST-SiO,
nanocarriers concentration increase from 10 pg/mL to 200 pg/mL.
Thus, 4-MBA-Au-ST-SiO, nanocarrier is biocompatible in both
healthy and cancer cells, which means that the SERS tag design is
non-destructive. The cytotoxicity of an equivalent concentration of
1 pg/mL free siRNA/cell growth medium and 200 pg/mL 4-MBA-
Au-ST-SiO,@siRNA/medium mixtures was testd by MTT assays.
Note that 4-MBA-Au-ST-SiO,@siRNA were fabricated based on the
200 wt ratio of 4-MBA-Au-ST-SiO, to siRNA. As demonstrated in
Fig. 3b, free siRNA and 4-MBA-Au-ST-SiO,@siRNA have little
cytotoxicity in HEK 293T cells with cell viabilities around 98.2% and
85.7%. However, the results in KHOS cells have obvious difference.
1 pg/mL free siRNA is a bit cytotoxic in KHOS cells with 81.6% cell
viability, while 4-MBA-Au-ST-SiO,@siRNA with equivalent siRNA
concentration demonstrates higher anti-cancer ability with
corresponding cell viability of 57.7%. In consequence, 4-MBA-Au-
ST-Si0, delivery system could load siRNA and delivery it into cells
for siRNA therapy, suggesting that the loading of siNRA on 4-MBA-
Au-ST-SiO, may inhibit its nuclease degradation to a certain extent
due to the protection role of porous carriers [39-41].

Cellular uptake of 4-MBA-Au-ST-SiO, was observed with
confocal Raman laser scanning microscopy. The traced SERS
mapping images were taken based on the intensity of SERS peaks
centred at Raman shift of 1073.3 cm . Fig. 4a shows the optical
image of KHOS cells containing 4-MBA-Au-ST-SiO,. The mapping
area with approximate 6 cells is shown by red rectangle frame,
which is enlarged in the upper right corner with many tested
points indicated by green cursors. The cell morphologies are as
good as well-grown cells, which means they are healthy and alive
at the moment of taking photos. The selected point 1 represents
the signal obtained from the cell, while point 2 is that from the
background substance (Fig. 4b). Their corresponding Raman
spectra are demonstrated in Fig. 4c. The original mapping data
are shown in Figs. S3 and S4 (Supporting information). The
1260 cm™! peak is attributed to quartz substrates. The SERS peak
centred at 1073.3cm ! at point 1 can be obviously noticed in
Fig. 4c. The SERS mapping image in Fig. 4d shows that the
brightness of red color reflects the intensity of 1073.3 cm~! SERS
peak with the value ranging from 10 to 70 (Figs. S3 and S4). Fig. 4e
is the merged image, which shows that the SERS mapping image

Fig. 4. (a) Optical image with marked selected mapping area; the inset shown the enlarged mapping area with each tested point. (b) Optical image with two selected points.

(c¢) SERS spectra of points 1 and 2. (d) SERS image and (e) the merged image.
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and optical image can match very well. This performance can
confirm the feasibility of SERS tracing by using 4-MBA-Au-ST-SiO,
as a tag. As the low quantity of 4-MBA is used in the cell and the
cells are of healthy morphologies, the synthesized 4-MBA-Au-ST-
SiO, gene delivery system has high sensitivity of SERS trace and
non-destructive for cells.

The novel 4-MBA-Au-ST-SiO, SERS traceable delivery system
has been synthesized by using a stellate porous silica as a platform.
Many small Au nanoparticles were aggregated on silica skeleton by
electrostatic interaction and capillary adsorption. The special
Au@silica structure can endow the gene delivery system with SERS
active effect. The 4-MBA-Au-ST-SiO, is biocompatible in both
healthy HEK 293 and cancer KHOS cells. In contrast, 4-MBA-Au-ST-
SiO,@siRNA has higher anti-cancer ability with 57.7% cell viability
against KHOS cells, while it has little cytotoxicity in HEK 293 cells
with 85.7% of cell viability. Moreover, the developed 4-MBA-Au-ST-
SiO, gene delivery system shows high sensitivity and non-invasive
features of SERS trace. These results indicate the constructed 4-
MBA-Au-ST-SiO,@siRNA delivery system may be an alternative
economic SERS tag applied in gene delivery system to replace
conventional pure metallic ones.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.cclet.2020.12.061.
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