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IR-780 iodide, a near-infrared (NIR) fluorescent heptamethine dye, has attracted wide attention in the biomedical commu-
nity. However, hydrophobicity and toxicity severely limit its further biomedical application. Although many successful efforts
have been made to increase its solubility and biocompatibility, a strong fluorescent signal and longer retention time are in
high demand in biomedical application in vivo as well as basic science research. In this work, we report the development
of novel silica cross-linked micellar core—shell nanoparticles encapsulating IR-780 (NIR-Silica NPs) and their utility for
biomedical imaging in vivo. Compared to free IR-780, the solubility of NIR-Silica NPs was not only greatly increased, but
there was also a dramatic 5—7-fold enhancement of fluorescence intensity. More importantly, the exceptionally small size
(25 nm) and colloidal stability of the NPs are also sufficient to realize the enhanced permeability and retention effect.
In vitro cell viability assays further indicated that the NIR-Silica NPs are safer even at the highest concentration tested of
1.0 mg/mL. Finally, sentinel lymph node mapping and long-term tumor imaging in vivo demonstrated that the NIR-Silica
NPs have a long circulation time and higher signal-to-noise ratio at a very low dye concentration and short exposure time

(0.2 s). Therefore, the NIR-Silica NPs may be a promising fluorescence imaging agent for clinical application.
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INTRODUCTION

Optical imaging is a promising noninvasive, real-time
and high-resolution molecular imaging approach widely
used in brain functional imaging,'! drug delivery,>3 tumor
targeting,*> photothermal therapy (PTT), photodynamic
therapy (PDT),® imaging-guided surgery’ and sentinel
lymph node (SLN) mapping fields.? NIR fluorescence
is an optical imaging technology which has received
immense attention because of its low absorption and
autofluorescence from tissues and organisms within the
NIR spectral range of 700—1000 nm, which can improve
tissue depth penetration and image sensitivity.' Quan-
tum dots (QDs), upper-conversion particles (UCNP) and
organic NIR fluorescence dyes are current NIR probes
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which have rapidly emerged as fluorescence probes for
imaging of biological samples in vitro and in vivo.!'! How-
ever, QDs and UCNP have toxic heavy metal elements in
their cores, which make the safety of these nanoparticles
(NPs) a serious concern in biological applications, and thus
have prevented their further application in clinical imag-
ing. IR-780 iodide, as an organic NIR fluorescent agent, is
a lipophilic cationheptamethine dye with high fluorescence
intensity due to the rigid cyclohexenyl ring in the heptame-
thine chain.'? To date, IR-780 has been widely used for
PDT and PTT, in which the dye is employed as a clinical
therapeutic agent due to its ability to generate singlet oxy-
gen and produce heat after laser irradiation.'® In addition,
IR-780 also showed preferential accumulation in multiple
tumor cells due to its affinity for organic anion transporter
peptides (OATP)."* However, IR-780 is extremely diffi-
cult to dissolve in a pharmaceutically acceptable solvent,
which severely limits its further biological and clinical
application.
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To improve the utility of IR-780 for optical imag-
ing and therapeutic application, much recent research
has been dedicated to overcome these disadvantages by
encapsulating IR-780 into various nanocarriers. For exam-
ple, polymeric micelles labeled with the radionuclide
rhenium-188,'5 heparin-folic acid NPs!® and PEG-IR-
780-C13 micelles'” were all self-assembled to improve
the water solubility of IR-780. Although the solubility
of IR-780 has been dramatically improved, the photo-
physical stability and fluorescence intensity of the dye
decreased due to either complicated synthesis or repeated
laser irradiation. In another approach, human serum albu-
min NPs were developed to increase the water solubility
of TR-780.'8 However, the large size of these NPs may
lead to clearance by the reticuloendothelial system (RES)
and their relatively weak fluorescence intensity is not suf-
ficient for PTT and PDT. Engineering mesoporous silica
NPs was carried out to integrate IR-780 into a silica matrix
to improve solubility.!” However, this led to a low fluores-
cence intensity of IR-780. Of course, to some extent, NIR
dyes with a good fluorescence quantum yield in non-polar
media including IR-780 generally demonstrate lower flu-
orescence efficiency in aqueous environments. However,
the fluorescence intensity of NIR dyes in an aqueous solu-
tion can also be enhanced. Therefore, the development of a
simple and robust method for delivering IR-780 as an ideal
NIR imaging probe for clinical application is urgent. This
not only should increase water solubility but also meet at
least the following general criteria:

(a) smaller size and longer retention time;

(b) safe and non-toxic to hosts; and

(c) sufficient photo-physical stability and a strong fluores-
cent signal.

Polymeric micelles as drug agent or dye carriers are
inexpensive to synthesis and are available in large quan-
tities for biomedical applications.?’ However, the physical
stability of the polymeric micelles is a critical problem.
A recent study has shown that the in vivo biological effect
of drugs or dyes incorporated into polymeric micelles is
positively correlated with micelle stability.”! While poly-
meric micelles may be unstable in vivo environments, we
must emphasize that polymeric micelles are still versa-
tile and may be a cost-effective approach for delivering
IR-780.% In order to make full use of polymeric micelles
as an IR-780 carrier, the most widely used method to
solve this problem is to introduce cross-linking functional
groups with the core or shell of polymeric micelles through
the synthesis process. However, this method requires
multiple synthetic steps, which limits its application to
some extent.”? On the other hand, silica cross-linking
(SSCL) polymeric micelles have become popular in recent
years. Silica has been extensively employed due to its
rich surface chemistry as well as being non-toxic and
biocompatible, as proven by the U.S. Food and Drug
Administration.?* Additionally, silica cross-linking could
provide further advantages, such as mild and simple syn-
thesis, maintenance of stability against dilution and tem-
perature fluctuations, tunable size and improvement in
the photo-stability of fluorescent agent by reducing their
contact with the outside environment.”>® These benefits
inspired us to further explore strategies that could increase
IR-780 water solubility and photo-physical stability.

In this study, we developed a novel and robust method to
develop a new family of biocompatible silica cross-linked
micellar encapsulating IR-780 nanoparticles (NIR-Silica
NPs), which were synthesized by modifying a bio-inspired
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Figure 1. Schematic of NIR-Silica NPs formation and tumor imaging by NIR-Silica NPs. IR-780 was self-assembled by using
pluronic F-127. The pluronic F-127 micelle was then cross-linked with silica physically between the core and the shell of the F-127
polymeric micelles simultaneously. The silica and pluronic F-127 provide a better capability and higher stability than free IR-780.
NIR-Silica NPs show a strong and bright signal for optical imaging in vivo with short exposure times at low dye concentrations.
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silification method (Fig. 1). The process was simple and
robust enough to simultaneously encapsulate IR-780 into
the core of the pluronic F-127 polymeric micelles and
form a thin silica layer between the core and the shell
of the polymeric micelles. Properties such as ultraviolet
(UV) absorption spectra, fluorescence emission spectra,
morphology, stability and size distribution were investi-
gated. The enhancement of fluorescent intensity and tissue
penetration of NIR-Silica NPs were studied in vitro and
in vivo. In addition, their cytotoxicity was also investigated
using HEK293 and A431 cell lines, through MTT assays.
Finally, a series of experiments including SLN mapping
and long-term tumor imaging were performed to evaluate
the circulation time and signal-to-noise ratio in vivo.

MATERIALS AND METHODS

Materials

Pluronic ~ F-127  (PEO,,,—PPO¢—PEO,,,, average
MW ~ 12600) was obtained from BASF Corp.
(Mount  Olive, NJ). Tetraethylortosilicate (TEOS,

99.99%), diethoxydimethylsilane (DEDMS, 97%) and
IR-780 iodide were purchased from Sigma-Aldrich
Corp. (St. Louis, MO). Hydrochloric acid (37%),
dichloromethane and chloroform were purchased from
Tianjin Chemical Ltd. (Tianjin, China). Thiazolylblue
tetrazolium bromide (MTT) was purchased from Invitro-
gen (Carlsbad, CA). Cell culture medium (RPMI 1640,
complete DMEM high glucose), 'trypsin (for cell culture
use, 0.25% w/v), and fetal bovine serum (FBS) were pur-
chased from Thermo Fisher Scientific Co., Ltd. (Shanghai,
China). The tumor cell lines A431 and HEK293 were
provided by the School of Life Science and Technology,
Xi’an Jiaotong University. All reagents and solvents were
used as received without further purification.

Preparation of NIR-Silica NPs

The synthesis steps for NIR core—shell silica-pluronic
NPs are shown in Figure 1. In a typical preparation,
120 mg pluronic F-127 and 0.5 mg IR-780 iodide were
carefully co-solubilized with 2 mL dichloromethane in a
20 mL glass scintillation vial. The solvent was evapo-
rated to form the homogeneous solution by means of gen-
tle nitrogen flow under a vacuum at room temperature.
The solid residue was then solubilized by magnetic stir-
ring with 1560 uL of 0.85 M HCI. The undissolved mate-
rials were discarded after centrifugation and the IR-780
micelle solution was formed; then, the solution was trans-
ferred into a new 20 mL glass scintillation vial. TEOS
(180 nL, 0.81 mmol) was then added to the resulting aque-
ous solution followed by DEDMS (15 uL, 0.09 mmol)
after 120 min. The mixture was continuously stirred for
20 h at 25 °C before dialysis. The dialysis purification
was carried out using a precise amount of NPs solution
(15 mL) which was finally diluted with water to a total
volume of 30 mL. The concentration of the dye within NPs
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was determined using a UV-NIR spectrometer (DU730,
Beckman, USA).

Characterization of NIR-Silica NPs

The size distribution of the NIR-Silica NPs was measured
by dynamic light scattering using a Malvern instruments
Nano-ZS90 machine (Malvern, UK). The concentration
of the NIR-Silica NPs was 0.5% in water, and the tem-
perature was controlled at 25 °C. For each sample, the
size distribution measurement was performed for fifteen
cycles per run. To further examine the morphology of NPs,
a JEOL 2010F transmission electron microscope (TEM)
(Tokyo, Japan) was used. The NPs solution (I mg/mL)
was poured onto a 400 mesh carbon coated copper grid
and dried at room temperature. Then, the sample was
observed by the TEM instrument at 100 kV. To deter-
mine the dye content of the NIR-Silica NPs, the absorp-
tion spectra of NIR-Silica NPs, IR-780 micelle and freely
dissolved IR-780 dye were obtained using a UV-NIR spec-
trometer. The above NIR-Silica NPs and IR-780 micelle
solution (50 uL) was added to 950 uL of dimethylsulfox-
ide (DMSO) as the experimental sample respectively. The
DMSO solution with the same concentration of IR-780
was used as a control. A solution of 50 uL of deionized
water plus 950 uL of DMSO was used as a blank. The
equivalent IR-780 concentration of the NIR-Silica NPs and
IR-780 micelle solution was determined by comparing the
absorbance of the NIR-Silica NPs in DSMO at 792 nm
to a standard absorption curve of free IR-780 dye in the
same solution. All measurements were performed in tripli-
cate. Fourier Transform Infrared Spectroscopy (FTIR) was
recorded using a Thermo Scientific TIR instrument (Nico-
let 8700) using KBr pellet techniques. TGA curves were
recorded using a TA instrument (TGA-2900 model) under
N,. The encapsulation efficiency (EE) and Dye loading
(DL) of the IR-780 dye in NIR-Silica NPs were calculated
using the following formulas:

C e remain
Encapsulation efficiencyy, (%)= —derema o 100% (1)
dye input

Cdye remain

Dye loading,,, (%) = x100%  (2)

CNIR—Silica NPs input

In Vitro Release Profiles and Stability of
NIR-Silica NPs

The IR-780-release profile of NIR-Silica NPs was mea-
sured using a dialysis membrane (MWCO ~ 3500) stirred
at 30 rpm and 37 °C for 72 h in a release buffer con-
taining 0.2% Tween-80 and 0.5% BSA in a PBS solution
(pH 7.4). The amounts of free IR-780 dye in the sample
solutions were determined using a UV spectrophotometer
after dialysis was completed. The same amounts of free
IR-780 and IR-780 micelle samples obtained under the
same conditions were used as controls. The stability of
NIR-Silica NPs and their size distribution were measured
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regularly using restored samples in PBS and 10% FBS at
different times and temperatures after 2 weeks. All of the
data above are presented as means =+ SD (n = 3).

Cytotoxicity of NIR-Silica NPs In Vitro

The cytotoxicity of NIR-Silica NPs was assessed with a
methyl tetrazolium (MTT) viability assay using A431 cells
and HEK 293 cells. The cells were seeded in 96-well
plates at 20,000 cells per well in a 200 uL culture medium.
The cells were maintained in DMEM containing 10%
fetal bovine serum, supplemented with 100 U mL~! peni-
cillin and 100 U mL~! streptomycin, and incubated at
37 °C in a humidified cell culture incubator (MCO-20AIC,
Sanyo, Japan) with 5% CO, atmosphere for 24 h. NIR-
Silica NPs solutions with different concentrations from 0.5
to 1000 wg/mL were added to each well, and the cells
were subjected to an MTT assay after being incubated
for another 24 h. The same concentration of the IR-780
micelle and IR-780 was set as the control.

Animal Tumor Models

BALB/c nude mice (4-6 weeks old weighing 20-25 g)
were purchased from the Animal Center of Xi’an Jiaotong
University and all animals received care in compli-
ance with institutional guidelines. The procedures were
approved by the Xian Jiaotong University Animal Care
and Use Committee. To set up the tumor model, A431 cells
(1 x 107) were inoculated into the mice by subcutaneous
injection. When subcutaneous tumor masses developed to
approximately 70-100 mm?, mice were divided into two
groups randomly.

Fluorescence Intensity and Enhancement of
Penetration Ability /n Vitro and In Vivo
Fluorescence spectra were recorded on both free IR-780,
IR-780 micelle and NIR-Silica NPs using a fluorescence
spectrometer (DU730, Beckman, USA) with an excita-
tion wavelength of 780 nm, and both excitation and emis-
sion slits were at 5 nm. The fluorescent images were
obtained using a Xenogen IVIS Spectrum optical imaging
device (PerkinElmer Inc.). The NIR-Silica NPs and IR-780
micelle solution (50 uL) was added to 950 uL. DMSO
as the experimental sample respectively. The DMSO solu-
tion with the same concentration of IR-780 was used as
a control. For in vitro experiments, the NIR-Silica NPs,
IR-780 micelle and free IR-780 dye samples were kept
in a 2 mL tube. NIR fluorescent images of these samples
were acquired using a 780 nm excitation light source and
an 845 nm band-pass emission filter (0.2 s exposure time).
To further confirm the fluorescence intensity in tissues, we
carried out a subcutaneous injection experiment using mice
(on the middle, left flanks and right flanks). Mice were
injected with NIR-Silica NPs (middle), IR-780 micelle
(left flanks) and free IR-780 dye (right flanks) formulation
(both containing 50 uL and 5 pwg/mL of the IR-780 dye).
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The mice were imaged by the Xenogen IVIS system. Mice
were anesthetized with pentobarbital and maintained in an
anesthetized state during imaging procedures.

Sentinel Lymph Node Imaging /n Vivo

NIR-Silica NPs, IR-780 micelle and IR-780 dye (both con-
taining 50 puL and 5 pg/mL of the IR-780 dye) were
injected intradermally into the forepaw foot pads of the
three groups of mice respectively (experimental group with
the injection of NIR-Silica NPs and the control group with
the injection of the IR-780 micelle and IR-780). Mice were
anesthetized with pentobarbital and maintained in an anes-
thetized state during imaging procedures. Five minutes and
30 minutes after the injection, the mice were imaged by
the IVIS imaging system using a 780 nm excitation light
source and an 845 nm band-pass emission filter (0.2 s
exposure time). All images were processed with the IVIS
imaging system.

Tumor Accumulation and Long-Term

Imaging In Vivo

The long-term in vivo NIR fluorescent images of the NIR-
Silica NPs were obtained using the Xenogen IVIS system.
When the tumor volumes reached approximately 50 mm?,
the mice were divided into three groups: free dye group,
IR-780 micelle group and NIR-Silica NPs group. The sam-
ples (both containing 50 uL and 5 pwg/mL of the IR-780
dye) were injected into the nude mice via tail vein. Images
were taken at 1 h,3h,5h,1d,2d,3d,5d,7dand 10d
after injection using the in vivo imaging system mentioned
above. The exposure time was set to 0.2 s. The nude mice
were sacrificed 10 d after injection. The organs including
lungs, heart, liver, spleen, kidneys and tumors were col-
lected and analyzed by the IVIS imaging system.

Pathological Examination of Tissues

The excised tumors and organs were fixed in 4%
paraformaldehyde solution for 1 day. These tissues were
then embedded in paraffin and cut into 5 um thick
sections. The sections were stained with hematoxylin-
eosin (H&E) and examined using a digital microscope.

Statistical Analysis

The data are given as mean & SD deviation. Two groups
were compared using a f-test. A p-value < 0.05 was con-
sidered as a statistically significant difference between the
compared data.

RESULTS AND DISCUSSION

Synthesis and Characterization of NIR-Silica NPs
The NIR-Silica NPs were prepared using an improved
method based on silica cross-linked micelles,? which is
described briefly as follows and outlined in Figure 1. Ini-
tially, IR-780 and F-127 block copolymers were dissolved
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completely in dichloromethane. After the solvent was
evaporated to form a homogeneous mixture by means of
gentle nitrogen flow under a vacuum at room tempera-
ture, the solid residue was then injected into a hydrochlo-
ric solution with magnetic stirring. With the polarity of
the solution changes to acid abruptly, the F-127 block
copolymers can immediately form a micellar core—shell
structure.?”3° With the TEOS hydrolysis, the encapsulation
of TEOS can be confined at the surface region between
the core and the shell of the F-127 micelles.*"-*? In order
to control the silicate thickness and particle growth to
strengthen the micellar structure, the addition of a small
amount of DEDMS (5 wt% according to the total amount
of F127 and TEOS) is important.**3* Hence, by employ-
ing the silica cross-linked micelles, IR-780 molecules are
encapsulated inside the core—shell structure, forming a
transparent and clear aqueous suspension of IR-780 loaded
silica cross-linked NPs (NIR-Silica NPs). Neither aggrega-
tion nor precipitation were observed over the entire period
of experiments (more than six months). Such good stability
can be mainly attributed to the PEO chains on the surface
of the NIR-Silica NPs, which function as a steric stabilizer
to keep the particles from agglomeration.*® These results
also indicate that the IR-780 dyes were successfully encap-
sulated inside the core of the NIR-Silica NPs. Moreover,
the calculated encapsulation efficiency and drug loading
are 83.5+2.37% and 4.29+0.16% after synthesis opti-
mization according to mean particle size and polydispersi-
tyindex (PDI) of NIR-Silica NPs. Meanwhile, NIR-Silica
NPs are characterized by FT-IR and thermal gravimetric
analysis (TGA), and the results are shown in Figures 2
and 3. From Figure 2, the presence of absorption centered
at 1080 cm™! assigned to Si—O-Si species suggests the
silica polymerized successfully. Moreover, NIR-Silica NPs
exhibit a resistance to heat which is significantly greater
than that of the IR-780 micelle, with a difference of about
~100 °C observed in Figure 3 at which maximum weight

1.5-

——IR-780
—— IR-780 Micelle
——F127
1.24 — NIR-Silica NPs
<
§ 0.94
0
0
£ 0.6-
<
o
[
0.3
1080(Si-O-Si)
0.0

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm'1)

Figure 2. FT-IR spectra of the NIR-Silica NPs.
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Figure 3. Thermal gravimetric analysis (TGA) of the NIR-
Silica NPs and IR-780 micelle.

loss occurred. This improved stability can be rationalized
by the presence of extensive silica cross-linking.
Transmission electron microscopy (TEM) images of
the morphology of the NIR-Silica NPs are shown in
Figure 4(A). The NPs possess a core—shell structure. The
NIR-Silica NPs are discrete and uniform with a diameter
of approximately 25 nm. In addition to TEM, the average
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Figure 4. Characterization of NIR-Silica NPs. (A) TEM image
of NIR-Silica NPs. (B) the size distribution of NIR-Silica NPs
by DLS. (C) In vitro release profile of IR-780 micelles and
NIR-Silica NPs after 72h (n = 3). (D) The size stability of NIR-
Silica NPs and IR-780 micelle in PBS and 10% FBS varies
with time and different temperatures over two weeks (n = 3).
(E) Absorbance spectra of NIR-Silica NPs, IR-780 micelle and
IR-780 (F) Emission spectra of NIR-Silica NPs, IR-780 micelle
and IR-780
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particle size distribution of the NIR-Silica NPs were inves-
tigated by using dynamic light scattering (DLS). From
Figure 4(B), we can see that the results were consistent
with the TEM observation above, since there was no sig-
nificant difference in the hydrodynamic diameter of NIR-
Silica NPs regardless of the encapsulated IR-780, which
was in the range of 20-30 nm with relatively narrow size
distribution. The results was similar to the reported hydro-
dynamic diameters of pure F-127 micelles (20-30 nm),
indicating that the silica cross-linking did not change the
size of the polymeric micelles.®

Evaluation of IR-780 release was conducted by using
dialysis method in which the NPs were dialyzed against a
phosphate buffer solution (pH =7.4) at 37 °C. In all exper-
iments, identical parameters were kept for the same group
of experiments.** 3¢ Figure 4(C) shows the release profile
of free IR-780, IR-780 micelles and NIR-Silica NPs. The
results suggest that free IR-780 and IR-780 micelles have a
much faster release profile than NIR-Silica NPs with 99%
release of free IR-780, 78% release from IR-780 micelles
and 43% release from NIR-Silica NPs in 72 hrs. Mean-
while, this result also implies that the NIR-Silica NPs are
adequate to maintain and deliver the IR-780 for a long
period. Meanwhile, the stability of NIR-Silica NPs was
also investigated in PBS and 10% FBS at different tem-
peratures and is shown in Figure 4(D). The results indi-
cated that the particle size of the NIR-Silica NPs did not
change significantly after two weeks in different media,
and the solution remained clear without any precipitation.
On the contrary, the size of the IR-780 micelle increased
slightly, and the solution had a small amount of precipita-
tion. Hence, the absorption spectrum was also recorded to
confirm the result.

As far as we know, the optical properties of IR-780
are strongly dependent on the physical length and confor-
mation of IR-780 chains. Figure 4(E) shows the absorp-
tion spectra of the NIR-Silica NPs and IR-780 micelle
measured at the same IR-780 concentration in DMSO.
It can be seen that the NIR-Silica NPs and IR-780 micelle
have significantly broader absorption spectra than the free
IR-780 dye in DMSO solution. The 15 nm broadening of
absorption spectra is mainly attributed to the encapsula-
tion of the IR-780 chains into the core of the NIR-Silica
NPs because the absorption spectrum is mainly from the
collective absorption of IR-780 chains with different con-
jugation lengths. Meanwhile, Figure 4(F) compares the
fluorescent spectra behavior of the aqueous solution of
NIR-Silica NPs and IR-780 micelle with that of the IR-
780 solution in DMSO. It was observed that there was
a significant 20 nm red-shift in the emission peak of the
NIR-Silica NPs and IR-780 micelle compared with the IR-
780 dye in DMSO. The red-shift of the NIR-Silica NPs
can be attributed to the increased inter-chain interactions
which occur because the encapsulation of the IR-780 chain
into the core of the NIR-Silica NPs. These interactions
allow for energy transfer from high energy to lower energy,

J. Biomed. Nanotechnol. 13, 144-154, 2017

which lead to the red-shift of the NIR-Silica NPs. More
importantly, this red shift induces two benefits for in vivo
animal imaging. The first one is that the excitation and
emission light of a longer wavelength (closer to the center
of the optical window) are less attenuated by biological
tissues.’” The second benefit is the increased difference
between the peak excitation and emission wavelengths,
which is of great help in distinguishing the excitation sig-
nal from the emission one in the detection device.

The Fluorescence Intensity of NIR-Silica NPs

In Vitro and In Vivo

The brightness of the fluorescent signal in the particles
depends on the concentration of the encapsulated dye
molecules, the quantum yield of the dye, its extinction
coefficient, dye association and aggregation, and the scat-
tering of excitation light by the particles.®® Due to the
silica specific nano-environment, the organic fluorescent
dyes did not lose their fluorescence activity when a rather
high concentration was reached inside the NPs by phys-
ically entrapment. Typically, dye molecules at those con-
centrations quench their fluorescence in the same volume
of water. However, the quantum yield of the encapsulated
dye still remains unchanged while the extinction coeffi-
cient of the particles increases several hundred times com-
pared to the individual dye molecules. As a result, the
particles can be up to two orders of magnitude brighter
than polymeric particles of the same size assembled with
organic dyes.?® To verify the brightness of the synthesized
particles, we measured the difference in fluorescence inten-
sity between the free dye and NIR-Silica NPs. Figure 5(A)
shows the fluorescent images of three EP tubes containing
different concentrations of NIR-Silica NPs, IR-780 micelle
and IR-780 dye respectively (left: NIR-Silica NPs; mid-
dle: IR-780 micelle; right: IR-780 dye). This showed that
the fluorescence intensity of NIR-Silica NPs was clearly
stronger than that of the IR-780 micelle and IR-780 dye
at all of the observed concentrations, but the emission
spectrum remains unchanged. To quantitatively describe
this difference in intensity, a representative region of inter-
est (ROI) was extracted from each fluorescent image and
then the average intensity of each ROI was calculated.
Figure 5(B) presents these average intensities as a function
of the particle concentration, which quantitatively illus-
trates the intensity enhancement of NIR-Silica NPs over
the IR-780 micelle and IR-780 dye, with the enhanced
ratio being approximately 5-7 fold. For in vivo confirma-
tion, the white light and fluorescent images of the mouse
after subcutaneous dye, IR-780 micelle or NIR-Silica NPs
injection were measured as shown in Figures 5(C and D).
From Figure 5(D), clearly stronger signals were obtained
at the side of the subcutaneous injection of NIR-Silica
NPs. Thus, both in vitro and in vivo investigations showed
that the fluorescence intensity could be greatly enhanced
by using NIR-Silica NPs, which indicates the promise of
NIR-Silica NPs as imaging agents because the higher the
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Figure 5. The fluorescence intensity of NIR-Silica NPs, IR-780
micelle and IR-780 dyein vitro and in vivo. (A) Color and flu-
orescent images of NIR-Silica NPs, IR-780 micelle and free
IR-780 dye in vials. (B) The plots of fluorescence intensity
of different concentrations of the complex between NIR-Silica
NPs, IR-780 micelle and IR-780 (n = 3). (C) Photograph of a
mouse after subcutaneous tumor injection. (D) NIR image of
mice during 780 nm laser irradiation 5 min after subcuta-
neous injection with NIR-Silica NPs (middle), IR-780 micelle
(left flanks) and IR-780 (right flanks).

fluorescence intensity, the better the penetration depth in
biological tissues.

Cytotoxicity and Toxicity of NIR-Silica NPs

In Vitro and In Vivo

It is well-known that the biocompatibility of fluorescent
NPs is a critical issue for their use in clinical applica-
tion. To study the biocompatibility of NIR-Silica NPs,
the potential toxicity of NIR-Silica NPs was measured by
incubating tumor cells (A431) and normal cells (HEK293)
with NIR-Silica NPs at various concentrations for 24 and
48 h. No obvious cytotoxicity of NIR-Silica NPs from 0.5
to 1000 wg/mL was observed. The results are shown in
Figure 6, where Figures 6(A and C) present cytotoxicity
results in A431 cells, while Figures 6(B and D) are those
of HEK 293 cells; Figures 6(A and B) show the cell via-
bility after 24 h incubation with IR-780, IR-780 micelle
and NIR-Silica NPs respectively, and Figures 6(C and D)
show those after 48 h incubation. We found that cell via-
bility in each line after 24 h and 48 h incubation with the
NPs was above 80% even at the highest tested concentra-
tions of 1.0 mg/ml, demonstrating that the synthetic NPs
had very low cytotoxicity supporting their safety. To fur-
ther investigate the potential toxicity of NIR-Silica NPs,
the NIR-Silica NPs (30 mg/Kg) was injected into healthy
BALB/c mice via tail vein. PBS, the same dose of IR-780

150

and IR-780 micelle were set as the controls. Two weeks
after injection, mice were then sacrificed and major organs
(heart, liver, spleen, lungs, and kidneys) were sliced and
stained by hematoxylin and eosin (H&E) for histology
analysis. The results revealed that there was no noticeable
tissue damage in all major organs of mice at the therapeu-
tic dose (30 mg/Kg) in comparison with the control group.
Meanwhile, some serum biochemistry assays were also
conducted to assess the potential toxicity of NIR-Silica
NPs. The main liver function markers including amino-
transferase (ALT), aspartate aminotransferase (AST), alka-
line phosphatase (ALP), adenosine deaminase (ADA) as
well as kidney function markers including serum urea
(UREA) and serum creatinine (CREA) were all measured.
All of these results were obtained at 14d post-injection
and did not show a significant difference with the con-
trol group. These results suggested no obvious hepatic or
kidney disorder in the mice induced by NIR-Silica NPs
intravenous injection.

In Vivo Imaging of Sentinel Lymph Nodes

SLN mapping in cancer plays an important role in the
identification of micro-metastases in many patients and
assessment of pathological staging and treatment.?* IR-780
iodide, with a higher fluorescence emission and many
unique optical properties compared with ICG in serum,
has been successfully applied to SLN mapping.*’ As men-
tioned in the above results, the NIR-Silica NPs, with the
enhanced fluorescent intensity ratio of about 5~7 over the
IR-780 dye, should suitable for in vivo mapping of SLN.
To confirm this concept, in vivo imaging of SLN was
performed. In both the experimental and control groups,
a similar ultralow dose of IR-780 (50 pL and 5 wg/mL)
was injected into the paws of mice and lymph vessels from
the injection site toward the SLN could be identified as
early as 5 min after the injection of particles using the
IVIS image system with 0.2 seconds exposure time. The
fluorescence from the SLN could be clearly detected in
the experimental group (Fig. 7(A)), but was not visualized
clearly in the control group injected with only the IR-
780 dye. The SLN contrast in both groups decreased grad-
ually over time. Most importantly, the SLN could not be
clearly visualized after 30 min in the control group, while
fluorescence signals were still detectable in the experimen-
tal group. From Figure 7(B), we found that a much higher
SLN fluorescence intensity was obtained in the experimen-
tal group than in the control, which was consistent with
the fluorescence intensity enhancement investigation data.
On the other hand, due to their small size and biocompat-
ibility, NIR-Silica NPs could be completely cleared from
the circulation and are not readily trapped by the reticular
endothelium of the liver or spleen. Thus, the NIR-Silica
NPs have a longer residence time in the body than IR-
780 alone and can yield much higher signal-to-noise ratios
with negligible background fluorescence due to serum pro-
tein binding, suggesting that the NIR-Silica NPs may be
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Figure 6. Cytotoxicity of NIR-Silica NPs in vitro. (A) Cell viability of A431 cells incubated with different concentrations of NIR-
Silica NPs for 24 h. (B) Cell viability of HEK293 cells incubated with different concentrations of NIR-Silica NPs for 24 h. (C) Cell
viability of A431 cells incubated with different concentrations of NIR-Silica NPs for 48 h. (D) Cell viability of HEK293 cells incu-
bated with different concentrations of NIR-Silica NPs for 48 h. IR-780 and IR-780 micelle as the controls in all of the experiments.

a promising approach for in vivo imaging of SLN in the
clinic.

Long Term Tumor Imaging /n Vivo

For tumor imaging, it is important not only to develop safe
and bright fluorescent probes but also to functionalize them
to enhance their long-term potential in tumor imaging.
To investigate whether NIR-Silica NPs could be used for
long-term in vivo tumor imaging, they were injected intra-
venously into BALB/c mice bearing subcutaneous A439
tumors. The fluorescent images merged with white light

NIR-Silica NPs

images of mice at various post-injection time-points over
10 days are presented in Figures 8(A-C) for both the
NIR-Silica NPs, IR-780 micelle and IR-780 dye groups.
It should be specifically mentioned that the fluorescence
signals generated around the tumor at the post-injection
time-point of 1 h in the NIR-Silica NPs and IR-780 micelle
group could be easily observed, but no visible signals
could be seen in the IR-780 dye group. At a post-injection
time-point of 3 h, the fluorescence signals reached max-
imum intensity for both groups. The fluorescent intensity
of the NIR-Silica NPs group was much higher than in the
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Figure 7. SLN imaging after intradermal injection of NIR-Silica NPs, IR-780 micelle and free IR-780. (A) Fluorescent images at
5 minutes and 30 minutes post-injection with NIR-Silica NPs, IR-780 micelle and IR-780. Inserted images after the injection sites
were covered. (B) The plots of fluorescence intensity at different times between NIR-Silica NPs, IR-780 micelle and IR-780.
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Figure 8. Long-term tumor imaging in vivo. (A) NIR-Silica
NPs in vivo images taken over a 10 day period. (B) IR-780
micelle in vivo images taken over a 10 day period. (C) Free
IR-780 dye in vivo images taken over a 10 day period. (D) The
plot of the relationship between the normalized intensity
around the tumor and injection time point. (E) The fluores-
cent images of organs and tumors in A431 tumor-bearing mice
after 10 days post-injection of NIR-Silica NPs, IR-780 micelle
and IR-780. (F) H&E stained images of major organs including
tumors, liver, heart, spleen, lungs and kidneys. Healthy mice
were treated with saline as controls. (G) H&E stained images
of major organs including tumors, liver, heart, spleen, lungs
and kidneys. Healthy mice treated by NIR-Silica NPs (50 ul and
5 pg/ml) as the experimental group.

IR-780 micelle and IR-780 dye group. At a post-injection
time-point of 10 days, there were no detectable signals
in the IR-780 dye group, while the fluorescence signals
could also be visualized in the NIR-Silica NPs group. To
quantitatively and intuitively display the intensity varia-
tion, a representative ROI was extracted for each fluores-
cent image by tumor area, and the average intensity inside
each ROI was calculated. The average intensity as a func-
tion of the post-injection time of the particles is shown
in Figure 8(D), where the black square line describes the
intensity variation of NIR-silica NPs, the red circle line
indicates the IR-780 micelle and the blue triangle line
represents the IR-780 dye. After 10 days of longitudinal
imaging, the three mice groups were all sacrificed and
the main organs as well as the tumors were removed to

152

acquire fluorescent images, as shown in Figure 8(E). We
found that very strong signals were observed in the tumors,
whereas very weak or even no fluorescence signals could
be detected in the main organs for the NIR-Silica NPs
group, which could also be seen from the intensity distri-
bution map shown in Figure 8(E). To further confirm this,
major organs (tumor, liver, spleen, lungs, and kidneys) of
the mice were sectioned and stained by H&E for histo-
logical analysis. The results revealed that there was no
noticeable tissue damage in major organs of mice at a low
dose of NIR-Silica-NPs (Figs. 8(F and G)). From Figure 8,
some interesting observations can be made. First, the fluo-
rescent signals detected in the NIR-Silica NPs group were
much stronger than those in the IR-780 dye group, which
is in accordance with the results obtained in other exper-
iments. Furthermore, the NIR-Silica NPs showed strong
signals in the tumor compared with the surrounding tis-
sues, which provides evidence that the NIR-Silica NPs
are potentially an excellent agent for tumor targeting and
imaging. Second, the residence time of the NIR-Silica NPs
in the body was much longer than that of the IR-780 dye;
which this might be caused by the following two rea-
sons. On the one hand, the NIR-Silica NPs gather around
the tumor because of their smaller size, which allows
the avoidance of clearance by the RES and enhances the
EPR.*' On the other hand, it is well-known that small
molecular weight dyes, such as IR-780, are rapidly cleared
from the body.'® In contrast, NIR-silica NPs can protect
the dye from degradation and then greatly extend its circu-
lation time in the body.** In summary, the NIR-Silica NPs
showed stronger signals with good contrast between the
tumor and surrounding tissues and demonstrated a longer
circulation time in the imaging experiments, which further
improved the weak signal and rapid degradation of IR-780
dye in physiological conditions. Preliminary results pro-
vided strong evidence that the NIR-Silica NPs are suffi-
cient for longitudinal tumor imaging in the living body.

CONCLUSION

In this study, we described the development of a novel and
simple method to generate a new family of biocompat-
ible silica cross-linked micellar core—shell encapsulating
IR-780 nanoparticles (NIR-Silica NPs), which were pre-
pared by modifying a bio-inspired silification approach.
The process is simple and robust such that it can simulta-
neously encapsulate IR-780 inside the core of the pluronic
F-127 polymeric micelles and form a thin silica layer at
the interfacial region between the core and the shell cross-
linking the polymeric micelles. The NIR-Silica NPs pos-
sess distinct characteristics with an exceptionally small
diameter and high fluorescence brightness. In addition, the
NIR-Silica NPs also exhibit a high colloidal stability and
very low cytotoxicity. Moreover, in a series of in vivo
experiments including SLN mapping and long-term tumor
imaging, results demonstrated the strong capability of
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longer circulation time and metabolic stability for in vivo
optical imaging. Meanwhile, the (PEO)-OH terminals on
the surface of the NIR-Silica NPs’ surface could improve
their conjugation with biological molecules. More impor-
tantly, short exposure times could achieve a much higher
signal-to-noise ratio at very low dye concentrations, sug-
gesting the great potential of NIR-Silica NPs as a new
fluorescence imaging agent for clinical application.
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