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Abstract

Near-infrared fluorescence imaging has emerged as a noninvasive, inexpensive, and ionizing-
radiation-free monitoring tool for assessing tumor growth and treatment efficacy. In particular,
ultrasound switchable fluorescence (USF) imaging has been explored with improved imaging
sensitivity and spatial resolution in centimeter-deep tissues. This study achieved size control

of polymer-based and indocyanine green (ICG) encapsulated USF contrast agents, capable of
accumulating at the tumor after intravenous injections. These nanoprobes varied in size from

58 nm to 321 nm. The bioimaging profiles demonstrated that the proposed nanoparticles

can efficiently eliminate the background light from normal tissue and show a tumor-specific
fluorescence enhancement in the BXPC-3 tumor-bearing mice models possibly via the enhanced
permeability and retention effect. /n7 vivotumor USF imaging further proved that these nanoprobes
can effectively be switched 'ON' with enhanced fluorescence in response to a focused ultrasound
stimulation in the tumor microenvironment, contributing to the high-resolution USF images.
Therefore, our findings suggest that ICG-encapsulated nanoparticles are good candidates for USF
imaging of tumors in living animals, indicating their great potential in optical tumor imaging in
deep tissue.
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Schematic illustration of temperature-sensitive ICG-PNIPAM nanoprobes showing enhanced
fluorescence emission in tumor when FU simulation is applied.
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Introduction

Cancer is one of the most common causes of premature death worldwide [1]. In the United
States, there are roughly 1,898,160 new cancer cases, and 608,570 individuals died of cancer
disease in 2021 [2]. Biomedical imaging plays an essential role in the early detection and
characterization of cancers while they are growing. Optical imaging is simple to use and
cost-effective compared with alternative imaging techniques such as computed tomography
and magnetic resonance imaging. Compared with visible light, fluorescence imaging in

the near-infrared (NIR) window (650-900 nm) has several advantages, including deep
tissue penetration due to reduced light absorption and scattering, low autofluorescence

and background, and therefore high sensitivity and specificity to the adopted fluorophores
[3]. Indocyanine green (ICG) is a near-infrared fluorescence dye approved for clinical
applications in the United States by the Food and Drug Administration [4]. ICG is often
used for sentinel lymph node mapping due to the increased quantum yield (>3 folds) and
reduced aggregation from the ICG-protein binding [5]. In addition, ICG molecules can be
exploited to image solid tumors (such as hepatocellular carcinoma, liver metastases, and
breast tumors) because ICG molecules can passively accumulate into tumor sites via newly
formed, porous, and permeable blood vessels [6].

Nevertheless, NIR fluorescence imaging has a poor spatial resolution (~5 mm) in

tissues at a depth of centimeters, which hinders the clinical applications of ICG-based
fluorescence imaging. Ultrasound-switchable fluorescence (USF) imaging, which combines
a fluorescence imaging system with a focused ultrasound (FU) system, has overcome

this issue. During USF imaging, the FU pulse causes a temperature increase within

the ultrasound focal volume and leads to an increased fluorescence intensity from the
temperature-sensitive imaging probes in the confined zone. In this way, the background
fluorescent signals from the surroundings can be suppressed. Thus, USF can achieve
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acoustic resolution with a fluorescent contrast, which is much higher than optical resolution
in deep tissues. Previous studies demonstrated successful USF imaging of sub-millimeter
silicone tubes in 3.5 cm and 5.5 cm-thick chicken breast tissues. These promising results
proved the applications of USF imaging in centimeter-deep tissues with a high imaging
resolution [7-8].

ICG-based poly(N-isopropylacrylamide) (PNIPAM) nanoparticle as one of the USF contrast
agents exhibited adjustable lower critical solution temperature (LCST), high stability in
biological environments and long shelf-life (>6 months) [9]. /n vivo USF imaging of

mouse organs, such as the spleen and liver, via intravenous (i.v.) injections of PNIPAM
nanoparticles was successfully achieved [10]. However, /n vivo tumor USF imaging via

i.v. injections is much more challenging because a sufficient number of nanoparticles must
be accumulated in the tumor to achieve an acceptable USF signal-to-noise ratio (SNR).
Therefore, local intratumoral injections were usually adopted in our previous studies to
bypass this challenge and allow us to focus on addressing other more fundamental and
technical challenges [7, 10-12]. With success in the development of various sensitive

USF imaging systems and stable contrast agents, /7 vivo tumor USF imaging via i.v.
injections has become increasingly more desirable and achievable. In this study, we showed
that this goal was achieved by appropriately controlling the size and concentration of
ICG-encapsulated PNIPAM (ICG-PNIPAM) nanoparticles. We investigated the size effect
of ICG-PNIPAM on USF imaging and tumor accumulation by changing the quantity

of surfactants added during the synthesis. Passive tumor targeting of ICG-PNIPAM was
demonstrated in BXxPC-3 xenograft tumor models with a tumor/normal tissue (T/N) ratio of
~2.3 £ 0.6 at 24 h post-injection. These results indicate that the ICG-PNIPAM nanoparticles
are feasible for /n vivo USF imaging in BXPC-3 tumor, possibly via the enhanced
permeability and retention (EPR) effect.

2 Experimental

2.1 Preparation of ICG-PNIPAM nanoparticles

A similar synthesis method of ICG-encapsulated PNIPAM nanoparticles was adopted from
our previous publication with modifications [9]. In brief, 1.166 g of N-Isopropylacrylamide
(NIPAM) (monomer, 97 %), 0.118 g of acrylamide (AAm) (adjust LCST, =99 %), and
12.05 mg of N, N’-methylenebisacrylamide (BIS) (cross-linker, =99.5 %) were dissolved
in 45 mL deionized (DI) water in a Schleck reaction tube. Various quantities (20 mg, 40
mg, 100 mg, and 200 mg of sodium dodecyl sulfate (SDS) (surfactant, >98.5 %) were
added into the tube to control the size of the nanoparticles. The mixture was purged with
nitrogen gas (99 %, Airgas, USA) for 1 h, stirring at 450 rpm. Then, the ICG (3.54

mg) was quickly poured into the tube, and a rubber stopper was used to seal the tube.
Three vacuum/nitrogen purge cycles were conducted to ensure a nitrogen-rich environment.
Next, the reaction tube was placed into a 70 °C oil bath, and heated with stirring for

30 min. The 4-4’-Azobis (4-cyanopentanoic acid) (ACA) solution, which was prepared

by dissolving 70 mg of ACA (initiator, 298 %) into 5 mL of water (pH 10.5), was

quickly injected into the reaction tube. The reaction was reacted for 19 h with stirring

at 400 rpm. The obtained ICG-PNIPAM nanoparticles were then dialyzed with a dialysis
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tube (50 kDa, Spectrum Chemical Mfg. Corp., USA) for 3 days. All chemicals were
purchased from Milliporesigma. Samples of PNIPAM nanoparticles are identified using

the format: PNIPAM-XmgSDS. "X" represents the quantity of SDS. For example, PNIPAM
nanoparticles synthesized with 20 mg SDS is identified as PNIPAM-20mgSDS. Freeze-
drying was followed, and the desired concentration of ICG-PNIPAM nanoparticles was
prepared by dissolving the freeze-dried samples into DI water. The final concentrations of
PNIPAM-20mgSDS, PNIPAM-40mgSDS, PNIPAM-100mgSDS, and PNIPAM-200mgSDS
were 79 mg/ml, 88 mg/ml, 80 mg/ml, and 85 mg/ml, respectively. In this study, we adopted
the following rule to prepare the final sample solutions: the volume ratio of the final solution
to the solution before freeze-drying remained 1/5. Because each sample may have slightly
different volume before the freeze-drying, the final concentrations may be slightly different.
All final samples were stored at 4 °C in dark.

2.2 Size and zeta potential measurement

The DLS (NanoBrook 90PIusPALS, Brookhaven Instruments, USA) was utilized to
measure the hydrodynamic size of PNIPAM nanoparticles. The sample suspension

was diluted 30 times (the concentrations of PNIPAM-20mgSDS, PNIPAM-40mgSDS,
PNIPAM-100mgSDS, and PNIPAM-200mgSDS were 2.63 mg/ml, 2.93 mg/ml, 2.67 mg/ml,
and 2.83 mg/ml, respectively) from the final concentration (as stated in Section 2.1) with

DI water in a 3.5 mL quartz cuvette and mixed thoroughly to avoid aggregation before
measuring. The measurements were conducted at room temperature and repeated at least 3
times.

The zeta potential of the ICG-PNIPAM nanoparticles was measured by diluting the
nanoparticles 30 times from the final concentration with DI water and loading it into

a 3.5 mL gold electrode cuvette. Then, the phase analysis light scattering (PALS)
(NanoBrook 90Plus PALS, Brookhaven Instruments, USA) was used to conduct zeta
potential measurements at room temperature. Each measurement was repeated 5 times.

TEM (H-9500, Hitachi, Japan) was used to study the morphology of ICG-PNIPAM
nanoparticles. First, the sample was diluted 50 times from the final concentration

with DI water, and the concentrations of PNIPAM-20mgSDS, PNIPAM-40mgSDS,
PNIPAM-100mgSDS, and PNIPAM-200mgSDS were 1.58 mg/ml, 1.76 mg/ml, 1.60 mg/ml,
and 1.70 mg/ml, respectively. A 200-mesh copper grid (Electron Microscope Sciences,
USA) was fixed with forceps. Then, 10 uL sample was dropped on the grid and left
overnight to allow complete solvent evaporation. Then, 10 pL 0.5 % uranyl acetate was
dropped on the grid to stain the sample. After 10 minutes, the sample was placed in the TEM
for imaging.

2.3 Spectrum measurement

The excitation and emission spectra of ICG-PNIPAM nanoparticles were characterized

using a spectrometer (Fluoromax-Plus-C, Horiba, Japan). The sample was first diluted 10
times with DI water, and the concentrations of PNIPAM-20mgSDS, PNIPAM-40mgSDS,
PNIPAM-100mgSDS, and PNIPAM-200mgSDS were 7.9 mg/ml, 8.8 mg/ml, 8.0 mg/ml, and
8.5 mg/ml, respectively. A 300 pL quartz cuvette (Hellma, Germany) was used to hold a 200
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UL diluted sample. The cuvette was placed inside a holder with stirring at 2000 rpm and
temperature control at 25 °C. The emission spectrum was scanned from 575 nm to 850 nm
using an excitation light of 500 nm. A 550 nm long-pass filter (Semrock, USA) was used to
avoid leakage of excitation light. The excitation spectrum was scanned from 500 nm to 800
nm with a detector wavelength at 830 nm and an 825 nm long pass filter (Semrock, USA).

2.4 Fluorescence intensity study

An in-house built cuvette system was used to examine the fluorescence intensity profile over
temperature [8]. A 3 mL sample was loaded into a 3.5 mL quartz cuvette and placed in

a temperature-controlled holder (Quantum Northwest, Inc., USA) with a stir at 1000 rpm.
An 808 nm excitation laser (MGL-11-808-2W, Dragon Lasers, China) was used to excite the
sample. The emitted light from the sample passed through an 830 long-pass filter (Semrock,
USA) before being collected by a modular USB spectrometer (USB2000+, Ocean Inlight,
USA). The temperature measurement ranged from 30 °C to 55 °C with an increment of 0.1
°C. A temperature probe was inserted into the cuvette to monitor the sample temperature and
the fluorescence intensity was recorded.

2.5 Cell culture and tumor model

Immunodeficient nude mice (female, ~25g) of strain NU/J purchased from Jackson
Laboratory (USA) were used to construct subcutaneous tumor models. Pancreatic cancer cell
line (BXPC-3, ATCC, USA) was cultured in Dulbecco's modified eagle's medium (DMEM,
ATCC, USA). After the cell concentration reached 3 x 10° cells/mL, 100 pL solution of cells
were subcutaneously injected into nude mice at the right hind flank.

2.6 Fiber bundle-based and camera-based NIR-USF imaging systems

Phantom experiments and USF imaging via local injections were performed in a previously
reported fiber bundle-based USF system [11]. The excitation path consisted of a 785 nm
laser (MDL-I11-785-2W, Dragon Lasers, China) modulated at 1 kHz by a function generator
(FG, 33220A, Agilent, USA) and a bandpass excitation filter (FFO1-785/62-25, Semrock
Inc., USA). Emitted fluorescence signals were collected by a fiber bundle and transmitted
through two 830 nm long-pass filters (BLP01-830R, Semrock Inc., USA), a photomultiplier
tube (PMT, H7422-20, Hamamatsu Photonics, Japan) driven by a high-voltage source
(C8137-02, Hamamatsu, Japan) and a low-noise current preamplifier (SR570, Stanford
Research Systems, USA). Finally, the emission signal was extracted by a lock-in amplifier
(SR830, Stanford Research Systems, USA) with a time constant of 300ms. A FU transducer
(2.5 MHz, H-108, Sonic Concepts Inc., USA) raster scanned the sample in the XY plane,
and thermally enhanced fluorescence signals were recorded at each location to obtain the
two-dimensional USF profile of the tube.

The USF studies via i.v. injections were conducted in a camera-based USF system that
offered a high imaging sensitivity, especially in the electron-multiplying gain mode [8].
Briefly, an excitation beam from an 808 nm laser (MGL-11-808-2W, Dragon Lasers, China)
passed through a bandpass filter (LL01-808-25, Semrock Inc., USA) and was split by a dual
branch light guide (1/4 x 72", Edmund Optics Inc., USA) fiber into two paths to provide
uniform illumination on the sample from two opposite directions. The emission light passed
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through three long-pass filters (BLP01-830R-50/25, Semrock Inc., USA), a camera lens (AF
NIKKOR 50 mm f/1.8D Lens, Nikon, Japan), and finally was collected by an EMCCD
camera (ProEM®-HS: 1024BX3, Princeton Instruments, USA). A 2.5 MHz FU transducer
(H-108, Sonic Concepts Inc., USA) powered by an amplified electrical signal from a 50
dB-gain radio frequency power amplifier (RF-AMP, A075, E&I, USA) was used to create
a heated focal volume in the tissue. A three-axis motorized translation stage (XSlide™

and VXM™, Velmex Inc., USA) was used for raster scanning of the subject. During the
USF experiments, the exposure time of camera was kept at 1500ms. The first fluorescence
image was obtained before the FU exposure (exposure time=400 ms); the second was
captured immediately after this exposure. The USF image was calculated by subtracting
the corresponding pixel values of the first image from the second image, and then further
filtered based on the correlation between a normalized averaging filter (typically 15 x 15
pixels) and the image (1024 x 1024 pixels).

2.7 USF imaging of a silicone tube embedded in a tissue-mimicking phantom

To simulate the blood vessel, a silicone tube (ST 60-011-02, Helix Medical, USA) with

an inside diameter of 0.51 mm and an outer diameter of 0.94 mm was embedded in the
silicone phantom (along the y-axis) at a depth of ~3 mm. The thickness of the phantom

was 7 mm, and the method of fabricating the silicone phantom was based on a published
study [9]. The absorption coefficient was estimated at 0.03 cm™2, and the reduced scattering
coefficient was 3.5 cm™1 [13]. Fig. 1(a) illustrates the schematic diagram of imaging a blood
vessel-mimicking phantom sample in the fiber bundle-based USF system. The silicone tube
was filled with ICG-PNIPAM and illuminated with an excitation laser beam (1.05 mW/cm?).
The mechanical index (MI) of FU was 1.72, and the exposure time was 400 ms.

2.8 USFimaging at mouse leg after alocal injection

2.9

This USF study was performed in the fiber bundle-based system. About 10-15 pL contrast
agent was locally injected into the hind thigh muscle of BALB/cJ mice (female, Jackson
Laboratory, USA) to test the thermal responses of samples. The hair on the mice legs was
shaved to avoid light scattering and provide better image contrasts. The temperature of the
water bath was maintained at 37.5 °C to keep the mouse body warm. The FU transducer
raster scanned a volume of 8.89 (X) * 8.89 () * 3.81 (Z) mm3 (step size in X&Y direction:
0.889 mm); step size in Z direction: 1.27 mm) with a Ml value of 2.81 and exposure time

of 400 ms. The excitation laser intensity was adjusted based on the fluorescence strength of
each sample and had a range from 0.62 to 0.67 mW/cm?.

In vivo biodistribution analysis on BXPC-3 tumor-bearing nude mice

NIR fluorescence images (Aex = 808 nm, Aem = 830 nm) of mice were captured at
selected time points before and after an i.v. injection of 200 pL ICG-PNIPAM (n=3 for

each group). For each BXPC-3 tumor bearing mouse, it was observed for the biodistribution
study first for about 24 h, and USF imaging was performed afterwards. Finally, mice were
euthanized at around 30 h post-administration, and their excised organs/tissues were imaged
and semi-quantitatively analyzed by calculating the ratio between the average fluorescence
intensity of organ and muscle.
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In vivo NIR-USF imaging of BXPC-3 tumor via a tail vein injection

In vivo NIR-USF imaging was conducted in the camera-based USF system. Nude mice
bearing BXPC-3 tumors were injected with 200 uL ICG-PNIPAM nanoparticles, and NIR
fluorescence images at selected time points were captured. After acquiring the fluorescence
images at 24 h post i.v. injection and a high tumor-to-background contrast was observed,
the tumor-bearing mice were ready for USF imaging. The water bath temperature was kept
at 37.5 °C to avoid massive heat dissipation of the mouse while it was anesthetized with

1.8 % isoflurane with a flow rate at 0.8 L/min. The scan volume was 7.62 (X) * 7.62

(Y) * 5.08 mm3 (Z) (step size in X&Y direction: 0.762 mm; step size in Z direction:

1.27 mm). The laser intensity (Aex = 808 nm) was 7.56 mW/cm2. The acoustic pressure
amplitudes of FU were adjusted based on the size and location of tumors in the mice in
each USF experiment, because the acoustic energy was more attenuated in the denser tissue
and longer transmission path. When a tumor was directly accessible by the ultrasound beam,
the MI value was 3.63. It was adjusted up to 8.19 for one tumor when the ultrasound

beam had to pass through the mouse body before reaching the tumor. In addition, these

Mls were calculated based on the pressure amplitudes of FU measured via a fiber-optic
hydrophone (FOHS, precision acoustic, UK) in degassed water instead of real tissues or
tissue-mimicking materials. The real Ml in tumors might be much lower than these numbers
because of ultrasound attenuation caused by the reflection from the interface between tissue
and water, and the absorption and scattering from the tissue were ignored in the calculation.
Fig. 1(b) shows the experimental configuration when carrying out the /n vivo USF imaging
of mice tumor.

3 Results and discussion

3.1 Size, zeta potential, and spectrum

The size of PNIPAM nanoparticles was characterized and summarized in Fig. 2. As shown
in Fig. 2(a), we have precisely controlled the hydrodynamic size of PNIPAM nanoparticles
from 58 nm to 321 nm by adjusting the quantity of SDS. The hydrodynamic size of
PNIPAM decreased as the quantity of SDS increased. This result agreed with the conclusion
drawn by Mirja that they were able to show that different concentrations of SDS can result
in a size change from 80 nm to 400 nm [14]. The polydispersity index (PDI) measures the
heterogeneity of a sample based on size. A particle solution, such as lipid-based carriers,
with a PDI < 0.3 was considered acceptable in drug delivery applications [15].

The capability to control the size of PNIPAM nanoparticles is critical because different sizes
of PNIPAM nanoparticles can be used for various applications. The large-sized PNIPAM
nanoparticles have the potential to be developed into biomarkers where the movement of the
contrast agent needs to be minimized because it is more difficult to cause displacement of
larger particles than smaller ones. Tumor-targeted USF imaging is desirable because it will
enable future research in tumor identification, tracking, and treatment. Smaller (< 200 nm)
nanoparticles may be more efficient at reaching a specific site via the EPR effect [16].

Fig. 2(b) summarizes the zeta potential of ICG-PNIPAM nanoparticles synthesized with 20,
40, 100, and 200 mg of SDS as 6.98 + 1.34, —1.14 £ 0.84, -1.51 + 0.67, and -3.53 £
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1.02 mV, respectively. The net surface charge of ICG-PNIPAM nanoparticles was slightly
affected by the SDS quantity. As the size increased (i.e., SDS decreased), the net surface
charge became more positive. This slight positive charge on the 20-mg-SDS agent is
beneficial for keeping nanoparticles from aggregation and enhancing penetration through
the plasma membrane [17]. Smaller-sized ICG-PNIPAM nanoparticles tended to have a
slightly negative or neutral net surface charge. This is not preferred because aggregation
might occur and affect the USF imaging capability. In our previous study we observed

that ICG-PNIPAM-20mgSDS nanoparticles can be stored for more than 200 days [9]. Figs.
2(c) and 2(d) show the excitation and emission spectra, respectively. The excitation peak

of ICG-PNIPAM was at 671 nm, and the emission peak of ICG-PNIPAM was at 605 nm,
which was shifted from the 810 nm of the ICG emission peak [9]. Oxidation and denaturing
of ICG dyes might occur during the synthesis of ICG-PNIPAM. The size of ICG-PNIPAM
nanoparticles seldom affects on the emission spectra. In contrast, the excitation spectra of
ICG-PNIPAM nanoparticles with larger sizes (e.g., 200-300 nm for PNIPAM-20mgSDS and
PNIAPM-40mgSDS) were slightly broader compared to that of PNIPAM nanoparticles in
smaller sizes (e.g., 50-70 nm for PNIPAM-100mgSDS and PNIPAM-200mgSDS).

The TEM images of ICG-PNIPAM nanoparticles in different sizes are displayed in Fig. 2(e),
and the majority of nanoparticles are shown as a round shape. In addition, by observing the
flow of ICG-PNIPAM nanoparticles suspension, we found that the viscosity of the solution
increased when the SDS quantity decreased.

3.2 Fluorescence intensity profiles as a function of temperature

The relationship between the fluorescence intensity and temperature, or fluorescence profile,
of ICG-PNIPAM nanoparticles in various sizes was studied, and the results are shown in Fig.
3(a). The fluorescence intensities were normalized to the strongest fluorescence emission
among 4 curves. Fig. 3(b) lists vital factors, including the LCST, transition bandwidth, and
ON/OFF ratio, for USF contrast agents. LCST was defined as the temperature point where
the fluorescence intensity was increasing and reached 10 % of the ON/OFF fluorescence
difference in the transition band, and the baseline was the average fluorescence intensity in
the ‘OFF’ state. All the curves show significant increase in fluorescence intensity after

the temperature is above their thresholds and obvious saturation when temperature is

well above the thresholds. The curves shift along both directions in the figure, indicating
that the size of the ICG-PNIPAM nanoparticles affected the fluorescence profiles. The
ICG-PNIPAM had LCSTs rising from 33.8 to 37.8 °C with increased quantity of SDS,
except for PNIPAM-20mgSDS. 20 mg and 100 mg SDS-mediated nanoparticles exhibited

a similar background fluorescence level ('OFF' state). The PNIPAM-200mgSDS had the
narrowest transition bandwidth of 6.5 °C and the highest fluorescence ON/OFF ratio of
3.38 folds. The PNIPAM-100mgSDS, and PNIPAM-200mgSDS were favored for /in vivo
applications because the switch-ON temperature thresholds were close to or slightly above
body temperature. After being introduced into the body, these nanoparticles can be switched
'ON' more efficiently than those with lower temperature thresholds during USF imaging. All
the nanoparticles were found to be stable and can be switched ON and OFF at least 5 times
without obvious loss of the switching properties (Figs. S1(a-d)). Also, these nanoparticles
exhibit stable switching properties under different biological environments such as mixing
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with the bovine serum albumin (BSA) at different concentrations (Figs. S2(a-d)) and under
different pH values (Figs. S2(e-h)).

3.3 USF imaging in tissue-mimic phantoms

A silicone tube was filled with ICG-PNIPAM nanoparticles of different sizes, and USF
imaging was conducted to compare their performance under the same experimental
conditions. The water bath temperature was maintained at body temperature using a
temperature controller (PTC10, Stanford Research Systems, USA). Figs. 4(a-d) show the
distributions of the four types of nanoparticles in the tube with good target-to-background
contrasts. The results are similar. Briefly, the SNRs were between 24.36 and 27.16 dB, and
full width at half maximum (FWHM) values varied from 1.57 to 2.00 mm as listed in Fig.
4. There were no significant differences in their USF performances when switching ON in
the phantom set-up, implying no size-dependent difference in their USF performance. In
this experiment, the temperature of the water bath was kept at 37.5 °C so that the USF
nanoprobes with the lower LCSTs might be partially switched on already by the water bath
before ultrasound exposure. This may help explain why no obvious size-dependent USF
differences were observed in the tissue-mimicking phantom experiments.

3.4 USF imaging in mouse muscles via local injections

3.5

The solutions of ICG-PNIPAM nanoparticles with different sizes were respectively injected
into the muscles of the hind legs of mice to evaluate the USF imaging capability. As shown

in Fig. 5, the 3D distribution of the nanoparticles in each case has been successfully imaged.
The interpolated USF images at 4 different depths are demonstrated in Fig. S3.

First, this indicates that the switching 'ON' property of size-varying ICG-PNIPAM probes
was retained in real biological environments. Second, the volume of each USF image for
PNIPAM-20mgSDS, PNIPAM-40mgSDS, PNIPAM-100mgSDS and PNIPAM-200mgSDS
is 46.41, 35.51, 49.17, and 29.05 mm3, respectively, which is much larger than the volume
(~15 mm3) of the injected nanoparticle solution in each case. This is mainly due to

the transport of the nanoparticles via a convection mechanism induced by the syringe
pressing. The diffusion of nanoparticles into the surrounding tissue after the injections
during USF imaging may be minor due to the large size of the nanoparticles (i.e., tens to
hundreds of nanometers). In addition, the transport of nanoparticles depends on the local
microenvironments, and therefore the USF images show different distribution profiles in the
4 cases [18].

In vivo biodistribution analyses of the probes in BxPC-3 tumor-bearing nude mice

Biodistribution studies (Fig. 6) show that contrast agents dispersed throughout the mouse
body immediately after an injection, and superficial vasculatures were visible. Strong
fluorescence emission from the bladder appeared at one h post-injection and decreased
significantly when observed at 2 h, suggesting that a portion of the nanoparticles was
cleared rapidly by the renal excretion. The kidney is the primary organ responsible for renal
clearance, but the hydrodynamic sizes of all proposed nanoprobes were above 58 nm, much
larger than the kidney filtration threshold (6-8 nm) [19]. This is probably because contrast
agents were partially dissociated into small fragments in the physiological environment and
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then excreted by the renal routes. This fast renal excretion can be a favorable advantage to
reduce systemic toxicity, because a fraction of nanomaterials was cleared quickly and further
uptake by the reticuloendothelial system (liver and spleen) can be mitigated.

Meanwhile, the fluorescence from the spleen increased gradually with time (left-

side view), and this phenomenon was especially obvious with PNIPAM-20mgSDS

and PNIPAM-200mgSDS. Further analyses of harvested organs also supported the
reticuloendothelial system and lungs being responsible for the uptake of most of

the ICG-PNIPAM. For the PNIPAM-40mgSDS and PNIPAM-100mgSDS samples, the
accumulations in the lungs were the highest. The lung serving as a biomedical filter receives
not fractional, but the total cardiac output. Its pulmonary ultrastructure occupies ~25-30

% of the total endothelial surface area in the body [20], and thus there will be a high
chance of nanoparticles-endothelial contacts in the vasculature of the lung. All features
mentioned above facilitate the accumulation of nanoparticles in lungs. Also, such a small
size of proposed nanoprobes allows for close contact with the endothelium of the mouse
lung which has an average diameter of 5 um, and nanoparticles are likely to be trapped

by the ultrastructure afterwards [21]. Overall, as shown in Figs. 6 and 7, the accumulation
of both nanoparticles with 20 mg and 200 mg SDS in the liver and spleen were dominant
at 24 h post-injection, whereas nanoparticles synthesized with 40 mg and 100 mg SDS
accumulated the most in the lungs of mice. The fluorescence images of the harvested organs
and tissues at 30 h post-administration (Fig. S4) also supported this conclusion. However,
while imaging organs under the 2D fluorescence camera, their volume effects cannot be
neglected. For instance, the volume of the liver was the largest compared with other organs
such as the spleen and lung, and the fluorescence signal was possibly biased by the volume
effects because it was summed up longitudinally from a thicker volume.

The NIR fluorescence ratio between tumor and normal tissues (T/N ratio) was analyzed over
a 24 h period. Fig. 8 illustrates that the T/N ratio grows with time from approximately 1.2
to 2.2 folds for all-sized ICG-PNIPAM nanoparticles. The enhanced fluorescence signals in
tumors and suppressed background could be attributed to several factors. First, the emission
band of ICG-PNIPAM was in the NIR band where the autofluorescence of biological tissue
is low, so the background fluorescence is also relatively low. Furthermore, the prolonged
circulation time is sufficient for particles to flow through tumor-associated blood vessels
and then specifically retain in the tumor area via EPR effects [22]. Also, the nanoparticle
concentration gradient between the vascular space and extravascular tissue may remain a
high value for a long time period, which is beneficial for nanoparticles to diffuse into
extravascular spaces of tumors. Figs. S5 and S6 provide the results of the biodistribution
study up to 864 h, demonstrating that PNIPAM-200mg nanoprobes could remain in the
tumor and reach the highest T/N ratio of 1.68 at 192 h post-injection.

It is often believed that nanoparticles with a size of 100-200 nm are good candidates for
passive tumor site targeting as they are likely to escape from the filtration traps of the
liver and spleen. The permeability of tumor blood vessels for large nanoparticles (>200
nm) may be limited, while small nanoprobes (<100 nm) may possibly diffuse back to
the blood circulation system and comprise the tumor retention [23-24]. However, in this
study, there is no dramatic variation observed in tumor accumulation for the adopted
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nanoparticles. Both ICG-PNIPAM with the smallest size of 58 nm and the largest size

of 321 nm demonstrated acceptable tumor-to-background ratios after 24 h as shown in

Fig. 7. One possible reason could be the tumor volume differences in each mouse tumor
xenograft model. Previous studies demonstrated that tumor volume affects the physiological
environment and selectively changes the uptake of differently sized gold nanoparticles [24].
Size is not the only factor determining the EPR effects, and many other critical factors

also exist [25]. For example, nanomaterials with a positive surface charge can be bound to
the vascular endothelial cells, which leads to a rapid decrease in the concentration of free
nanoparticles in the blood circulation and thus a reduction in tumor retention via the EPR
mechanisms [26]. Therefore, when comparing the tumor accumulation of nanoparticles of
different sizes, it is important to consider the impacts of the physiological environment and
nanomaterials’ chemical characteristics.

In vivo NIR-USF imaging of BXPC-3 tumor via a tail vein injection

Based on the results of biodistribution tests, a considerable quantity of ICG-PNIPAM could
accumulate in the BxPC-3 tumor. The feasibility of conducting USF imaging in the tumor
microenvironment using ICG-PNIPAM nanoparticles was examined. Figs. 9(al-a4) show the
2D planar fluorescence images directly acquired from the camera of four tumors injected
with the four different USF nanoparticles (20, 40, 100, and 200 mg SDS). The square on
each figure indicates the USF scanning area and the dashed line shows the outline of the
tumor. Similarly, Figs. 9(b1-b4) display their 3D USF images, indicating the distribution of
USF signals (or contrast agents). Figs. 9(c1-c4) provide three slices of each 3D image in
Figs. 9(b1-b4) for the four tumors. Obviously, the 2D images in Fig. 9(a) show a projection
of the emission photons along the imaging direction (Z direction). Thus, fluorophores
overlap axially (Z direction) and cannot be differentiated. In contrast, USF images in

Figs. 9 (b-c) (and Fig. S7) clearly provide depth resolution to allow the differentiation

of fluorophores along depth direction (z direction). Fig. 9(c) and Fig. S7 indicate that USF
signals and agents are distributed non-uniformly on different slices. Similar results can be
found on the lateral (XY) planes. In Fig. 9(al), some USF scanning areas are not occupied
by the tumor. The corresponding 3D USF images validate this result by showing strong USF
signals in the tumor areas and either no signal or a weak USF signal in non-tumor areas
(Figs. 9(b1), (c1) and Fig. S7 20mg). For the other three examples, although the majority

of the scanning areas are in the tumors based on Figs. 9(a2-a4), their USF images show

the heterogeneous distribution along both lateral (X, Y) and axial (Z) directions, which is
quite different from the 2D images in Figs. 9(a2-a4) in which images are much smoother
due to the light scattering and fluorescence signal overlapping. These results further indicate
that USF has much higher resolution than the optical method when imaging deep tissues.
Thus, the USF distribution profiles can be used to infer more detailed information on the
distribution of the contrast agents in the tumor microenvironment.

All sizes of ICG-PNIPAM nanoparticles exhibited acceptable USF signals, further
confirming the preferred passive accumulation of stable nanoprobes rather than free ICG
molecules in the tumor sites. The successful /n vivo USF signals also imply that the tumor
microenvironments, such as hypoxia and low PH, did not dramatically affect the thermal-
responsive features of proposed ICG-PNIPAM nanoparticles. The LCSTs of different-sized
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nanoprobes were close to the body temperature, and contrast agents could be easily switched
‘ON’ by the FU. All the above mechanisms may be present and contribute to the in vivo
USF imaging in the tumor.

Although all four nanoparticles show the successes of /n vivo USF imaging via i.v.
injections, comparisons of the USF images among the four nanoparticles should be made
cautiously. Because the location and axial thickness of tumors, and therefore the applied

FU power and M1 are different. The MI adopted in Figs. 9(b1-b4) were 3.63, 5.57, 8.19,
and 5.75, respectively. Usually, for thick tumors or tumors surrounded by thick tissues,

high ultrasound power (or MI) is needed to reach good USF SNR. This is because of

the ultrasound attenuation caused by unknown reflection, scattering and absorption when
travelling a long distance before reaching the tumor. In this study, to reduce the imaging
time all the ultrasound exposures were limited to as short as 400 ms. This is also one of

the reasons that a high ultrasound power and MI were needed. Appropriately increasing the
ultrasound exposure time may be an efficient way to reduce ultrasound power and MI. This
will sacrifice the imaging speed and spatial resolution due to thermal diffusion. However, an
ultrasound array that can simultaneously generate multiple foci combined with a Z scanning
method developed in our previous publication [27] can be used to improve the temporal
resolution. This method is currently being investigated in our laboratory, and preliminary
data indicate a success and will be published in future.

4 Conclusions

In this paper, for the first time, we have achieved the goal of /n vivo 3D tumor USF
imaging via i.v. injections. We controlled the size of PNIPAM-based USF contrast agents
by adjusting the quantity of SDS, and the average size ranged from 58 nm to 321 nm.
Furthermore, we demonstrated USF imaging in both ex vivo blood vessel phantoms and

in vivo mice models. Our biodistribution results showed the high contrast and passively
targeted imaging of tumors possibly via EPR effects. Later, we achieved /n vivo 3D USF
imaging in the tumor with a good SNR and a tumor-to-background contrast, which is
beneficial for diagnosis and therapeutic interventions, suggesting a potential high resolution
tumor imaging at a depth of centimeters. Further efforts to improve this technology

include developing stable and more biocompatible agents, reducing ultrasound power while
retaining acceptable USF SNR, and further improving the temporal resolution of the current
imaging system. All these efforts will push this technology toward adoption in pre-clinical
and clinical applications for high-resolution deep-tissue fluorescence imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The experimental set-up of USF imaging system. (a) Fiber bundle-based system: for tissue-
mimicking phantom tests and (b) Camera-based system for /n vivo USF imaging.
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Characterization of ICG-PNIPAM nanoparticles. (a) Correlation between hydrodynamic size
of PNIPAM nanoparticle and the quantity of SDS (left axis); Polydispersity of PNIPAM
nanoparticle synthesized with various SDS quantities (right axis). (b) Summary of zeta
potential measurements for PNIPAM nanoparticles synthesized with different quantities of
SDS. The number of replicas was n = 3. Normalized (c) excitation and (d) emission spectra
of PNIPAM nanoparticle synthesized with various amounts of SDS. Size characterization of
PNIPAM nanoparticle. The number of replicates is n > 3. (€) represents the TEM images of
a single PNIPAM nanoparticle synthesized with 20, 40, 100, and 200 mg of SDS.
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FWHM of each scanned USF images were also evaluated and highlighted.
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(al-4) The normalized USF images of PNIPAM-1CG-NPs distribution when locally injected

into mouse leg muscle. A 30% threshold was applied when calculating the volume. (b1-4)
Three stacks of 2D USF images from top, middle, and bottom layer along z axis. (al)
(b1), (a2) (b2), (a3) (b3) and (a4) (b4) are 3D reconstructed USF images for nanoparticles
synthesized with 20mg, 40mg, 100mg, and 200mg SDS.
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Figure 6.
The biodistribution results for PNIPAM-NPs. 2D fluorescence images captured over 24

h, including left-side view (top), ventral view (middle) and right-side view (bottom). 0 h
images were acquired immediately after the i.v. injection. Tumor area is indicated by the
yellow arrow.
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Figure?.
The organ to muscle ratios. (a), (b), (c), and (d) correspond to PNIPAM-20mg,
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group).LI=large intestine; Sl=small intestine. The horizontal dash line at 1 represents the
fluorescence level of mouse muscle.
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Figure.
(al-4) 2D fluorescence images of the BXPC-3 pancreas tumor-bearing mouse, and the

tumor area is indicated by the dashed circles and yellow arrow. Scan area is represented

by the white box. (b1-4) The reconstructed 3D USF image of the tumor. Volume was
calculated with a threshold of 30%. (c1-4) Three layers of 2D USF images along z axis
(top, middle, and bottom). (al)(b1)(cl), (a2)(b2)(c2), (a3)(b3)(c3), and (a4)(b4)(c4) are for
contrast agents synthesized with 20mg, 40mg, 100mg, and 200mg SDS respectively.
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