Check for

Updates Nanomedicine: Nanotechnology, Biology, and Medicine
14 (2018) 18671877

nanomedicine

Nanotechnology, Biology, and Medicine

s

ELSEVIER

nanomedjournal.com

In vivo near infrared fluorescence imaging and dynamic quantification of
pancreatic metastatic tumors using folic acid conjugated biodegradable
mesoporous silica nanoparticles

Hanrui Li, BS®', Ke Li, PhD"', Yunpeng Dai, PhD?, Xinyi Xu, PhD?, Xu Cao, PhD?,
Qi Zeng, PhD?, Huyulong He, BS?, Liaojun Pang, PhD?, Jimin Liang, PhD?,
Xueli Chen, PhD®*, Yonghua Zhan, PhD® ***
2Engineering Research Center of Molecular and Neuro Imaging of the Ministry of Education, School of Life Science and Technology, Xidian University, Xi’an,
Shaanxi, China

°Shaanxi Key Laboratory of Ischemic Cardiovascular Disease, Institute of Basic and Translational Medicine, Xi'an Medical University, Xi'an, Shaanxi, China
“Xidian-Ningbo Information Technology Institute, Xidian University, Xi’an, Shaanxi, China

Received 2 February 2018; accepted 24 April 2018

Abstract

Cancer metastasis is one of the biggest challenges in cancer treatments since it increases the likelihood that a patient will die from the
disease. Therefore, the availability of techniques for the early detection and quantification of tumors is very important. We have prepared
cyanine 7.5 NHS ester (Cy5.s) and folic acid (FA) conjugated biodegradable mesoporous silica nanoparticles (b0MSN@Cy; s-FA NPs) (~100
nm) for visualizing tumors in vivo. The fluorescence spectra revealed that the emission peak of bMSN@Cy; s-FA NPs had a red-shift of 1
nm. Confocal immunofluorescent images showed that bMSN@Cy~ s-FA NPs had an excellent targeting ability for visualizing cancer cells.
In vivo fluorescence imaging has been conducted using an orthotopic model for pancreatic cancer within 48 h, and the fluorescence intensity
reached a maximum at a post injection time-point of 12 h, which demonstrated that the use of bMSN(@Cy, s-FA NPs provides an excellent
imaging platform for tumor precision therapy in mice.
© 2018 Elsevier Inc. All rights reserved.
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Cancer is a major concern to healthcare systems around the
world, where it is currently the second leading cause of death in
the world.' Research by Siegel ef al has estimated that >600,000
patients will die of cancer in 2017 in the United States,
equivalent to around 1650 deaths per day,” with pancreatic
cancer currently the fourth most common cause of cancer-related
deaths.>* Metastasis is a key step in the cancer progression

process that represents a significant challenge to developing
effective cancer treatment, where it causes pain and many other
symptoms that ultimately lead to 90% of deaths for certain types
of cancer.” Unfortunately, the clinical symptoms of many
cancers are often only expressed in the later stages of the disease,
which often results in poor patient prognosis. Therefore, early
detection and quantification of tumor metastasis is crucial for
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cancer diagnosis, since early detection can result in treatments
that can improve the survival rate of patients significantly.®

Molecular imaging technology plays an important role in the
early detection and treatment of cancers by providing a
visualization platform for prompt clinical diagnosis.” Various
imaging technologies are available, such as computed tomogra-
phy (CT), magnetic resonance imaging (MRI), optical imaging,
positron emission tomography (PET), single-photon emission
computed tomography (SPECT) and photoacoustic imaging
(PA). Amongst these approaches, fluorescence imaging (FI) is
considered to be one of the best techniques for early tumor
diagnosis and quantification, because it is cost effective, highly
sensitive and radiation free*” °. For example, Zhang et al have
developed a molecular imaging agent for detecting breast cancer
metastasis using positron emission tomography and near-
infrared FI.'° Qiao et al employed NaGdF4:Yb,Er core
nanoparticles to carry out lymph node metastasis imaging
studies using FI,'" whilst Takashi e a/ used an orthotopic gastric
carcinoma model for tumor detection by FI.'? Christensen et al
have employed green fluorescence protein labeled tumor cells to
monitor tumor growth over a 40 day period using FI, without the
need for an external fluorescent probe.'® Furthermore, Dai ef al
were able to quantify the size of subcutaneous tumors using
dynamic FI using a Cys s-labeled cyclic 9-mer peptide probe.'*

Mesoporous silica nanoparticles (MSN NPs) are considered
to be one of the most useful nanocarriers for imaging
applications, because they are formed with large surface areas
and high loading capacities, they are easily prepared using
synthetic protocols that can be adapted to control particle and
pore size, and they contain reactive functional groups that can be
modified to attach cell-directing ligands to their surfaces.'> '’
For example, Chan et al prepared modified multifunctional MSN
NPs for in vitro and in vivo dual-mode tumor targeted imaging
studies,'® whilst Zeiderman et al synthesized MSN NP coated
gold nanorods for use as theranostic particles for tumor imaging
studies.'® Furthermore, a range of biodegradable MSN NPs
(bMSN NPs) have been developed that exhibit low toxicity
levels in vivo. In this respect, Shreya et a/ conducted tumor
targeting imaging studies using radiolabeled bMSN NPs,*°
whilst Yang et al employed glutathione-responsive bMSN NPs
to selectively deliver proteins to cancer cells.?’

The major obstacles in the diagnosis and treatment of cancer
is targeted drug delivery in specific tumor sites in the body. One
of the strategies to solve this problem is to modify the surface of
NPs with target ligands. As a common target ligands, folic acid
(FA) enables selectively binding to folate receptors (FRs) that
overexpressed in the cell surface in many human tumors
including breast, ovary, endometrium, kidney, lung, head and
neck, brain, and myeloid cancers.”*** As a promising targeting
agent, FA has received great attention because its high stability,
low cost, non-immunogenicity, ability to be conjugated with a
variety of NPs.?**> Therefore, the FA ligand is considered as a
useful molecule to develop an efficient tumor specific delivery
for NPs.

In this study, we now report the design and synthesize of
novel cyanine 7.5 NHS ester (Cy;s) and folic acid (FA)
conjugated bMSN NPs (bMSN@Cy;s-FA NPs, 100 nm) as
imaging agents for the detection and quantification of tumor

metastasis. /n vitro cytotoxicity test results have shown that these
monodisperse bMSN NPs are non-toxic, have good biocompat-
ibility, and exhibit good targeted cellular uptake levels, where
they accumulate in the cytoplasm of tumor cells. Finally, we
have shown that these new bMSN@Cy~ s-FA NPs can be used
for imaging and quantifying tumors in vivo in an established
orthotopic model for pancreatic cancer in mice.

Methods

Materials

Hexadecyltrimethylammonium chloride (CTAC, 97%) was
purchased from Aladdin. Tetraethyl orthosilicate (TEOS, 99%),
triethylamine (TEA, 99.5%), (3-aminopropyl)-triethoxysilane
(APS, 99%) and N-(3-dimethylaminopropyl)-N’-ethylcarbodii-
mide hydrochloride (EDC) were purchased from Sigma-Aldrich.
Folic acid (97%) was purchased from Sigma and N-Hydro-
xysuccinimide (NHS, 98%) was purchased from Aldrich. Cy s
was obtained from Lumiprobe Life science solutions. All
reagents and solvents were used as received, without further
purification.

Synthesis of bMSN NPs

bMSN NPs were synthesized as described previously,*®
using an improved method for oil-water biphasic stratification.
Therefore, 24 mL of CTAC (25 wt%), 180 mg of TEA and 34
mL of deionized (DI) water were stirred at 60 °C for 1 h. 20 mL
of TEOS-cyclohexane solution (I mL of TEOS and 19 mL of
cyclohexane) was then added and the biphasic mixture stirred for
20 h. The desired NPs collected by centrifugation and then
washed with NaCl-methanol solution (1 v/v%) to remove the
CTAC template, before being dissolved in absolute ethanol.

Synthesis of bMSN@Cy; s-FA NPs

10 mL of the bMSN NPs solution and 10 mL of absolute
ethanol were mixed with 1 mL of APS, to give a reaction mixture
that was stirred at 88 °C for 48 h. The resultant bMSN-NH, NPs
were obtained by centrifugation and washed with absolute
ethanol, before the bMSN-NH, NPs were dissolved in DI water.
100 pL of the bMSN-NH, NPs solution was then added to 5 pL
of a solution of Cy; s (Smg mL™, in DMSO) and the resultant
mixture stirred for 2 h in the dark to afford bMSN@Cy~ s NPs.

FA conjugated bMSN@Cy; s NPs (bMSN@Cy~ s-FA NPs)
were prepared using the following protocol: 10.8x10 mol of
FA were dispersed in 500 pL of DMSO, followed by addition of
10.8x10° mol of EDC and 5.4x10° mol of NHS. The reaction
mixture was stirred for 0.5 h, then the bBMSN@Cy, s NPs was
added and the reaction mixture stirred for further 3 h in the dark.
Unreacted reagents were then separated by centrifugation.

Characterization of NPs

The size and morphology of the bMSN NPs were
characterized using a JEOL JEM-2100 transmission electron
microscope (TEM). The biodegradation experiments in vitro
were carried out by immersing and stirring bMSN NPs’ sample
in the Lactated Ringer’s solution at 37 °C with slight shaking. 7
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Their surface zeta potentials and hydrodynamic sizes were
measured using a Malvern Zetasizer Nano ZS, whilst their UV
absorption spectra were measured using a UV-Visible Spectro-
photometer. Fluorescence spectra were obtained using fluores-
cence spectrometer (F-7000), with fluorescent intensities
recorded using IVIS imaging system. The in vitro photostability
experiments of bMSN@Cy, s-FA NPs were carried out in DI
with room light for 12 h and 24 h.

Cell lines and animals model

A549, HEPG2 and BxPC-3 cell lines were provided by Xi’an
Medical University. All cell lines were maintained in complete
DMEM solution, supplemented with 10% (w/w) FBS and
penicillin-streptomycin (76 and 36 U mL™', respectively). Cells
were incubated under 5% CO, at 37 °C in a cell incubator
(MCO-18AIC, Sanyo, Japan) before being used for in vitro tests
or for mice inoculation. Nude male mice (4 weeks old,
approximately 18 g) were purchased from the Department of
Experimental Animals, Health Science Center, Xi’an Jiaotong
University. Mice were fed in a SPF animal room whose
temperature was maintained at 20 °C. BxPC-3 luciferase
tumor-bearing nude mice were obtained by inoculating their
pancreases with 5x10° of the required cells in 20 uL of PBS. All
animal studies were conducted under a protocol approved by the
University of Xi’an Jiaotong Animal Care and Use Committee
(Number XJTULAC 2016-412).

Stability of bMSN NPs

The stability of the bMSN NPs was determined by measuring
the size distribution of samples in PBS and 10% FBS at different
temperatures over a period of 12 days, with all data presented as
mean values with = SD (n = 3).

Cellular uptake and affinity assay

The cellular uptake of the NPs was determined using a
fluorescent microscope (Eclipse Ti-S, Nikon, Japan). Cells were
cultured for 48 h in 3.5 cm confocal dishes, with bMSN@Cy? s-
FA NPs being coated to the glass of each well. A confocal
microscope (TCS SP5 11, Leica, Germany) with a laser excitation
at 458 and 514 nm was used for detection. Endocytosis of the
bMSN@Cy,s-FA NPs was determined by monitoring their
cellular uptake behavior using a fluorescent microscope and a
confocal laser scanning microscope (CLSM). A549, HEPG2 and
BxPC-3 cells attached to 6-well plates were incubated with
bMSN@Cy, s-FA NPs in the dark for a predetermined time,
after which time the cells were rinsed twice with PBS, and
visualized using an inverted fluorescence microscope (Eclipse
Ti—S, Nikon, Japan). For confocal microscopy, cells in 6-well
plates fitted with a cover glass were treated with NPs using the
same protocol described above. After incubation in the dark for a
predetermined time, the cells were then rinsed with PBS and
fixed with 4% paraformaldehyde solution. The effect of FA
blocking on cells was determined using cellular affinity analysis
using A549, HEPG2 and BxPC-3 cells. All cell lines were
cultured for 48 h in 24-well flat-bottomed plates, with control
cells incubated with bMSN@Cy; s-FA NPs for 24 h, respec-
tively. Blocked cells were incubated with FA for 24 h prior to

addition of bMSN@Cy7 s-FA NPs. The fluorescent intensity of
cell lines was determined by staining their nuclei using 4°,6-
diamidino-2-phenylindole (DAPI).

Cytotoxicity assay

The MTT method was employed to test the viability of A549,
BxPC-3 and HEPG?2 cells in the presence of bMSN@Cy; s-FA
NPs, with cells without NPs being used as a control. Cells were
seeded onto 96-well flat-bottomed plates with a density of 1x10°
cells per well and incubated under a 5% CO, atmosphere at 37
°C. After 24 h of incubation, the cells were washed with PBS and
complete medium containing different concentrations of
bMSN@Cy,s-FA NPs added to each well. After 72 h, the
medium was replaced with a fresh batch of medium, with 20 uL
of MTT solution (5 mg mL™") then added to each well. The cells
were then incubated for an additional 4 h under the same
conditions and then the medium containing MTT removed and
100 pL of DMSO added to each well. Absorbances were
measured at 590 nm using an ELISA plate reader (Infinite® 200
Pro, Tecan, Switzerland). The in vitro cytotoxicity of bMSN@)
Cy;5-FA NPs was measured using the MTT assay described
above. In addition, in vitro cytotoxicity of FA was measured
using the same method.

In vivo imaging of lymph nodes

Fluorescence intensity and metabolic studies were carried out
in vivo, with bBMSN@Cy~ 5s-FA NPs (100 pL) injected into the
left hind paw of each mouse. Mice were then anesthetized using
isoflurane and maintained in an anesthetized state throughout the
imaging procedures. Mice were imaged with IVIS imaging
system using 740 nm excitation light source and 790 nm band-
pass emission filter (exposure time is 1 s) with images collected
after 0 h, 6 h, 12 h and 24 h, respectively.

In vivo FI and image analysis

An orthotopic metastasis pancreatic tumor model in nude
mice was used to accurately visualize the position and volume of
tumors. 100 pL of firefly luciferase (30 mg mL™") was injected
into mice, with luminous images then being collected using the
IVIS imaging system after 10 minutes. The in vivo fluorescence
images were then visualized at 0.5 h, 3 h, 12 h and 48 h after
injection with bMSN@Cy- 5-FA NPs, using a 740 nm excitation
light source and a 790 nm band-pass emission filter (exposure
time of 1 s). The mice were divided into three groups: targeted,
non-targeted and blocking. The mice within the targeted and
non-targeted groups were then injected with 200 uL. of bMSN@)
Cy;5-FA NPs and bMSN@Cy, s NPs into their tail veins,
respectively. The blocking group were injected with FA 3 h
before being further injected with 200 pL. of bMSN@Cy; s-FA
NPs. Dynamic imaging of orthotopic metastasis mice was
performed 0.5 h after intravenous injection of the bMSN@Cly s-
FA NPs. Serial fluorescence images were collected every 18
seconds using an exposure time set at 1 s. Furthermore, organs
from these mice, including heart, liver, spleen, lungs, kidneys
and tumors, were collected and analyzed using the IVIS imaging
system.
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Figure 1. Synthesis of bMSN@Cy; s-FA NPs.

Image processing and analysis were conducted using Matlab
2015b (The Math Works, Inc., Natick, MA) with regions of
interest (ROIs) visualized using Living Image 4.5 software. For
quantitative analysis, tumor ROIs were determined using white
light images, whilst muscle regions of similar size that were
positioned contralateral to tumors selected as muscle ROIL. The
mean value of fluorescent signals within each ROI were
calculated after background values were subtracted from each
fluorescent image. This enabled fluorescence activity versus time
curves (TACs) of tumor and muscle ROIs of the fluorescent
images to be determined accurately. '*?’

Kinetic model and parameter estimation

The model used for analysis of the bMSN@Cy~ s-FA NP data
assumed that there three possible environments could be
occupied, so a two-tissue (three-compartment) model was used
to describe bBMSN@Cy~ s-FA NP kinetics. This model involves
consideration of (i) the amount of non-metabolized tracer in the
blood plasma compartment (Cp); (ii) the amount of free and non-
specific binding tracer (non-displaceable uptake) in the extra-
vascular and intracellular space (Cyp); and (iii) the amount of
tracer specifically bound to the receptor (Cs). The following
image shows a three-compartment model that uses a Gurfinkel
exponential model (GEXPM) to describe the kinetics of
bMSN@Cy, s-FA NPs distribution in tumor tissues. K; is the
tracer extravasation rate into tissues; k, reflects the non-
displaceable uptake tissue efflux rate from interstitial space
into plasma; k, reflects the rate of tracer accumulation in the
second tissue compartment, whether through binding to the
receptor, or internalization; whilst k. is the rate of tracer
elimination in plasma via other routes such as kidney filtration
and liver metabolism.

Plasma
Ky
Cp Cwo C,
mol/ml mol/ml mol/ml
K;
Kq

According to this model, GEXPM can be expressed as Eq.
(1)*

I(t) = A[l— exp(—at)] + B[1— exp(—pt)] (1)

where the fluorescence activity of the tracer in the tumor or
muscle tissues is given by I(t); A and B are macro-parameters
that describe the magnitude of the detected signal; and o and B

are macro-parameters that describe receptor-ligand affinity. In
this study, we were mostly concerned with determining the o + 3
values of the tumor tissue, which represents the sum of the
pharmacokinetic rate constants that is equal to k; + k, + k; + k.

Statistical analysis

Data are given as the mean values + SD of independent repeat
experiments, with a P-value <0.05 considered to represent a
statistically significant difference between comparative data.

Results
Synthesis and characterization of bBMSN@Cy, s-FA NPs

The bMSN@Cy7 s-FA NPs were prepared according to the
protocol described in Figure 1. As shown in Figure 2, 4, TEM
results showed that the resultant b MSN NPs had uniform particle
size, good monodispersity, with clear and ordered mesoporous
structures with an average diameter of ~100 nm. DLS
measurements further verified that the bMSN NPs had an
average hydrodynamic diameter of 102.6 + 0.2 nm (Figure 2, B).
The zeta-potential value of the bMSN-NH, NPs was determined
to be 31.3 £ 0.7 mV (Figure S1). After conjugation with Cy; s
and FA, the zeta-potential value of the bMSN@Cy, s NPs was
243 + 0.4 mV (Figure S2), whilst the zeta-potential of the
bMSN@Cy, 5-FA NPs was -24.8 £ 0.4 mV (Figure S3). Figure
1, C shows the UV absorption spectra of bMSN NPs, Cy; 5, FA
and bMSN@Cy;s-FA NPs, with the broadening of the
absorption spectra of bLMSN@Cy- s-FA. Moreover, the degra-
dation experiment also proved that the bMSN NPs was
biodegradable (Figure S4). The fluorescence spectra of Cy;s
and bMSN@Cy;s-FA NPs (Figure 2, D) revealed that the
emission peak of bMSN@Cy~ 5-FA NPs had a red-shift of I nm
when compared with free Cy; 5. The fluorescence intensities of
Cy;.s and bMSN@Cy~, s-FA NPs at different concentrations are
shown in Figures S5, 4, C, with Figure S5, B, D showing that
their fluorescence intensities correlated almost linearly to their
concentration. The photostability experiments in vitro showed
that the fluorescence intensity had hardly changed after 24 h
(Figure S6). The stability of bMSN@Cy;s-FA NPs was
measured at different temperatures (see Figure S7), the size of
bMSN@Cy-s-FA NPs did not change significantly over 12
days, with the solution remaining clear with no evidence of any
precipitation.

Cellular uptake and affinity assay

A549, HEPG2 and BxPC-3 were used as model cell lines to
assess their cellular uptake ability in vitro (See Figure 3).
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Figure 2. Characterization of bMSN@Cy; s-FA NPs. (A) TEM images of bMSN NPs; (B) Size distribution of bMSN NPs determined using DLS. (C) UV
absorption spectra of Cy;.5, bBMSN NPs, FA and bMSN@Cy- s-FA NPs. (D) Fluorescence spectra of C; s and bMSN@Cy, 5-FA NPs.
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Figure 3. Confocal immunofluorescent images of bMSN@Cy~ s-FA NPs showing their expression and localization in A549, HEPG2 and BxPC-3 cells. Cells
stained with DAPI are colored blue. Cells containing bMSN@Cy; s-FA NPs are colored green.
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Figure 4. Confocal immunofluorescent images of bMSN@Cy; s-FA NPs showing their expression and localization in the presence of FA as a blocking agent in
A549, HEPG2 and BxPC-3 cells. Cells stained with DAPI are colored blue. Cells containing bMSN@Cy~ s-FA NPs are colored green.

Confocal laser microscopy results revealed that these cell-lines
internalized the bMSN@Cy7 s-FA NPs, which were found to be
distributed throughout the cytoplasm (green) and gathered
around the nucleus (blue). The tumor targeting ability of
bMSN@Cy;s-FA NPs were explored using an affinity assay
(see Figure 4), which revealed that the fluorescence intensity of
cells exposed to bMSN(@Cy~ s-FA NPs in the presence of a FA
blocking group was significantly reduced when compared to a
control group. In addition, the quantitative analysis of fluores-
cence intensity also showed the same results (Figure S8).

Cytotoxicity assay

The cytotoxicity of bMSN@Cy,s-FA NPs was evaluated
using an MTT assay. As can be seen from Figure S9, no
significant cytotoxicity from the bMSN@Cy;s-FA NPs was

observed at concentrations from 0.003 to 0.3 mg mL™.
Similarly, the FA was also non-toxic to cancer cells (Figure S10).

In vivo Lymph Node imaging

Lymph node imaging studies were carried out by injecting
bMSN@Cy, s-FA NPs into mice that were then imaged. As
shown in Figure 5, 4, the popliteal lymph nodes had obvious
signal enhancement (red circle), with fluorescence intensity
found to be at its highest after 12 h. The fluorescent response for
the ischial lymph nodes could also be observed clearly (green
circle). The black and red lines in Figure 5, B show the
fluorescence intensity variations between popliteal lymph nodes
and ischial lymph nodes, respectively. These fluorescence
intensity curves show increasing fluorescence in the first 0-12
h, followed by a decrease in intensity after 12 h.
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Figure 5. Lymph node imaging after intradermal injection of bMSN@Cy; s-FA NPs. (A) Fluorescent images at 0 h, 6 h, 12 h and 24 h post-injection with
bMSN@Cy- s-FA NPs. (B) Fluorescent intensity of lymph nodes at different times.

In vivo FI and dynamic quantification of the tumor metastasis

Fluorescence images were obtained by IVIS imaging. As
shown in Figure 6, tumor metastasis sites were first located using
bioluminescence imaging studies. The fluorescence intensity of
the targeted group was found to be significantly higher than for
the non-targeted group, with signal intensities reaching a
maximum after 12 h. Intraperitoneal injection of FA as a
blocking group resulted in a small decrease in fluorescence
intensity. Two tumors that were located away from the liver were
chosen for analysis in each mouse (red circle and black circle),
which enabled the fluorescent responses of ROIs to be
determined accurately. The curves of fluorescence intensity for
these tumors after 48 h are shown in Figure S11, with the black
square line describing intensity variations of the targeted group;
the red circle line showing the intensity variations of the non-
targeted group; and the blue triangle line corresponding to the
intensity variations of the blocking group. It is worth noting that
significant fluorescence signal enhancement around tumors was
present 0.5 h after injection in all three groups. At a post injection
time-point of 12 h, the fluorescence intensity of the targeted
group reached a maximum that was 1.7 times greater that the
fluorescence intensity of the FA blocking group. And the
fluorescence intensity of the tumor decreased in all three groups
after 12 h. As shown in Figure S12, 4, all the mice from the three
groups were sacrificed and their organs and tumors were
removed for fluorescent analysis. As can be seen in Figure

S12, B, the fluorescence intensity of the liver was strong, with
the intensity of the tumor in the targeted NP group stronger than
that for the non-targeted and blocking NP groups. Furthermore,
staining of the major organs (heart, liver, spleen, lungs, and
kidneys) with hematoxylin and eosin (H&E) for histological
analysis, revealed no obvious tissue damage to these organs
(Figure S13).

The FI of tumor and muscle within 30 minutes were
determined using the IVIS system and bioluminescence images
of ROIs acquired. As shown in Figure 7, 4, an obvious
fluorescence intensity enhancement was observed in the region
of tumor, with no significant intensity change in the muscle
region. Figure 7, B shows raw time activity curves and their
corresponding nonlinear fitting results in tumor and muscle
tissues, which reveal that the rate of tracer uptake in tumor tissue
was greater than for muscle tissue.

Discussion

bMSN NPs were synthesized using an improved oil-water
biphasic stratification method, employing the cationic surfactant
CTAC as a template, TEOS as a silica source, TEA as a catalyst
and cyclohexane as an emulsifying agent.”®* TEM results
showed that the resultant bMSN NPs had an average diameter of
~100 nm. DLS measurements further verified that the bMSN
NPs had an average hydrodynamic diameter of 102.6 + 0.2 nm.
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Figure 6. In vivo bioluminescent imaging and fluorescence imaging of bMSN@Cy; s-FA NPs in cells after 48 h.

The particle size of the bMSN NPs measured using TEM
analysis is slightly smaller than the results obtained using
hydrodynamic diameter measurement, because of loss of solvent
during TEM analysis.** The zeta-potential value of the bMSN-
NH,; NPs was determined to be 31.3 £ 0.7 mV, thus verifying the
presence of their NH, groups. After conjugation with Cy, s and
FA, the zeta-potential value of the bLMSN@Cy- s NPs was 24.3 +
0.4 mV, whilst the zeta-potential of the bMSN@Cy- 5-FA NPs
was -24.8 + 0.4 mV, suggesting that the amino groups of the
bMSN-NH, NPs had been conjugated successfully. The
degradation experiment proved that the bMSN NPs was
biodegradable, which was consistent with previous studies.'’
UV absorption and fluorescence spectra were then obtained to
provide further evidence that Cy, 5 and FA were attached to the
surface of the NPs. The broadening of the absorption spectra of
bMSN@Cy, s-FA due to encapsulation of Cy; s by the bMSN
NPs. The fluorescence spectra of bMSN@Cy;s-FA NPs
revealed that the emission peak of bMSN@Cy7 s-FA NPs had
a red-shift when compared with free Cy; 5. This red-shift may be
attributed to inter chain interactions occurring when Cy; s is
coated onto the surface of the bMSN-NH, NPs. These

interactions may allow more efficient energy transfer from
high to low energy states, which could lead to the observed red-
shift of the bPMSN@Cy~ s-FA NPs.>° The fluorescence intensi-
ties of Cy;s and bMSN@Cy~ s-FA NPs at different concentra-
tions showed that their fluorescence intensities correlated almost
linearly to their concentration. Furthermore, the photostability
experiments also revealed that the light had no effect on the
fluorescence intensity of bMSN@Cy- s-FA NPs. The stability of
NPs is one of the most important factors for carrying out long-
term imaging studies in vivo. The results indicated that the
bMSN@Cy~ s-FA NPs had good stability and excellent potential
as agents for carrying out tumor imaging studies.

To further explore the stability and distribution of bMSN@
Cy7.5-FA NPs in vivo, A549, HEPG2 and BxPC-3 were used as
model cell lines to assess their cellular uptake ability in vitro.
Confocal laser microscopy results indicating that bMSN@Cy? s-
FA NPs were stable in vivo and could potentially be used for in
vivo imaging applications. Because FA is non-toxic, the
fluorescence intensity decreased in block group only caused by
FA blocking. Elevated expression of FR has been observed on
the surfaces of various cancer cells, which enables it to be used as



H. Li et al / Nanomedicine: Nanotechnology, Biology, and Medicine 14 (2018) 1867—1877 1875

BLI 1 min 30 min
A Epi-fluorescence
8
6
X
4
Radiant Efficiency
us\cIeD p/sec/cm?/sr
uW/cm?
B 32004
4 Tumor
¢ Muscle i
2400 - A24
’5 A
S 1600 -
o
2004
800 &
0 T T
0 10 20 30
Time (min)

Figure 7. (A) Original BLI and fluorescent images (no background subtraction) at different time points, with red and blue squares representing tumor tissue and
muscle tissue, respectively. (B) Corresponding raw time activity curves for tumor tissue and the muscle tissue. Symbols as previously defined, with solid lines

representing the corresponding nonlinear fitting results.

an effective targeting ligand for tumor imaging studies.?'** The
tumor targeting ability of bMSN(@Cy; s-FA NPs were explored
using an affinity assay, which revealed that the fluorescence
intensity of cells exposed to bMSN@Cy;s-FA NPs in the
presence of a FA blocking group was significantly reduced when
compared to a control group. This is because FAs can bind
strongly to the large number of FRs present on the surface of the
cancer cells, which can prevent the bMSN@Cy, s-FA NPs from
binding, resulting in a weaker fluorescence response in the
presence of FA. Therefore, it can be concluded that the bMSN@
Cy7.5-FA NPs exhibit favorable targeting ability towards cancer
cells that overexpress FR, which could potentially be used for in
vivo targeted tumor imaging applications.

The cytotoxicity of bMSN@Cy, s-FA NPs was evaluated
using an MTT assay. There was no significant cytotoxicity from
the bMSN@Cy; s-FA NPs was observed. This result indicates
that the bMSN@Cy~ s-FA NPs should have little cytotoxicity
within the concentration range required for imaging applications.

The lymphatic system plays an important role in the bodies
resistance to disease, however it is also a common site of tumor
metastasis,*>** with accurate detection of the extent of lymph
node metastasis essential for the early detection and treatment of
cancers. Lymph node imaging was carried out using an IVIS
imaging system. The popliteal lymph nodes and the ischial

lymph nodes had obvious signal enhancement. Quantitative
changes in the fluorescence intensity of lymph nodes were
determined by comparing the fluorescence intensities of each
ROL The fluorescence intensity curves between popliteal lymph
nodes and ischial lymph nodes revealed that bMSN@Cy~ s-FA
NPs readily accumulate in lymph nodes, further demonstrating
the potential of these NPs for in vivo tumor imaging.

Cancer metastasis is one of the biggest challenges in cancer
treatment. Therefore, early detection of cancer is critical to
cancer diagnosis.*”> According to the lymph node imaging, we
have proved that bMSN@Cy; s-FA NPs can be used for lymph
node mapping. It was then decided to determine whether
bMSN@Cy; s-FA NPs could be used for targeted imaging of
tumors in vivo, with an orthotopic metastatic pancreatic tumor
model being chosen for screening. The fluorescence intensity of
the targeted group was found to be significantly higher than the
non-targeted group. Intraperitoneal injection of FA as a blocking
group resulted in a decrease in fluorescence intensity, indicating
that the bMSN@Cy7 s-FA NPs have excellent cellular targeting
ability for these cancer cells. Since the hydrodynamic diameter of
the bMSN@Cy5 5-FA NPs is above the cutoff for renal filtration,
it was found that these NPs were primarily cleared through the
hepatobiliary pathway.'®**2” This accumulation showed that
the fluorescence intensity of the liver in whole body images was
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found to be greater than the fluorescence intensity of any tumors
that were present. Therefore, two tumors that were located away
from the liver were chosen for analysis in each mouse, which
enabled the fluorescent responses of ROIs to be determined
accurately. It is worth noting that significant fluorescence signal
enhancement around tumors was present in all three groups. At a
post injection time-point of 12 h, the fluorescence intensity of the
targeted group reached a maximum that was greater than the
fluorescence intensity of the FA blocking group. This is likely to
be due to the FA occupying a significant number of FR sites on
the surfaces of the tumor cells, thus preventing the bMSN@
Cy75-FA NPs from binding. In order to further verify these in
vivo imaging results, all the mice were sacrificed and their organs
and tumors removed for fluorescent analysis. The fluorescence
intensity of the liver was strong, with the intensity of the tumor in
the targeted group stronger than that of the non-targeted and
blocking groups. Furthermore, staining of the major organs with
H&E for histological analysis, revealed no obvious tissue
damage to these organs. Therefore, from the above results, it
can be concluded that bBMSN@Cy- s-FA NPs have excellent
tumor targeting ability and they can be used for in vivo imaging
of tumor metastasis.

Dynamic FI studies were then conducted to accurately
correlate bLMSN@Cy7 5-FA NPs binding to the extent of tumor
metastasis.>® The FI of tumor and muscle within 30 minutes
were determined, which further verified the selective binding of
bMSN@Cy;s-FA NPs to tumor sites. Furthermore, the
increased rate of probe uptake in tumor tissues was reflected in
the fitted pharmacokinetic parameters, where o + P values
represent the sum of both pharmacokinetic rate constants.
Therefore, the o + B value for tumor tissues of 0.055 was
found to be significantly higher than for muscle tissue which
gave an o + 3 value of 0.045. All these results indicate that
bMSN@Cy;s-FA NPs have good binding ability for FRs that
are overexpressed on the surface of certain cancer cells, which
should enable them to be employed as FI agents for early
detection of tumor metastasis.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nan0.2018.04.018.
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