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Abstract

Ultrasound is critical in many areas of medicine including obstetrics, oncology, and cardiology
with emerging applications in regenerative medicine. However, one critical limitation of
ultrasound is the low contrast of target tissue over background. Here, we describe a novel cup-
shaped silica nanoparticle that is reminiscent of exosomes and that has significant ultrasound
impedance mismatch for labelling stem cells for regenerative medicine imaging. These exosome-
like silica nanoparticles (ELS) were created through emulsion templating and the silica precursors
bis(triethoxysilyl) ethane (BTSE) and bis(3-trimethoxysilyl-propyl) amine (TSPA). We found that
40% TSPA resulted in the exosome like-morphology and a positive charge suitable for labelling
mesenchymal stem cells. We then compared this novel structure to other silica structures used in
ultrasound including Stober silica nanoparticles (SSN), MCM-41 mesoporous silica nanoparticles
(MSN), and mesocellular foam silica nanoparticles (MCF) and found that the ELS offered
enhanced stem cell signal due to its positive charge to facilitate cell uptake as well as inherently
increased echogenicity. The /in vivo detection limits were <500 cells with no detectable toxicity at
the concentrations used for labelling. This novel structure may eventually find utility in
applications beyond imaging requiring an exosome-like shape including drug delivery.

Electronic Supplementary Information (ESI) available: characterizations of silica nanoparticles, discussions on the effect of particles
morphologies on the echogenicity, and calculations for the density of spherical silica nanoparticles as well as number of particles per
cell. See DOI: 10.1039/x0xx00000x
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Introduction

Stem cells are promising in regenerative medicine as a treatment for heart diseases, diabetes,
alopecia, and neurodegenerative diseases?~’. However, the long-term efficacy of stem cells is
relatively low perhaps in part due to poor cell viability after implantation and a lack of cell
retention in the treatment area®. These issues are partially due to mis-injection of stem cells
or injection into highly fibrotic tissues% 11, Fortunately, mis-injection can be prevented by
real-time imaging guidance to ensure sufficient cell deliveryl? to the desired locations.
Ultrasound imaging®3-18 in particular has shown significant potential in imaging stem cell
therapy because of its high temporal resolution relative to the gold standard of magnetic
resonance imaging (MRI)12 19, Ultrasound is also more affordable than alternative strategies
such as MRI, positron emission tomography (PET), and computed tomography (CT).
However, the use of ultrasound in stem cell imaging/tracking is limited by the low contrast
of cells above the adjacent tissue2%. While Doppler imaging??, elastography?2, and
thermoacoustic techniques23 have all been validated to improve contrast, novel ultrasound
contrast agents are also active area of research?4-27.

Silica nanoparticles are an effective /77 vivo ultrasound contrast agentl4 28-31 They can
efficiently label stem cells because of their nano-scale size, stabilityl4, and
biocompatibility32-34, Moreover, silica particles are multi-functional3>-37 with a tunable
morphology3® 39, and these modifications in nanoparticle shape can markedly increase the
echogenicity of the individual silica nanoparticles30. Gd-tagged silica nanoparticles can also
offer multimodal imaging with clear biodegradation!4 18, Other work has used rattle-type
mesoporous silica nanospheres to create multiple convex/concave interfaces to increase the
ultrasound contrast30, and silica microbubbles synthesized via polystyrene templates have
been used for contrast-enhanced ultrasound®. In this study, we combine these advances and
report a completely novel silica nanoparticle with a concave mesoporous structure to
enhance ultrasound signal. The particles have a shape surprisingly reminiscent of exosome
extracellular vesicles. These exosome-like silica (ELS) nanoparticles improve the ultrasound
contrast of cells by increasing not only the echogenicity of the nanoparticles but also their
affinity to stem cells.

Experimental

Chemicals

Hexadecyltrimethylammonium bromide (CTAB, 299%), ammonium hydroxide (NH4OH),
tetraethyl orthosilicate (TEOS, =99%), bis(triethoxysilyl) ethane (BTSE), bis(3-
trimethoxysilyl-propyl)amine (TSPA, 90%), pluronic P123, hydrochloric acid, mesitylene,
and fluorescein isothiocyanate (FITC) were purchased from Sigma Aldrich Inc. Sodium
hydroxide (NaOH, ACS), ammonium fluoride, and ammonium nitrate (NH4NO3, ACS)
were purchased from Fisher Scientific, Acros, and Marcon, respectively. Ultrapure agarose
was obtained from Life Technologies. The (3-aminopropyl)triethoxysilane (APTES) was
purchased from MP Biomedicals. Ethanol was purchased from VWR. All chemicals were
used as received without any further purification. The water was Millipore grade with a
resistivity larger than 18.2 MQ-cm at room temperature unless specified.
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Synthesis of silica nanoparticles

We synthesized ELS with emulsion template method and BTSE and TSPA silica sources.
First, 0.4 mmol CTAB, 0.085 ml 26% ammonia solution, 0.6 mmol decane, and 0.4 mmol
dimethylhexadecylamine (DMHA) were mixed in 150 ml water. The mixture was then
sonicated in a water bath at 50°C for 2 h followed by emulsification using an ultrasonic cell
disruptor (20 KHz, 600 W; Bilon92, Shanghai) at ambient temperature for 30 min. The
resulting white emulsion was transferred to an oil bath at 50°C and then stirred at 700 rpm
for 30 min. Next, 2.5 mL of an ethanol solution containing 4 ml of silica sources was slowly
added. The mixture was stirred for 60 min and then allowed to stand at room temperature for
12 h. After the surfactant-containing nanoparticles were spun down at 20,000 rpm, the solid
products were washed thrice with 1 wt% NaCl in methanol for 30 min in sonication bath to
remove the template. The ELS were centrifuged, washed, and then dispersed in deionized
water. The effect of the ratio between BTSE and TSPA on the morphologies of ELS was also
studied, and the studied ratios of BTSE:TSPA included 5:0, 4:1, and 3:2. All ELS
nanoparticles used for ultrasound imaging and cellular work were done at a BTSE: TSPA
ratio of 3:2.

The SSN were made according to the Stober method*?, and the size was tuned by slightly
changing the quantity of ethanol, water, ammonia, and/or TEOS. Specifically, aliquots of
NH40H (1, 1.8, 2.2, 2.8, and 4.4 ml) and water (4.2 or 5 ml) were added to 50 ml ethanol.
The mixture was stirred for 5 minutes before adding 3.5 or 4.2 ml TEOS. This was then
stirred for another 2 hours. The temperature was maintained at 30°C throughout the
procedure. Then, the SSN was centrifuged and washed with ethanol thrice followed by
drying in 50°C oven.

The MSN were prepared by CTAB-templated, base-catalyzed condensation reaction of
TEOS*2, First, 40 mg CTAB were dissolved in 96 ml water and then preheated to 80°C
while stirring. Then, 0.7 ml 2 M NaOH was added to the solution with stirring for 30
minutes at 80°C. We then added 1.4 ml TEOS to the mixture and stirred it gently for 2
hours. The product was then filtered and rinsed with water and ethanol twice and finally
calcined in a furnace at 600°C for 5 hours.

The MCF were synthesized in aqueous hydrochloric acid using P123 as a template and
mesitylene as a micelle expander according to the literature?3 44 with minor modifications.
First, 2.43 g P123 were added into 90 mL 1.6 M HCIl in an Erlenmeyer flask at room
temperature, followed by adding 400.8 mg CTAB, 24.4 mg ammonium fluoride, and 1.6 ml
mesitylene. The mixture was stirred at room temperature for 2 hours and then added to 5.5
ml TEOS dropwise under vigorously stirring. The mixture was stirred for another 5 minutes
after the addition of TEOS. The reaction was allowed to incubate at 38°C overnight, and
then the particles were centrifuged and rinsed with ethanol and water thrice. Particles were
dried and calcined at 600°C for 5 hours.

The four silica nanoparticles were conjugated with FITC to study the interaction between
silica nanoparticles and cells. An amino-silane conjugate of the dye was first made by
mixing 1 mg dye and 100 pl APTES in 1 ml ethanol with overnight rotation under room
temperature. Then the mixture was divided evenly into 4 tubes with 4 mg SSN, MSN, MCF,
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and ELS, and rotated overnight. The products were washed thrice with ethanol, dried, and
stored in dark for later use. The zeta potential of the nanoparticles could also be tuned by
reflect with APTES for three hours.

Characterization

Cell culture,

Transmission electron microscopy (TEM) images of silica nanoparticles were taken with a
JEOL JEM-1200 EXII operating at 120 kV or JEM-2100F operating at 210 kV. Size
distributions were analyzed by TEM images as well as nanoparticle tracking analysis (NTA,
LM10, Malvern) with a 532 nm laser. TEM of nanoparticles in cells was done as described
previously8 45, The particle-concentrations for 1 mg/ml of SSN, MSC, MCF, and ELS
solutions were also determined by NTA with camera level at 14 and detect threshold at 5.
The four particle solutions were diluted 100- to 10,000-fold prior to analysis and studied
with NTA before and after 30 minutes of sonication in bath (KENDAL ultrasonic cleaner,
Model 928, Power 60W). The N, adsorption-desorption isotherms at 77 K were measured
on a Micrometitics Tristar 3000 system. Zeta potentials of the four types of nanoparticles
were measured in 50% PBS via DLS (Zetasizer, Malvern). An inductively coupled plasma
optical emission spectrometer (ICP-OES, Optima 3000DV, Perkin Elmer) was used to
quantify the number of silica nanoparticles endocytosed by cells after sonication in 10 N
NaOH. The colloidal stability was also measured by the settling time. Here, the absorbance
of a cuvette containing the nanoparticles was measured over time. As the nanoparticles
settled, the absorption decreased. We monitored the sample until the absorbance dropped to
50% of the original absorbance.

labelling, and cytotoxicity assay

We seeded human mesenchymal stem cells (hMSCs, Lonza, PT-2501) in a T75 flask at 5000
cells/cm? in growth media (Lonza, PT-3001). These cells were labelled with 8 ml 250 pg/ml
silica nanoparticles in fresh cell culture media without any transfection agents. The cells
were then incubated under standard conditions for 7.5 hours. We washed the cells with
sterile PBS to ensure all the free silica nanoparticles were removed. Cells were then
detached by adding 2 ml of TrypLE Express (Life technologies). We scanned these labelled
cells with ultrasound both /in vitro and in vivo. hMSCs were labelled with silica
nanoparticles at different concentrations (0 to 1000 pg/ml) and studied the cell viability by
using CellTiter 96® AQueous One Solution cell proliferation assay (MTS, Promega). After
incubation with silica nanoparticles for 4 hours, 20 pl of the assay reagent was pipetted into
the samples in 100 pl of growth media. This was allowed to incubate under standard
conditions. After 4 hours, we transferred 80 pl of the sample solutions to a new plate and
read the absorbance at 490 nm. Epifluorescence microscopy used an Evos microscope (Life
Technologies) and Hoechst 33342 (NucBlue® Live ReadyProbes® Reagent, Thermo Fisher
Scientific) for nuclear staining.

In vitro phantom preparation and ultrasound imaging

All in vitro ultrasound imaging was performed in agarose phantoms. Agarose was added to
water at 1% and boiled with stirring and then held at 60°C until use. The agarose solution
was then mixed with nanoparticle solutions or cell solutions at a ratio of 1 to 1. To avoid the
aggregation of nanoparticles, the nanoparticle solutions were sonicated in water bath for 30
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minutes prior to mixing with agarose, and then the mixture was vortexed. The cell solutions
were vortexed both before and after mixing with agarose too. We quickly and carefully
pipetted 250 pl mixture into the well of 96-well plate or agarose phantom. A blank control
was also made with 0.5% agarose solution for all experiments. The solidified samples were
covered with fresh 1% agarose for protection. Ultrasound imaging used a VEVO 770 or
2100 (VisualSonics) with transducers having a centre frequency of 40 MHz or 25 MHz. The
imaging parameters were 100% power, 71 Hz frame rate for RMV-710B, and 34 Hz frame
rate for RMV-706. The distance between the imaging transducer and phantom was
maintained throughout the scan. At least five fields of views (FOVs) for each sample were
collected.

In vivo ultrasound imaging

All animal studies were performed in accordance with the Institutional Animal Care and Use
Committee at the University of California, San Diego. Human mesenchymal stem cells were
incubated together with 250 pg/ml ELS in growth media for four hours. Then, the free
particles were removed by washing with PBS thrice. The labelled cells were detached, spun
down, resuspended, and then counted by hemocytometer. The pellets with 1, 0.4, 0.2, 0.05
million cells were resuspended in 150 pl of 50:100 media:matrigel and injected
subcutaneously into nude mice with a 28.5 gauge catheter. Images were obtained via 3-D
mode with a 40 MHz transducer at 0.0076 mm per step.

Data analysis

Data means, standard deviations, and p values were calculated in Microsoft Excel 2016.
Unless otherwise noted, all error bars represent the standard deviation. A two-tailed
Student’s t-test was used for significance and p values<0.05 were considered to be
significant. TEM particle sizes of nanoparticles were analyzed with ImageJ 1.48v*6. For
irregular particles, the Feret diameter was adopted. Ultrasound signals were also analyzed by
ImageJ 1.48v. Specifically, B-mode ultrasound images were first exported from the
ultrasound scanner as 8-bit images. Then, we drew a region of interest (ROI) inside the
sample and managed it with ROl manager in the ImageJ. We measured the mean gray value
of the same ROI in at least five different fields of views (FOVs) per sample by ImageJ 1.48v
and then calculated mean and standard deviation of the mean grey values for each FOV,
which ranged from 0 to 255. Detection limits were calculated at 3 standard deviations above
the mean of the background signal.

Results and discussion

We fabricated ELS via an emulsion soft-template method (Figure 1 A). The soft templates
were an oil-in-water emulsion made of CTAB (green), DMHA (cyan), and decane (yellow)
(step 1). The silica sources were then added to the emulsion and allowed to condense on the
surface of the CTAB via an ammonia catalyst (step 2). After extracting the templates in a
methanolic sodium chloride solution, the products were lyophilized (step 3). Electron
microscopy images illustrate the shape and size similarities between the ELS nanoparticles
and exosomes (Figure 1 B, C, and F). When we studied the nanoparticles with TEM (Fig. 1)
we found that nanoparticles have morphology remarkably reminiscent of exosomes—small
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extracellular vesicles (30-150 nm) secreted by cells. Like exosomes, ELS nanoparticles have
a unique curvature and cup-like discoid shape. This shape offers a double scattering/
reflection interface to increase echogenicity30.

During the fabrication, the silica source is critical to forming the exosome-like structure.
Three common silica sources, TEOS, BTSE, and TSPA were investigated. We found TEOS
is too stiff and brittle to produce ELS nanoparticles (data not shown). However, ELS
nanoparticles were formed with the co-condensation of BTSE and TSPA. The BTSE offered
a rigid framework for the particles, and TSPA allowed the nanoparticles to collapse by
changing the overall stiffness—a hollow rigid sphere formed with only BTSE (Fig. 1D) and
no particles formed with only TSPA (Fig. 1G). This role of TSPA is consistent with Lin et
al. who found that TSPA could change the overall stiffness of silica shell and render them
more elastic to form silica microbubbles!. ELS nanoparticles prepared with different ratios
of BTSE and TSPA are shown in Figure 1 E (4:1) and F (3:2) with yields of 37.2% and
35.7%, respectively.

While most silica hanoparticles are negatively charged due to the presence of hydroxyl
groups, the ELS have positively charged amine groups embedded in the framework. This
results in a positive nanoparticles surface charge to improve affinity with the negatively
charge cell surface via a charge-dependent mechanism literature*’. The zeta-potential of
final silica products (nanoparticles or gel) changed with the fraction of TSPA and was the
highest at 40% TSPA (~30 mV; Figure 1H). The ELS made with 40% TSPA were also the
largest (~140 nm; Figure 1H), and a preliminary study showed that larger nanoparticles have
more echogenicity (Fig. S2) Therefore, ELS nanoparticles made with 40% TSPA were
characterized and selected for stem cell imaging. We tried to control the size of ELS using
sonication output power, sonication time, and incubation time. However, only the ratio of
TSPA had an impact on particle size and morphology (Fig. 1D-H).

Porous ELS with a mean diameter of ~140 nm were prepared with 40% TSPA. The size of
the ELS was analysed with both TEM and nanoparticle tracking analysis (NTA). Both size
distributions are shown in Figure 1l. The average TEM size is 138 nm for the ELS
nanoparticles (N=298). Additionally, a small peak near 500 nm in the NTA size distribution
might indicate aggregation. The discrepancy between TEM and NTA size distributions is
because that NTA measures the hydrodynamic size of the particles and nanoparticle
aggregates. Unlike other biomedical applications*®: 49, aggregation is actually preferred in
the stem cell tracking because aggregations of nanoparticles inside the cells increase the
ultrasound signal more than individual nanoparticles?s.

More details about the aggregation behaviour of four types of silica nanoparticles are
discussed in the supporting information, including the NTA (Fig. S1) and settling studies
(Fig. S9) including the settling time in Figure S9C. We observed only slight settling (about
7%) for SSN in water even after 10 hours with only ~20% settling for SSN in 25% FBS after
4 hours. In contrast, the MSN, MCF, and ELS settled faster in water than in 25% FBS. More
specifically, they settled by 50% in water within 130.5, 15.5, and 72 minutes, and by 50% in
25% FBS within 142, 47, and 78.5 minutes, respectively. While the trend was similar in both
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water and 25% serum, the overall settling time of MCF and MSN was faster in water than
serum suggesting that the protein corona does indeed help stabilize the nanoparticles.

The N, adsorption-desorption isotherms of ELS indicated the existence of mesopores on the
ELS nanoparticles (Figure 1 H). The BJH pore volume and desorption pore size of ELS
were determined empirically to be around 1.79 cm3/g and 5.4 nm (Figure 1H inset); the BET
surface area of ELS particles was 694 m2/g.

We then evaluated the /n vitro echogenicity of the ELS nanoparticles by comparing it to that
of three classical silica nanoparticles including the Stéber silica nanospheres (SSN)#1, the
MCM-41 mesoporous silica nanospheres (MSN)®C, and the mesocellular foam silica
nanoparticles (MCF)#3 (Figure 2). All nanoparticles were scanned in an agarose phantom at
40 MHz. The ELS exhibited the strongest echogenicity among four nanoparticles at identical
mass concentrations (Figure 21). The ultrasound signal of ELS at 0.25, 0.5, and 1 mg/ml was
2.25-, 2.39-, and 1.76-fold of that of SSN; the signal was 1.72-, 1.85-, and 1.46-fold of the
ultrasound signal of MSN; and it was 1.64-, 1.76-, and 1.62-fold of that of MCF. The
theoretical LOD of ELS (3 standard deviations above background) was 0.77 pg/ml; this
value was 7.10, 3.56, and 2.61 ug/ml for SSN, MSN, and MCF, respectively. The higher
echogenicity of ELS nanoparticles could allow a lower nanoparticle dose to produce the
same ultrasound contrast and may therefore increase the biocompatibility. When the four
nanoparticle types were compared at identical particle numbers, the MCF nanoparticles
showed the highest signal (ELS were second highest; Figure 2J). Importantly, however, the
BJH pore volume of ELS (1.79 cm3/g) was higher than MCF (1.73 cm?3/g). Thus, the
echogenicity of ELS was likely stronger than MCF on a mass basis because that there were
more ELS than MCF.

To further understand the /n vitro echogenicity of the ELS nanoparticles, we evaluated the
effect of size, porosity/density, surface area, pore structure, and shape on the particle
echogenicity. The morphologies of all nanoparticles are shown in Figure 2 A-H. The average
TEM sizes of SSN, MSN, MCF, and ELS were 160 nm, 154 nm, 125 nm, and 138 nm
respectively. The NTA size also indicated that the MCF was the smallest followed by ELS,
MSN, and SSN (Figure S1). According to the literatureS!: 52 as well as our studies on the
effect of size on echogenicity, the ultrasound signal slightly increased as the particles
became larger from 125 to 160 nm (Figure S2). Therefore, we conclude that the higher
echogenicity of ELS and MCF compared to SSN and MSN is not due to the size. (More
information of the effect of size on echogenicity is discussed in the Supporting Information).

We also analyzed the echogenicity versus porosity/density, surface area, pore structure, and
shape of silica nanoparticles by comparing the ultrasound signal between these four types of
silica nanoparticles. As shown in Figure 2 E, F, the echogenicity of SSN was about 11% to
48% (the difference was concentration dependent) higher than that of MSN (Figure 2 J,
Figure S3). In addition, the density of the MSN was about 50% (Supporting Information)
lower than SSN because more of their volume is empty space. We conclude that the lower
signal is because the MSNs have a lower impedance mismatch (product of density and
velocity) with their surroundings and thus less echogenicity than SSN.
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Figure 2 G, H show that both MCF and ELS have pores, but these are disordered and do not
penetrate deep into the nanoparticle cores as in the MSN. This suggests that the ultrasound
waves are unlikely to be transmitted, but are rather more likely to be backscattered. We
conclude that ELS and MCF have more effective backscattering interfaces®C introduced by
disordered and non-penetrating 3D pore structure and that this is responsible for their
increased echogenicity. Both MCF and ELS have higher echogenicity than SSN (Fig. 2).
The echogenicity of the MCF was 100%, 117%, 152%, and 118% higher than that of the
SSN; the echogenicity of the ELS was 46%, 51%, 91%, and 61% higher than that of SSN.
This indicated that the effective backscattering interfaces played a more important role in
improving the echogenicity than impedance mismatch. More discussions on the mechanisms
for improved echogenicity of ELS are provided in the Supporting Information.

Next, we characterized the labelling and cytotoxicity of the ELS nanoparticles with human
mesenchymal stem cells (hMSCs). All silica nanoparticles were incubated separately with
the hMSCs under the same conditions without any transfection treatments. We evaluated the
impact of ELS on hMSC metabolism and viability by MTS, and EthD-I11 assays (Figure
2D). The MTS assay indicated no decrease on cell metabolism between the cells with no
ELS and those up to 1000 pg/ml. For comparison, the other three classical silica
nanoparticles were also biocompatible at a dosage up to 1 mg/ml (Figure S7) similar to the
literaturel?,

TEM images show that ELS entered the cells and were contained in endosomes (Figure 3A,
Figure S4). High resolution TEM imaging clearly showed the unique curvature and discoid
shape of ELS inside the hMSC (Figure 3B); most ELS were aggregated in the cytosol. Other
TEM images illustrated clusters on both the cell interior and periphery indicating endosomal
uptake of ELS (Figure S5). Epifluorescence microscopy showed that the majority of ELS
(green via fluorescein label) were bound to the hMSCs (Figure 3C) similar to SSN, MSN,
and MCF (Figure S6).

Next, we quantified the numbers of silica nanoparticles per vesicle inside hMSCs observed
by TEM. The average ELS, SSN, MSN, and MCF numbers per vesicle were 285, 6, 4, and
30. For a more global analysis, we measured the Si content per cell via ICP-OES after the
labelled cells were dissolved in concentrated base. We measured 1.11 ng Si/cell which
equals to 4.14 million ELS particles per ELS-labelled hMSC. The Si content per cell for
ELS-labelled hMSCs was 2.8-, 22.2-, and 1.5-times higher than that in SSN-, MSN-, and
MCF-labelled hMSCs, respectively (Table S1). Also, the particle number per cell in ELS-
labelled hMSCs was 6.3-, 21.8-, and 2.02-times larger than that in SSN-, MSN-, and MCF-
labelled hMSCs, which were 0.66, 0.19, and 2.05 million nanoparticles/cell, respectively
(The calculations for nanoparticles/cell were based on the ICP-OES and NTA data; see
Supporting Information). We rationalize that these differences were due to the differences in
surface charge. Zeta-potentials of ELS, SSN, MSN, and MCF were +30.0 mV, —38.7 mV,
-32.0 mV, and —-23.1 mV, respectively. The unique positive charge on a silica particle seen
here via the novel TSPA chemistry is what facilitates this increased cell labelling.

Importantly, the echogenicity of ELS-labelled hMSCs was increased versus unlabelled cells
and cells labelled with other silica nanoparticles. After the hMSCs were incubated with
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nanoparticles for four hours at 250 pug/ml, an agarose phantom with the same cell number
was scanned with ultrasound at both 25 and 40 MHz. B-mode ultrasound image of ELS-
labelled hMSCs was much brighter than unlabelled hMSCs with the same cell number with
both frequencies (Figure 4A). We then analysed the mean grey value of these ultrasound
images using five different FOVs for each sample with ImageJ software6. The ELS
increased the echogenicity of hMSCs by 3.63-fold. While all four silica nanoparticles
increased the echogenicity of hMSCs (Figure 4B), the ELS increased it the most. Moreover,
the echogenicity improvement was related to the nanoparticles endocytosed/bound by cells
(Figure 4C).

The ELS were positively charged while the other nanoparticles were negative. Thus, we next
modified the SSN, MSN, and MCF with the APTES to make them positive and use these
modified nanoparticles for a control experiment (Table S2). We incubated these modified
nanoparticles with hMSCs and compared the hMSC ultrasound signal to the cells labelled
with unmodified nanoparticles. APTES-modified MCF increased the ultrasound signal of
hMSCs more than unmodified MCF, but MSN and SSN showed no difference. This result
may be because of the difference in zeta potential after modification. We checked the zeta
potential of the modified and unmodified SSN, MSN, and MCF. Previous work*’ has shown
that the uptake of silica nanoparticles by hMSCs can be regulated by surface charge but that
the increase was only significant at high (+19 mV) surface charge. This reflects our data—
the biggest difference between modified and unmodified NPs was seen with MCF, and this
nanoparticle had the biggest change in zeta potential (Table S2). Regardless, even with these
controls for surface charge, the ELS still had the highest ultrasound signal (Figure S8).

The ELS also increased the /n vivo echogenicity and ultrasound sensitivity of hMSCs. The
ELS-labelled hMSCs were subcutaneously injected with a matrigel carrier into nude mice.
PBS and unlabelled cells were also injected as controls. /n7 vivo ultrasound images
demonstrated significant increase of echogenicity of transplanted ELS-labelled stem cells
compared to unlabelled cells (Figure 5A-D). ELS increased the /n vivo echogenicity of
hMSCs 3.3-fold times with 200,000 cells (Figure 4E). Therefore, the ELS nanoparticles
increased the sensitivity of stem cells via ultrasound. The theoretical limit of detection
(LOD) of ELS labelled hMSCs was 475 cells—nearly 50-fold higher than the LOD of
unlabelled cells.

Conclusions

In summary, ELS silica nanoparticles increased both the /n vitroand in vivo echogenicity of
stem cells via strengthened particle echogenicity as well as improved cell labelling
efficiency. The incorporation of TSPA—an elastic silica source containing an amine group—
to the ELS nanoparticles not only provide the exosome-like shape but also increases the
zeta-potential, which increases the cell uptake. The unique curvature and discoid shape
provides more effective ultrasound backscattering interfaces to enhance the ultrasound
contrast of individual ELS nanoparticle. This novel ELS nanoparticle increases the cell
contrast and enables real-time cell tracking/imaging by affordable ultrasound. Noticeably,
for stem cell treatment, injected cells tend to die because of hostile environment33: 54, As
mesoporous silica nanoparticles have been demonstrated to load and control release various
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drugs#2: 9556, the ELS nanoparticles could also be loaded with prosurvival reagents®’5° to
increase the cell viability. In addition, these ELS particles are easily chemically modified.
While we labelled them with fluorescein here, they could also be coated with a radionuclide
or a gadolinium ion for multimodal imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Novel EL S nanoparticlesaround 140 nm were prepared via an emulsion template
method

(A) Schematic of the ELS nanoparticle fabrication and morphology. TSPA (red) changed the
overall stiffness of silica shell and render them more elastic! to form the ELS nanoparticles.
(B) TEM image of exosomes (black arrow; adapted with permission from reference®). (C)
SEM image of typical ELS nanoparticles indicates the similarity of shape and size between
ELS and exosomes. (D-G) TEM images of silica products made with (D) 0%, (E) 20%, (F)
40%, and (G) 100% TSPA (red). Hollow spheres were obtained when no TSPA was added
(D); asilica gel was formed with only TSPA (G). (H) Zeta-potential and TEM size
distribution of silica nanoparticles synthesized with different fractions of TSPA indicated
that the 40% TSPA samples were the largest and had the most positive surface charge, and
these samples were used for subsequent analysis and cell tracking. (G) Size distributions of
ELS particles synthesized with 40% TSPA. NTA showed a larger mode size than TEM
because NTA measures the hydrodynamic size of ELS and nanoparticles form aggregations
in water. (H) N, adsorption-desorption isotherms of ELS made with 40% TSPA indicated
the existence of mesopores on the ELS nanoparticles. The BJH desorption pore size of the
ELS is 5.4 nm (inset).
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Figure 2.
TEM images of SSN (A, E), MSN (B, F), MCF (C, G), and ELS (D, H). Both SSN and

MSN are spherical, while MCF and ELS have flatter surfaces. HRTEM images (E-H) show
that all particles except SSN are porous. The MSN have ordered and penetrating 2D
channels, while the MCF and ELS have disordered and non-penetrating pores. (1, J) /n vitro
echogenicity of the four silica nanoparticles. All scans used 40 MHz with concentrations
determined on (1) weight basis and (J) particle basis. Error bars represent the standard
deviation of five replicate measurements. * represents p < 0.05, unpaired Student’s t-test.
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Figure 3.
hMSCs labeling and cytotoxicity of ELS. (A) TEM images of ELS-labeled hMSCs indicated

aggregation of ELS inside the cells. ELS located both inside and on the cells. Arrows
indicate the ELS nanoparticles, and Nuc indicates nucleus. (B) Higher magnification TEM
image indicated that the ELS retained the unique curvature after entering the hMSCs. (C)
Epifluorescence microscopy with hMSCs nucleus in blue and ELS nanoparticles
fluorescently tagged in green. The majority of ELS were specifically bound to the hMSCs.
(D) Cytotoxicity of ELS to hMSCs was determined by MTT and EthD-111 assays. MTT
assays indicate no decrease on ELS-labeled cell metabolism. “POS” indicated positive
control of hMSCs with cytotoxic agent. (Data presented as mean with standard deviations;
*represents p < 0.05, unpaired Student’s t-test).
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Figure 4.
ELS significantly increased the echogenicity of hMSCs. Cells were incubated with different

types of silica nanoparticles under identical conditions. The labeled cells with the same
number were then scanned with ultrasound. Both ultrasound images (A) and ultrasound
intensity analysis (B) show that ELS increase the echogenicity of hMSCs. The signal of ELS
labeled cells was 3.63-fold of unlabeled cells. Other silica nanoparticles including SSN,
MSN, and MCF also increased the echogenicity of hMSCs but not as strong as the ELS
nanoparticles. The differences in ultrasound signals between ELS- and MCF-labeled cells
were significant. (C) The ultrasound signals (40 MHz) of cells were positively related to the
nanoparticles endocytosed by or bound to the hMSCs. The average nanoparticles/cell was
determined by ICP-OES after the cells were incubated in different nanoparticles with the
incubation conditions.
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Figure5.
In vivo ultrasound images and quantification of cells echogenicity. /n vivo ultrasound images

of (A) PBS, (B) 1 million ELS-labeled hMSCs, (C) 0.2 million unlabeled hMSCs, and (D)
0.2 million ELS-labeled hMSCs. (E) Quantification of /17 vivo echogenicity of hMSCs
shows ultrasound signal of both unlabeled and ELS-labeled cells were cell number
dependent. Bars stands for standard deviation. The LOD of ELS labeled and unlabeled
hMSCs was 475 and 21,364 cells respectively.
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