
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
3/

20
25

 5
:3

9:
45

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Silicon carbide n
aDepartment of NanoEngineering, Universit

Drive, La Jolla, CA 92093, USA. E-mail: jjok
bMaterials Science and Engineering Program

Gilman Drive, La Jolla, CA 92093, USA
cDepartment of Radiology, University of Cal

Jolla, CA 92093, USA
dSchool of Materials Science and Engineer

410083, China

† These authors contributed equally.

Cite this:Nanoscale Adv., 2019, 1, 3514

Received 11th April 2019
Accepted 14th July 2019

DOI: 10.1039/c9na00237e

rsc.li/nanoscale-advances

3514 | Nanoscale Adv., 2019, 1, 3514–3
anoparticles as a photoacoustic
and photoluminescent dual-imaging contrast
agent for long-term cell tracking

Fang Chen,†ab Eric R. Zhao,†a Tao Hu,d Yuesong Shi,ab Donald J. Sirbulya

and Jesse V. Jokerst *abc

Silicon carbide nanoparticles (SiCNPs) are durable, physically resilient, chemically inert, and biocompatible.

Silicon carbide particles smaller than 10 nm show photoluminescence due to quantum confinement effects

and have been reported in imaging different cell lines. To further explore the potential of silicon carbide

nanomaterials in cell imaging, we studied the photoluminescence and photoacoustic properties of three

SiCNPs of approximately 30, 80, and 620 nm. All these SiCNPs show photoluminescence and

photoacoustic signals, and the 620 nm silicon carbide nanoparticles (SiCNP620) show the highest

photoluminescence and photoacoustic intensity. SiCNP620 is biocompatible with a good cell labeling

capacity. It could image mesenchymal stem cells in vitro for more than 20 days via photoluminescence

even when the cells were differentiated into adipocytes and osteocytes. The same SiCNP620 could also

produce photoacoustic signals and track stem cells in vivo for over 14 days.
Introduction

Silicon carbide (SiC) materials are used as dental implants,
bone prosthetics, coronary heart stents, and brain–machine
interface devices.1 Bulk silicon carbide materials are biocom-
patible, durable, resilient, and inert. Thus, they are oen used
as coatings for biomedical devices to prevent the leakage of ions
and/or reduce biofouling.2 The emergence of silicon carbide
nanomaterials two decades ago has resulted in several novel
biomedical applications like cell imaging.3

Silicon carbide quantum dots have been used as photo-
luminescent probes for cell imaging. For silicon carbide, the
word photoluminescence more accurately describes the lumi-
nescence properties than uorescence due to the delayed
emission time.4 Silicon carbide quantum dots have strong
photoluminescence due to their highly improved radiative
recombination rates in such small clusters—only few nano-
meters. Botsoa et al. reported using silicon carbide quantum
dots with a cubic symmetry crystalline structure (b-SiC) to image
living 3T3-L1 broblast cells via uorescence microscopy.5 Fan
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et al. synthesized b-SiC quantum dots via electrochemical
etching and used these quantum dots to label human fetal
osteoblast cells.6 Zakharko et al. demonstrated that silicon
carbide quantum dots could label broblast cells and the
photoluminescence of these quantum dot-labeled cells could be
greatly enhanced via localized plasmons.7 Beke et al. showed
that silicon carbide quantum dots synthesized by chemical
etching could image live neuron cells via two-photon
microscopy.8

In addition, sub-micron silicon carbide nanoparticles
(SiCNPs) could also enter and visualize cells via nonlinear
photoluminescence signals.9,10 For example, Rogov et al. labeled
3T3-L1 broblast cells with 3C-SiC nanoparticles larger than
100 nm and then imaged the labeled cells with nonlinear
microscopy.9 Boksebeld et al. used folate-modied 3C-SiC
nanoparticles with a diameter of 150 nm to label cancer cells
via multi-photon microscopy.10 The non-centrosymmetric crys-
talline structure and relatively large diameter (associated with
a large two-photon absorption cross-section) of SiC nano-
particles provided an intense emission peak. Previously, we
demonstrated the ability of silicon carbide nanoparticles of
approximately 80 nm and 600 nm to track humanmesenchymal
stem cells (hMSCs) via photoluminescence.11

While many studies have shown the utility of silicon carbide
nanoparticles for in vitro cell imaging, there is little evidence
that these nanoparticles can be used for in vivo cell tracking—
perhaps because photoluminescence has poor tissue penetra-
tion depth.12 This poor penetration of photons limits the use of
silicon carbide nanomaterials in cell therapy applications that
require in vivo tracking of transplanted cells. Photoacoustic
This journal is © The Royal Society of Chemistry 2019
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imaging is an emerging technique combining the contrast and
spectral tuning of optical imaging and the high temporal and
spatial resolution of acoustic imaging.13,14 The improved pene-
tration depth of photoacoustic imaging over optical and uo-
rescence imaging gives it an advantage for in vivo systems.15

Here, we show for the rst time that silicon carbide nano-
particles generate photoacoustic signals and can track cells in
vivo.

In this work, we used silicon carbide nanoparticles to track
mesenchymal stem cells. Mesenchymal stem cells are a prom-
ising regenerative medicine but their retention is poor.16 Long-
term tracking of the injected cells is important—including the
cell location, cell numbers, and cell fate.17 Silicon carbide
nanoparticles have great potential in tracking mesenchymal
stem cells due to their biocompatibility.11 Here, we compared
the photoluminescence and photoacoustic intensities of silicon
carbide nanoparticles with three sizes. Then, we used the one
with the strongest photoluminescence and photoacoustic
intensities to label and track stem cells. This nanoparticle can
image mesenchymal stem cells in vitro via uorescence
microscopy and, moreover, track stem cells in vivo via photo-
acoustic imaging. Both the photoluminescence and photo-
acoustic signals of this nanoparticle in mesenchymal stem cells
are stable for over 10 days. The photoluminescence of this
silicon carbide nanoparticle in mesenchymal stem cells was
seen even when the cells differentiated to adipocytes and
osteocytes.

Materials and methods
Nanoparticle characterization

Silicon carbide nanoparticles of different sizes were purchased
from US Research Nanomaterials Inc. (US2161, US2022, and
US2011) and were calcined at 600 �C for 2 hours before use as
described previously.11

Particle sizes were analyzed with TEM images that were
taken on a JEOL1400-Plus with a Gatan Orius 600 camera. High
resolution TEM (HRTEM) images were obtained via an FEI
Tecnai F20 operated at 200 kV, and element mapping was per-
formed on this electron microscope in STEM mode. STEM
images and EDX spectra were taken on an HD-2000 STEM
(Hitachi) and a Quantax EDS (Bruker) at an accelerating voltage
of 200 kV. X-ray diffraction (XRD) patterns were scanned on
a Rigaku Miniex XRD unit operating at 40 kV and 40 mA using
Cu Ka radiation (l¼ 1.5418 Å) with a 2q step size of 0.02� within
20–80�. The zeta potential was measured via aMalvern Zetasizer
ZS90.

The absorbance spectra of SiCNPs (20 mg mL�1) were ob-
tained with a UV-vis microplate reader (SpectraMax M5,
Molecular Devices). The photoluminescence spectra of SiCNPs
suspended in water (20 mg mL�1) were recorded with the same
UV-vis microplate reader under time-resolved uorescence
mode. To maximize the signal intensity, the integration time
was set to 1.5 ms and 100 ashes were recorded per read.
Photoluminescence spectra were also recorded via a customized
ber-coupled spectrometer (Princeton Instruments). A layer of
SiC nanoparticles was placed on glass slide, dried, and then
This journal is © The Royal Society of Chemistry 2019
excited with 325 nm or 442 nm UV light (�10mW) at an angle of
�45� relative to the sample plane. The emission spectra were
collected through a 20� objective and recorded using a ber-
coupled spectrometer. A 450 nm long pass lter was applied
in front of the spectrometer when the particles were excited with
442 nm light using the same optical setup laser.

Photoacoustic scans were obtained using a Vevo LAZR from
Visualsonics.12 SiCNP samples were resuspended in water at
a concentration of 1 mg mL�1. The samples were then loaded
into polythene tubing and scanned with an array photoacoustic
transducer (LZ250, Visualsonics, Inc.) operating at 25 MHz
center frequency. The photoacoustic spectra between 680 nm
and 970 nm were scanned with a step size of 5 nm. To deter-
mine the limit of detection by photoacoustic imaging, SiCNPs
were resuspended in water at different concentrations (100, 50,
25, 10, 5, and 0 mg mL�1) and scanned with a wavelength of
725 nm. The limit of detection was dened as the concentration
that had a signal intensity at 3 standards deviations above the
mean.
Cell culture

Human mesenchymal stem cells (hMSCs, cat #: PT-2501) and
cell culture media (cat #: PT-3001) were purchased from Lonza.
Human MSCs from passage 2–10 were used. Mouse mesen-
chymal stem cells (mMSCs, cat #: MUBMX-01001) were
purchased from Cyagen. Mouse MSCs were used between
passages 8–12 and were cultured with Dulbecco's modied
Eagle medium (DMEM) from Gibco supplemented with 10%
fetal bovine serum (Sigma) and 1% antibiotic–antimycotic
(Thermo Fisher Scientic). Cell media were replaced every 2–3
days. Cells were grown to 80–90% conuency. For passage and
usage, the cells were detached with 0.25% trypsin–EDTA
(Gibco), then centrifuged at 1000 rpm for 5 minutes, resus-
pended, and counted using a hemocytometer.

For labeling condition studies, hMSCs were plated in a 6-well
plate and grown until fully conuent. Then, 2 mL of SiCNP
suspensions in cell media at concentrations of 0, 50, 100, and
200 mg mL�1 were added to each well separately. Aer a specic
incubation time (1, 4, or 8 hours), the cells were washed with
PBS thrice to remove free nanoparticles and then collected. The
cell labeling capacity was then quantied by thermogravimetric
analysis (TGA) and photoacoustic imaging independently. TGA
experiments were performed with approximately 400 000 cells
resuspended in 20 mL of Millipore water using a PerkinElmer
STA 6000 simultaneous thermal analyzer. The labeled cells were
heated from 25 to 600 �C at a heating speed of 10 �C min�1 and
then held at 600 �C for 2 hours. SiCNPs were also analyzed by
TGA as a positive control. For photoacoustic imaging, the
labeled cells were dispersed in a 1 : 1 warm mixture of
PBS : agarose (1%), added to polyethene tubes, cooled, and then
scanned.

The cytotoxicity of SiCNP620 to mesenchymal stem cells was
studied by plating cells in a 96-well plate at a density of 5000
cells per well. The cells were incubated with SiCNP620
suspensions at different particle concentrations—400, 200, 100,
50, 25, and 0 mg mL�1. Positive controls included 400 mg mL�1
Nanoscale Adv., 2019, 1, 3514–3520 | 3515
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Fig. 1 TEM images of SiCNPs with average sizes of (a) 30 nm, (b)
80 nm, and (c) 620 nm. The circularity of SiCNP30, SiCNP80, and
SiCNP620 was 0.90 � 0.03, 0.89 � 0.13, and 0.61 � 0.09. (d) TEM size
distributions of SiCNPs. High resolution TEM images and fast Fourier
transformation patterns of (e) SiCNP30, (f) SiCNP80, and (g) SiCNP620
show a typical diffraction pattern of a cubic crystal structure along the
[110] zone axis. The measured lattice spacing of the (111) plane for the
three types of silicon carbide particles is 2.54 Å, 2.58 Å and 2.57 Å,
respectively. (h) X-ray diffraction spectra of all SiCNPs show peaks at
around 2q of 35.77�, 41.54�, 60.2�, and 72.04�, which correspond to
the SiC(111), SiC(200), SiC(220), and SiC(311) peaks of cubic 3C-SiC
(powder diffraction file card 96-901-8857).
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SiCNP600 and media only. Eight replicates were tested. Aer 48
hours, a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) (Promega)
assay was performed by adding 100 mL of a 1 : 10 v/v
MTS : media solution to each well. The cells with the MTS
reagent were incubated for four hours. Next, to avoid any
interferences of nanoparticles on the absorbance, 70 mL of the
supernatant from each well were transferred to a new plate, and
the absorbance was read at a wavelength of 490 nm.

The effect of SiCNP620 on the proliferation of mesenchymal
stem cells was also studied. The cells were plated in a 96-well
plate at a density of 3000 cells per well and then incubated with
SiCNP620 suspensions at different particle concentrations—
400, 200, 100, 50, 25, and 0 mg mL�1—for different durations—
1, 2, 3, and 4 days. Positive controls included 200 mg mL�1

SiCNP600 and media only. Eight replicates were tested for each
concentration and duration. At each time point, a resazurin
(Sigma-Aldrich) assay was performed by adding 100 mL of
a 1 : 10 v/v resazurin : media solution to each well, followed by
incubation for 4 hours. We then transferred 70 mL of the
supernatant from each well to clean wells and read the uo-
rescence at an excitation of 550 nm and an emission of 585 nm.

In vitro photoluminescence imaging of cells

Photoluminescence imaging was conducted via an EVOS uo-
rescence microscope with a Texas red channel, which corre-
sponds most closely to the emission wavelength of SiC.
SiCNP620-labeled (50 mg mL�1 of SiCNP620, incubated for 4
hours) and unlabeled cells were plated separately in a 6-well
plate. The cell morphology was then observed with photo-
luminescence imaging on different days for three weeks. The
cells plated in other wells were treated with adipogenic or
osteogenic induction media for three weeks. The morphology
changes were recorded with bright eld and photo-
luminescence imaging.

In vivo cell tracking by photoacoustic imaging

All animal studies were carried out in accordance with the
regulations set by the Institutional Animal Care and Use
Committee (IACUC) of the University of California, San Diego.
Unlabeled mMSCs and SiCNP620-labeled mMSCs were
detached, counted, resuspended in PBS, and kept in ice.
Subcutaneous injections were performed by mixing the cell
solution and cold Matrigel (Corning) at a 1 : 1 v/v ratio. Then,
100 mL of the mixture was injected subcutaneously into a mouse
and immediately scanned with a photoacoustic transducer
(LZ250, Visualsonics, Inc.) operating at 25 MHz center
frequency. The photoacoustic scans were also performed 3, 7,
and 14 days aer the injections.

Results and discussion

Silicon carbide nanoparticles with three different sizes were
synthesized via chemical vapor deposition method by US
Research Nanomaterials, Inc. (US2011, US2022, and US2161).
The average size of these nanoparticles was 33 � 12 nm, 78 �
3516 | Nanoscale Adv., 2019, 1, 3514–3520
16 nm, and 624� 94 nm based on their TEM images (Fig. 1a–d),
which were subsequently labeled SiCNP30, SiCNP80, and
SiCNP620. Additionally, SiCNP30 and SiCNP80 are more
circular than SiCNP620: the circularity of SiCNP30, SiCNP80,
and SiCNP620 was 0.90 � 0.03, 0.89 � 0.13, and 0.61 � 0.09. All
three SiCNPs were negatively charged in water, where the pH
lies above the isoelectric point of 3C-SiC.18 The zeta potentials of
the nanoparticles were �19.0, �25.3, and �30.7 mV for
SiCNP30, SiCNP80, and SiCNP620, respectively. According to
Chung et al., the differences in the zeta potential of these
SiCNPs would have insignicant effects on cellular uptake.19

We characterized the crystal structure of these nanoparticles
in more detail to conrm that these particles have a similar
crystalline structure. The fast Fourier transform patterns in the
high resolution TEM images are typical diffraction patterns for
a cubic crystal structure along the [110] zone axis. Themeasured
This journal is © The Royal Society of Chemistry 2019
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lattice spacing of the (111) plane for the three nanoparticles is
2.54 Å, 2.58 Å and 2.57 Å, respectively (Fig. 1e–g). These
measured spacings are close to the standard values of powder
diffraction le card 96-900-8857. X-ray diffraction spectra of all
SiCNPs show peaks at around 2q 35.77�, 41.54�, 60.2�, 72.04�,
and 75.79�, which correspond to the SiC(111), SiC(200),
SiC(220), SiC(311), and SiC(222) peaks of cubic 3C-SiC (PDF 96-
901-8857) (Fig. 1h). 3C-SiC, or b-SiC polytype, is the most ther-
modynamically stable polytype and has the lowest thermal
conductivity.20 The other peaks match with SiO2 peaks (powder
diffraction le card 96-412-4080, 96-900-0779, and 96-901-4487)
and are likely due to the glass sample holder.

Aer conrming the crystal structure of these particles, we
investigated the effect of size on light absorption and photo-
luminescence. SiCNPs (20 mg mL�1) showed size-dependent
light absorption (Fig. 2a). The absorbance spectra of SiCNP30
and SiCNP80 showed that their absorbance decreased with
increasing wavelength, which is similar to the absorbance of 3C-
SiC nanocrystals smaller than 10 nm. The sharper decrease in
the absorbance of SiCNP30 than SiCNP80 may indicate more
quantum connement events in the smaller SiCNPs.6 Remark-
ably, SiCNP620 has a very broad absorbance peak at 560 nm (2.2
eV) corresponding to the bandgap of bulk 3C-SiC. The increased
absorbance intensity of SiCNP30 and SiCNP80 in the short
wavelength range may be due to the high contribution of Ray-
leigh scattering for smaller particles. The scattering effect
decreases with increasing wavelength, explaining the gradual
decline in the absorbance intensity.

The photoluminescence of all SiCNPs was examined at
varying excitation and emission conditions. The excitation
spectra of 2 mg mL�1 SiCNPs in water were studied at 540 nm
emission with a UV-vis microplate reader (SpectraMax M5,
Molecular Devices). The excitation peaks of SiCNP30, SiCNP80,
and SiCNP620 were at around 280 nm, and the intensity
Fig. 2 Optical properties of all SiCNPs. (a) Absorbance spectra of
SiCNP suspensions. (b) Excitation spectra (emission 540 nm) and (c)
emission spectra at varying excitation wavelengths of SiCNP suspen-
sions. (d) Emission spectra of dry SiCNPs using a laser excitation source
of 325 nm. The intensities were normalized. Black, red, and blue
represent SiCNP30, SiCNP80, and SiCNP620, respectively.

This journal is © The Royal Society of Chemistry 2019
increased with increasing particle size (Fig. 2b). The emission
spectra of these SiCNP suspensions were scanned with excita-
tions of 270, 280, 300, and 350 nm (Fig. 2c). SiCNP620 showed
the highest photoluminescence intensity among all SiCNPs.
The photoluminescence of SiCNP620 was approximately 2-fold
that of SiCNP80 and 8-fold that of SiCNP30 when the excitation
wavelength was 280 nm. The emission spectra of dry SiCNPs
were also studied with a 10 mW laser (325 nm). The emission
peaks of SiCNP30, SiCNP80, and SiCNP620 were at 538 nm (2.3
eV), 568 nm (2.2 nm), and 614 nm (2.0 eV), respectively (Fig. 2d),
indicating a red shi of photoluminescence as the particle size
increases. The red shi in larger particles is due to the size of
the quantum-conned region.21 Quantum connement effects
within large dimensions decrease the bandgap energy, and thus
increase the emission wavelength.22

Generally, the quantum yield of SiC nanoparticles is lower
than that of organic dye uorophores,23,24 even though it can be
improved by decreasing the SiC particle size or introducing
porous structures.24,25 Fan et al. reported the quantum yield of
silicon carbide nanocrystals smaller than 4 nm to be 17%;6

uorescein derivatives can reach a 100% quantum yield.23

However, the uorescence of organic dye uorophores is
unstable, and photobleaching is common.23 In contrast, SiC
nanoparticles have stable photoluminescence.6

The photoluminescence mechanisms of silicon carbide
nanoparticles are complicated and remain controversial.25 The
photoluminescence of silicon carbide nanoparticles can be
linear or non-linear. Linear photoluminescence may be
produced by the quantum connement effect in the small
features21 or the amorphous fractions of silicon carbide nano-
particles and the Si–O bonds on the surfaces. This might be one
reason for the stronger photoluminescence of SiCNP620 than
SiCNP30 and SiCNP80, because SiCNP620 showed the lowest
circularity—0.6 compared to 0.9 of SiCNP 30 and SiCNP80.
Second, non-linear photoluminescence can be second-
harmonic generation or two-photon excitation uorescence
(photoluminescence is used in this paper because it more
accurately describes the luminescent properties than uores-
cence due to the delayed emission time).4,9,10

A larger diameter is favored for non-linear photo-
luminescence because the two-photon absorption cross-section
is larger.10 This might be another reason for the strongest
photoluminescence of SiCNP620 among the three
nanoparticles.

Next, we compared the photoacoustic properties of these
silicon carbide nanoparticles. The photoacoustic spectra show
that all particles had a broad wavelength signal at a concentra-
tion of 1 mg mL�1 in water (Fig. 3a). The nanoparticles were
then scanned at a xed wavelength of 725 nm, and SiCNP620
had the highest photoacoustic intensity (Fig. 3b). The photo-
acoustic intensity of SiCNP30 and SiCNP80 was 23% and 82% of
that of SiCNP620, respectively (Fig. 3c). Hence, we conclude that
the photoacoustic intensity increased with increasing particle
size. This is expected because the absorbance of near-infrared
light by SiCNP620 was higher than that of both SiCNP30 and
SiCNP80 (Fig. 2a) and the particles with a larger cross-section,
Nanoscale Adv., 2019, 1, 3514–3520 | 3517
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Fig. 3 Photoacoustic properties of SiCNPs. (a) Photoacoustic spectra,
(b) photoacoustic image and (c) the corresponding quantification of
the photoacoustic intensity at 725 nm. (d) Photoacoustic signal of
SiCNP620 was linearly dependent on the particle concentration. The
limit of detection of SiCNP620 was found to be 10 mg mL�1. Error bars
are standard deviations of 5 regions of interest.

Fig. 4 Biocompatibility and labeling conditions of SiCNP620 in MSCs.
(a) No significant decrease in cell viability was seen for labeling
concentrations smaller than 400 mg mL�1. (b) Cells labeled with
SiCNP620 at different concentrations showed similar growth rates to
unlabeled cells. Error bars are standard deviations of 8 replicates. (c) A
linear relationship is seen between the labeling concentration and
photoacoustic signal for four hours of labeling. (d) For a labeling
concentration of 50 mg mL�1, a labeling time of four hours was
optimal. (e) Photoacoustic intensity was linearly dependent on the
concentration of SiCNP620-labeled cells (50 mg mL�1, 4 hours of
incubation), and the limit of detection was 37 cells per mL. Error bars
are standard deviations of 5 measurements.
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provided that the material and light uence are the same, will
have a greater photoacoustic signal.26,27

Interestingly, the largest nanoparticle had both the strongest
photoluminescence and photoacoustic intensity. Photo-
luminescence and photoacoustic intensity are typically inversely
related due to competing radiative and non-radiative decay
pathways when the light absorbance is constant.28 However, we
see here that both photoluminescence and photoacoustic signal
increase with increasing size, which was very likely due to the
increased light absorption by larger particles (Fig. 2a).

We also studied the relationship between the nanoparticle
concentration and photoacoustic signal with SiCNP620 because
SiCNP620 showed the highest photoacoustic signals. The pho-
toacoustic intensity of SiCNP620 was linearly dependent on the
particle concentration (Fig. 3d). The limit of detection of
SiCNP620 was measured to be 10 mg mL�1.

Given the strongest photoluminescence and photoacoustic
signals of SiCNP620 among the three SiCNPs, we used
SiCNP620 for stem cell imaging and tracking. We rst studied
the cytotoxicity of SiCNP620 to mouse mesenchymal stem cells
at different concentrations via a 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, or
MTS, assay (Promega). No signicant decrease in cell viability
was found over 48 hours when the SiCNP620 concentration was
below 400 mg mL�1 (Fig. 4a). Moreover, the SiCNP620-labeled
cells showed a similar growth rate to unlabeled cells at
labeling concentrations of 50–200 mg mL�1 (Fig. 4b).

Then, we studied the labeling ability of SiCNP620 to mouse
mesenchymal stem cells. The overall labeling capacity, which is
the average number of nanoparticles entering a cell, was evaluated
with photoacoustic imaging. The labeling concentration and
incubation time affected the labeling capacity. The photoacoustic
signal increases with increasing labeling concentration (Fig. 4c),
3518 | Nanoscale Adv., 2019, 1, 3514–3520
and a labeling time of 4 hours was found to be optimal (Fig. 4d).
The cell labeling capacity was also quantied with thermogravi-
metric analysis. At labeling concentrations of 50 mg mL�1 and 200
mgmL�1, the cell labeling capacity was 1.87 and 6.88 ng SiCNP per
cell, occupying 0.25% and 0.93% of the cell volume, which was
higher than that reported for silica nanoparticles.29 For all future
experiments, stem cells were labeled with a particle concentration
of 50 mg mL�1 unless otherwise specied. There was a linear
relationship between the photoacoustic intensity and the number
of SiCNP620-labeled cells (50 mg mL�1) (Fig. 4e), and the limit of
detection of these labeled cells was approximately 37 cells per mL.

The SiCNP620-labeled mesenchymal stem cells were visible
under a uorescence microscope using a Texas red lter cube
(the excitation is 585 nm and the emission is 624 nm). Unlabeled
cells showed no photoluminescence signal (Fig. 5). The photo-
luminescence of SiCNP620 was stable and the labeled stem cells
showed strong photoluminescence signals even 11 days aer
labeling, suggesting the ability of SiCNP620 for long-term
imaging and tracking of stem cells. Unlabeled and SiCNP620-
labeled mesenchymal stem cells were treated with adipogenic
and osteogenic induction media. SiCNP620 labeling did not
affect stem cell differentiation. Moreover, SiCNP620 could track
mesenchymal stem cell-derived adipocytes and osteocytes
(Fig. 5). Interestingly, for the adipogenic induced cells, SiCNP620
could enter and therefore track the lipid vesicles as well.

To demonstrate the potential of these particles for in vivo
cell tracking, we subcutaneously injected SiCNP620-labeled
mouse mesenchymal stem cells into a nude mouse and scan-
ned the cells with photoacoustic imaging. Fig. 6a shows the
photoacoustic spectra of injected cells. The photoacoustic
intensity from 680 to 730 nm decreased compared to the
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Fluorescence image (top) and its overlay with a bright field
image (bottom) of unlabeled and SiCNP620-labeled cells. SiCNP620-
labeled mesenchymal stem cells are still visible under a fluorescence
microscope 11 days after labeling, indicating the long-term cell
imaging ability of SiCNP620. In addition, adipocytes and osteocytes
differentiated from SiCNP620-labeled mesenchymal stem cells still
show photoluminescence three weeks after labeling.

Fig. 6 Tracking SiCNP620-labeledmesenchymal stem cells in vivo. (a)
Photoacoustic spectrum of labeled MSCs implanted at varying cell
concentrations. Labels represent injection concentrations in cells per
mL. (b) Quantified photoacoustic intensity of injected SiCNP620-
labeled cells at a wavelength of 770 nm. Error bars are standard
deviations of 5 ROIs. (c) Photoacoustic and ultrasound overlay images
of the injections. (d) Long-term tracking of the 20 000 cells per mL
implant shows that cells are still visible over a period of 14 days.
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photoacoustic spectra of SiCNP620 only (Fig. 3a), which may
be due to the reduced tissue penetration of shorter wave-
lengths compared to longer wavelengths. As a result, all cell
implants were scanned in 3-dimensions at 770 nm. The pho-
toacoustic intensity increased as the labeled cell concentration
increased and then saturated when the cell concentration
reached 20 000 cells per mL (Fig. 6b and c). The in vivo limit of
detection of SiCNP620-labeled cells was 7800 cells per mL.
Unlabeled cells showed no photoacoustic signal even at a high
cell concentration. Continuous monitoring of the cell
implants showed that we could still track SiCNP620-labeled
cells for 14 days aer injection via photoacoustic imaging
(Fig. 6d).
Conclusions

Our future work involves understanding the mechanisms of
photoacoustic excitation and optimizing the photoacoustic
intensity of SiCNPs by surface modication. Coating with
This journal is © The Royal Society of Chemistry 2019
additional silica or etching could potentially change the pho-
toacoustic intensity by reducing the thermal interfacial resis-
tance between the nanoparticles and the surrounding
medium.30 Studies on quantifying cells and monitoring the cell
fate in vivo with photoacoustic imaging are ongoing. The ability
of these nanoparticles to track differentiated stem cells and
other cells will also be studied in our next study.

Long-term cell tracking is important to understand cell fate
post-injection and provides insight for subsequent treatment.
In this paper, we report for the rst time that SiCNPs have
intrinsic photoluminescence and photoacoustic signals, which
enable SiCNPs to image cells in vitro and track cells in vivo. The
SiCNPs were capable of long-term tracking of stem cells even
aer differentiation due to stable and strong luminescence.
These nanoparticles showed excellent biocompatibility and
labeling capacity for mesenchymal stem cells. Thus, SiCNPs are
promising for long-term stem cell imaging and tracking.
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