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Abstract

Semiconducting polymer nanoparticles (SPNs) emerge as attractive molecular imaging nanoagents
in living animals because of their excellent optical properties including large absorption
coefficients, tunable optical properties and controllable dimensions, high photostability, and the
use of organic and biologically inert components without toxic metals. This review summarizes
the recent advances of these new organic nanoparticles in in vivo molecular imaging. The in vivo
biocompatibility of SPNs is discussed first in details, followed by examples of their applications
ranging from sentinel lymph node mapping and tumor imaging to long-term cell tracking, to drug
toxicity and bacterial infection imaging for fluorescence, bioluminescence, chemiluminescence
and photoacoustic imaging in living animals. The utility of SPNs for designing smart activatable
probes for real-time in vivo imaging is also discussed.
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1. Introduction

Non-invasive molecular imaging enables visualization of biological molecules and their
interactions in living systems in real time at various levels from molecules and single cells,
to tissues, and organs within living subjects.[1, 2] Information obtained through molecule
imaging has greatly expanded our knowledge of biology and medicine, and empowered our
ability in detecting and treating life-threatening diseases.[3-5] Molecular imaging involves
specialized instrumentation and frequently uses imaging agents to noninvasively and
longitudinally probe tissue characteristics and/or biomarkers.[6, 7] Among numerous
imaging gents, nanoparticles have been extensively investigated and proven to be effective
for biomedical imaging because of their multimodal signaling capacity, enhanced targeting
capability via multivalent binding, enhanced permeation and retention for tumor targeting,
large payload delivery and tunable biodistribution profiles.[8-11] The convergence of
molecular imaging and nanotechnology is providing new opportunities to better understand
fundamental biology, monitor health, perform diagnosis and treat diseases.

Among nanoparticles, optical nanomaterials such as semiconductor quantum dots (QDs),
[12, 13] up-conversion nanoparticles,[14-17] dye-embedded silica nanoparticles,[18] carbon
dots,[19] metal nanoclusters [20] and dye-doped polymer nanoparticles [21] have formed a
large collection of imaging agents and contributed to the advance of molecular imaging. As
a recent addition to this class of imaging agents, semiconducting polymer nanoparticles
(SPNs) have gained growing attention because of their attractive optical properties. SPNs are
primarily made from semiconducting polymers (SPs) that are optically and electronically
active polymers with many applications ranging from electronic devices [22, 23] and sensors
[24, 25] to tissue engineering.[26] SPs have rt-electron delocalized backbones, and their
formation of spherical nanoparticles results from collapse of hydrophobic polymer chains
owing to substantial decrease in solvent hydrophobicity upon going from organic solvents to
water.[27-30] In addition to their large absorption coefficients, tunable optical properties
and controllable dimensions, the completely organic and biologically inert components of
SPNs represent another advantage, which intrinsically circumvents the issue of heavy metal
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ion-induced toxicity to living organisms and thus potentially possess good biocompatibility.
[31-33]

The preparation methods, optical properties and bioconjugation chemistry of SPNs have
been widely studied,[32, 34-36] and their biological applications have been demonstrated
for /n vitro sensing,[37-40] bioorthogonal labeling,[41] specific cellular and subcellular
imaging,[29, 42-44] drug and gene delivery,[45, 46] and antimicrobial,[47, 48] as examined
in a number of recent reviews.[21, 27, 28, 30, 31, 33, 49-53] This short review article will
instead focus on recent advances of SPNs as molecular imaging probes in living animals. We
will first discuss the /n vivotoxicological study of a typical SPN developed by us, and then
highlight the /n vivo imaging applications of SPNs for several optical imaging modalities
including fluorescence, chemi-/bioluminescence and photoacoustic (PA) imaging.

2. Biocompatibility

Poly(p-phenylenevinylene) (PPV) derivatives (P1-P3), poly(fluorene-a/tbenzothiadiazole)
(PFBT) derivatives (P5-P8), a poly(p-phenyleneethynylene) (PPE) derivative (P9), a
poly(fluorenyldivinylene) (PFV) derivative (P10), and other SPs (P10-P12) have been
transformed into nanoparticles and used for fluorescence imaging in living mice. Given the
increasing number of applications of SPNs, several in vitro studies have been reported.[54—
57] However, there have been limited in vivo toxicology studies to fully examine the
biocompatibility of these nanoparticles.

A recent in vitro study conducted by Ye et al. [56] evaluated the toxicity and oxidative stress
induced by semiconducting polymer dots in RAW264.7 mouse macrophages. Using a series
of assays evaluating cell viability (MTT and trypan blue), proliferation (propidium iodide
based flow cytometry) and necrosis as well as fluorescence based assays to measure
oxidative stress to the cells the authors demonstrate that toxicity is dose dependent and
significantly lower as compared to equivalent doses of quantum dots. Of note in this study is
the observation that SPNs caused higher cardiolipin peroxidation than quantum dots at the
higher concentrations tested (~30 pg/mL — 120 pg/mL) which warrants further investigation.
Overall, these studies indicate favorable in vitro biocompatibility of SPNs; however, future
studies with longer incubations as well as using primary human hepatocytes would offer
further information on biocompatibility. In a first step towards assessing the interaction of
SPNs with human derived primary cells, Abelha et al. demonstrated using human blood
from healthy volunteers that stealth SPN formulations exhibiting neutrally charged,
pegylated surfaces do not stimulate platelet activation or aggregation,[58] but may induce a
low degree of hemolysis in the presence of free surfactant and can inhibit physiological
mediators of platelet aggregation, such as ADP.

Recently, Feng et al. evaluated the impact of SPNs on epididymal mouse sperm from 7-8
weeks old balb/c mice, and found no significant differences in either sperm viability or
fertilization rate even with a high concentration of the SPNs ((~0.3 mg/mL).[59] However,
long-term embryonic development studies were not conducted and such studies will be
important for advanced toxicological characterisation of promising SPNs.
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We have conducted acute toxicological analysis of SPNs under development in our
laboratory. This study demonstrates the first systematic toxicity evaluation of SPNs
following intravenous injection into mice. As reported previously,[60] SPN-P8 comprised of
P8, and a galactosylated graft copolymer of poly(styrene) and poly(ethylene glycol) (PS-g-
PEG-Gal), was synthesized by nanoprecipitation method, and its average diameter measured
by dynamic light scattering (DLS) is ~50 nm. We injected 5-6 week old balb/c mice with
0.8 mg of the SPNs v/aa tail vein catheter. To study impact of acute exposure of living
animals to this nanomaterial, blood was drawn v7a cardiac puncture at 1, 4 or 14 days post
injection (n=5 in each group) and assessed by complete blood chemistry, liver and kidney
function tests.

The dose for the toxicity studies was determined by a pre-clinically useful dose as
established recently for imaging drug-induced hepatotoxicity in living animals.[60] Control
animals were injected with saline. This strain of mice was selected as compared to nude
mice in order to identify responses in animals with a fully functional immune system that
may be missed in T-cell deficient nude mice. In this study, single, intravenous,
administration of 0.8 mg of SPN-P8 were overall well tolerated by the subjects. Upon
injection, and throughout the entire study, no unusual behavior or differences between
treatment groups were observed, including vocalizations, labored breathing, difficulties
moving, hunching or unusual interactions with cage mates.

The SPNs did not lead to acute or chronic toxicity in balb/c mice, but some transient
changes in blood counts were observed which returned to normal levels by day 4 or 14 of the
study (Fig. 1). Specifically, the MCV counts were lower in SPN-P8 treated mice than control
mice. Lower MCV counts indicate that RBCs are smaller in size, primarily caused by iron
deficiency. However, MCH values (indicator of oxygen-carrying haemoglobin) &
haemoglobin values were not significantly different than values observed in control mice.
Taken together these results suggest no significant impact on hematopoiesis. While WBCs
counts were normal over the entire study duration, a closer look at the WBC differential
count indicates that there was a transient increase in neutrophils accompanied by a transient
decrease in lymphocytes at day 1 but returning to normal levels by day 4 and remaining
stable through day 14 post-exposure of SPN-P8. The observed altered population changes as
detected by blood cytometry analysis reveals a transient inflammatory process that may be
considered a normal host response to the presence of foreign materials introduced into the
bloodstream. Similar results have been observed with other classes of nanomaterials such as
iron oxide magnetite nanoparticles.[61, 62] Differential WBC counts should be included in
future toxicological characterization of promising SPNSs to ensure that the initial host
response does not persist beyond 24 h post-treatment.

Since injected nanoparticles are rapidly cleared by the reticuloendothelial system — liver
function tests were conducted at each time point (Fig. 1g—i). We observed, transient
elevations in aspartate aminotransferase (AST) and alanine aminotransferase (ALT) at day 1
following administration of the SPNs; however, the levels returned to normal within 1-4
days post injection and these experiments were repeated in an additional cohort of 5 animals
to confirm findings. Such transient elevations in liver enzymes have previously been noted
not only with iron oxide nanoparticles but also with administration of saline [61]. Dan et al.
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evaluated the toxicity of SPN-P7 in healthy, non-tumor bearing ICR mice at a single time-
point (7 days post-injection of SPNs) and observed no alterations in ALT or AST values as
compared to saline injected control animals.[63] The kidney function tests were normal
throughout the entire duration of the study (Fig. 1m-o0). Careful and extensive necropsy did
not reveal gross abnormalities or abnormal organ weights. Further, tissues (liver, spleen,
lung and heart) assessed via immunohistochemistry staining demonstrated no
histopathological alterations as compared to control (Fig. 2).

Because of the relatively small number of animals and a single dose of SPNs, our findings
should be considered as a pilot study. Although more extensive series are needed to confirm
our results, these encouraging results support further exploration of SPNs in biomedical
applications in living animals.

3. Fluorescence Imaging

Cyano substituted, poly(o-phenylenevinylene) (CN-PPVs) (P1-P3, Scheme 1) based SPNs
were synthesized through in-situ colloidal Knoevenagel polymerization and applied for
sentinel lymph node (SLN) mapping in living mice.[64] After intradermal injection of those
SPNs into the forepaw pad of mice, the nanoparticles drained rapidly from the interstitial
site of injection into the lymphatics and arrived at an axillary node in around 1 min,
permitting real-time SLN mapping. However, as only a small portion of the injected dose
reached the SLNs with the majority retained at the injection site, the injection site had the
strong signal that potentially interfered with the signal from SLNs. To alleviate this issue,
the CN-PPV nanoparticles were doped with a photoswitching dye (1,2-bis(2,4-dimethyl-5-
phenyl- 3-thienyl)-3,3,4,4,5,5-hexafluoro-1-cyclopentene, BTE) (Scheme 2) to endow the
SPN with the photoswitchable ability. Improved signal-to-background contrast was achieved
as SLNs were selectively switched on while the remnant nanoparticles at the injection site
remained dark.[65]

Fluorescent SPNs that made of fluorescence resonance energy transfer (FRET) backbone
structures (P5, P7—P9) have also been reported for tumor imaging in living mice. A 2011
paper reports the conjugation of chlorotoxin (a 36-amino acid peptide that binds
preferentially to glioma cells) to the surface of the SPNs composed of P5 and P6 mixture
and application of this nanoconjugate to image the medulloblastoma tumor xenografts in
brain.[66] However, only ex vivoimages have been reported, probably because the strong
light scattering of skull and the short excitation wavelengths of P5 and P6 make /n vivo
imaging less effective. Another group reported a folate-modified P7-based SPN and verified
its targeting capability in the subcutaneous H22 tumor mice model.[63] Instead of preparing
SPNs by co-precipitation method, an amphiphilic pentablock SP (P9) was designed and
synthesized to be able to self-assemble into nanoparticles in agueous solution for targeted
imaging of KB tumors in living mice.[67] Due to the short excitation wavelength (465 nm),
real-time imaging of the nanoparticles in mice by whole animal fluorescence imaging was
not enabled but ex vivo imaging conducted 24 h post-injection that showed strong
fluorescence in tumors.
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We recently reported SPN-based /n vivo cell tracking by taking advantage of their good
biocompatibility and photostability.[68] To improve the cellular uptake, we synthesized a
phosphorylcholine-coated P8-based SPN (pSPN-P8) that allowed it to enter cells within 0.5
h in complete culture medium (Fig. 3a&3b). Cell uptake of this pSPN-P8 was found not to
obviously depend on specific cell surface receptors since the murine stromal MS-5 cells, the
adenocarcinoma HelL a cells and the primary human renal cell carcinoma (RCC) cells were
rapidly and efficiently labeled with p)SPN-P8. The rapid and efficient internalization of the
SPN was attributed to its surface coating with phosphorylcholine groups that had strong
binding to the cell membrane and facilitated endocytosis. The capability of p)SPN-P8 for
long-term in vitro cell tracking was evidenced by the fact that almost all cells maintained
fluorescent even after cell growth for 5 days. In addition, the s/SPN-P8 permits cell tracking
of RCC cells in living mice at a lower limit of detection of 10,000 cells with no obvious
intensity loss after 12 days (Fig. 3c&3d). Histological analysis showed that the presence of
PSPN-P8 had little influence on the phenotypes and genotypes of RCC, demonstrating the
suitability of SPNs for long-term, efficient cell labeling agents.

Incorporation of other optically active dyes into SPNs can lead to smart activatable
nanoprobes for imaging of chemical mediators or biomarkers in disease sites in living
animals. We recently developed a nanoprobe based on SPN (SPN-P10) for the detection of
reactive oxygen and nitrogen species (RONS),[69] a hallmark of many pathological
processes ranging from acute and chronic bacterial infections to chronic diseases such as
cancer, cardiovascular disease, and arthritis.[70, 71] The nanoprobe comprises a RONS-inert
SPN core (P10, energy donor, Scheme 1) covered by RONS-sensitive fluorophore molecules
(IR775S, energy acceptor, Scheme 2),[72] enabling FRET from the SPN core to the
fluorophore in the absence of RONS (Fig. 4a).[69] The presence of RONS can decompose
the energy-accepting fluorophore (IR775S) and subsequently abolish the FRET within SPN-
P10, leading to ratiometric fluorescence response toward RONS. For instance, with
increasing concentrations of ONOQ™, the emission peak at 678 nm correspondingly
increased with the concurrent loss of emission at 818 nm (Fig. 4b). The probe emission at
678 nm can be significantly enhanced by ONOO™ (4.0 times), CIO™ (3.6 times) and "OH
(2.5 times), and slightly enhanced by 10, (1.4 times), O~ (1.3 times) and NO (1.2 times),
but not by H,0,.

As SPN-P10 has a ratiometric signal toward RONS, hyperspectral /n vivo fluorescence
imaging was employed to deconvolve unactivated from activated probe states in live animals
(Fig. 4c). Note that difference between the /n vivoand in vitro spectra was caused by a
decreased sensitivity of the charge-coupled device (CCD) camera of the /n vivo imager in
the near-infrared region. SPN-P10 was used to detect RONS in spontaneous
Corynebacterium bovis (C. bovis) bacterial infection. As shown in Fig. 4d&4e, SPN-P10
first specifically accumulated in the infected foci within 15 min through the EPR effect, and
then was progressively induced to change from unactivated (pseudo-green) to activated
(pseudo-red) states by microenvironmental RONS in the bacterial infection regions, with
complete probe activation by 60 min. Therefore, this design potentially provides more
accurate spatial resolution for /n vivo RONS imaging as compared with ‘off-on’ imaging
probes that can only be seen once activated.
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Similarly, other activatable nanoprobes can be designed by doping SPNs. For example, a
SPN-based hypoxia imaging probe was developed by incorporating the P11 (Scheme 1) core
with a NIR phosphorescent oxygen-sensitive dye (meso-tetraphenyl tetrabenzoporphyrin
platinum(ll), PtBzPor, Scheme 2).[73] After systemic delivery, SPN-P11 passively targeted
diseases including tumor, ischemia and arthritis. Analysis of the ratiometric signals from
SPN-P11 in mice allowed for the estimation of the partial oxygen pressure in tumor (~16
mmHg) which was significantly lower than the physiological partial oxygen pressure in liver
sinusoid (~45 mmHg).

Although the aforementioned SPN-based fluorescence imaging utilizes the emission
wavelength in the near-infrared (NIR) range (650-900 nm) that minimizes the interference
from tissue autofluorescence, it still faces light scattering. It has been shown that second-
near-infrared window (SNIR, 1000-1700 nm) optical imaging affords comparably low
absorbance and tissue autofluorescence as the conventional NIR-1 (650-900 nm) but up to a
1,000-fold greater reduction in scattering losses.[74—78] Recently, Dai’s group at Stanford
developed SPNs that are able to emit light in the SNIR window and applied them for
ultrafast hemodynamic imaging in living mice.[79] In particular, P12-based SPN (Scheme 1)
has a higher fluorescence quantum yield (~1.7%) as compared to carbon nanotube (~0.4%),
which results in the high spatial and time-resolved imaging of the blood flow pattern in
cardiogram waveform over a single cardiac cycle (~200 ms) of a mouse. This work indicates
the great potential of SPNs in SNIR fluorescence imaging.

4. Bioluminescence and Chemiluminescence

Bioluminescence resonance energy transfer (BRET) provides a useful way to bypass tissue
autofluorescence and enhance detection sensitivity and specificity.[80, 81] To improve the
optical imaging of SPNs, we recently developed self-luminescing NIR SPNs by integrating
BRET and FRET in an energy transfer relay to enable self-luminescing NIR emission (Fig.
5).[82] In this BRET/FRET system, the BRET donor and acceptor are R. reniformis
luciferase (Luc8) and P4 (Scheme 1), respectively; while the FRET donor and acceptor are
P4 and NIR775 (Scheme 2), respectively. The bioluminescence spectrum of this
nanoparticles is shown in Fig. 5b, which proves the occurrence of efficient relay energy
transfer relay from Luc8 to P4 and to NIR775. Conjugation of cyclic-RGD peptide as the
targeting ligand to this SPN permitted targeted tumor imaging. As shown in Fig. 5c, strong
bioluminescence signals can be detected in the U87MG tumor of the mice 5 min after
intravenous injection; in comparison, the fluorescence signal in the U87MG tumor is much
weaker. Moreover, bioluminescence imaging provides the excellent tumor-to-background
ratio (~100) for imaging very small tumors (2-3 mm in diameter), which is ~30-fold better
than fluorescence imaging (Fig. 5d). The use of BRET/FRET relay greatly expands the use
of SPN for optical imaging, allowing for bioluminescence imaging at the near infrared
wavelength with the same bioluminescent protein Renila luciferase.

In addition to using bioluminescence as the signal to track the in vivo location of
nanoparticles, we recently integrated chemiluminescence property into SPNs for real-time
imaging of drug-induced liver damage in living mice.[60] Although drug toxicity is a
longstanding concern in modern medicine,[83] current drug-safety assays for hepatotoxicity

J Control Release. Author manuscript; available in PMC 2017 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Puetal.

Page 8

use biomarkers with low predictive power.[84] The production of RONS has been proposed
as an early unifying event linking the bioactivation of drugs to hepatotoxicity and as a more
direct and mechanistic indicator of hepatotoxic potential.[85] Accordingly, we designed a
SPN that uses chemiluminescence resonance energy transfer (CRET) and FRET to
respectively detect H,0, and peroxynitrite (ONOO™)/hypochlorite ("OCI) (Fig. 6a). We
incorporated a chemiluminescent substrate (bis-(2,4,5-trichloro-6-
(pentyloxycarbonyl)phenyl)oxalate (CPPO, Scheme 2) into the SP (P8, Scheme 1) matrix
that can react with H,O5 to generate luminescence without external light excitation via
CRET. To improve the hepatocyte uptake, the surface of SPN was modified with galactose to
bind the asialoglycoprotein receptor expressed on the sinusoidal membrane of hepatocytes.
[86] In this CRET/FRET SPN, the core P8 serves as both the FRET energy donor and the
CRET energy acceptor, while the cyanine dye, IR775SH, irreversibly decomposes in the
presence of (ONOO™)/hypochlorite (TOCI) owing to the oxidative cleavage of its
polymethine linkers,[72] leading to abolished FRET and thus ratiometric signals.

The CRET/FRET SPN effectively detected drug-induced hepatotoxicity and its remediation
longitudinally in mice after systemic challenge with drugs such as the analgesic and anti-
pyretic acetaminophen (APAP) and the anti-tuberculosis agent isoniazid. Moreover, dose-
dependent RONS activity in the liver was detected within minutes of drug challenge (Fig.
6b), which preceded histological changes, protein nitration and DNA double-strand-break
induction. The CRET/FRET SPN also allowed the mechanistic study of drug-induced liver
toxicity. The mechanism for APAP bioactivation involves CYP450-mediated oxidation to an
iminoquinone, A-acetylparaquinonimine (NAPQI), which can bind directly to cellular
proteins to induce mitochondrial dysfunction and the production of superoxide (02*~) and
ONOO™ or undergo reduction by molecular oxygen to directly form 02~ and H,0,.[87]
Using the antioxidant (glutathione, GSH) and the CYP450 inhibitors (1-aminobenzotriazole
(1-ABT) and frans-1,2-dichloroethylene (£1,2-DCE)), a reduction of chemiluminescence
emission and of the fluorescence index from the SPN with all three of these inhibitors were
observed (Fig. 6¢c&6d), which indicated successful remediation of oxidative and nitrosative
stress, respectively. This example shows that SPNs can be developed into effective probes to
detect drug-induced toxicity and monitor remediation outcome, potentially contributing to
improving drug development processes.

5. Photoacoustic imaging

Photoacoustic (PA) imaging, a new nonionizing imaging technology that integrates optical
excitation with ultrasonic detection based on the PA effect,[88] provides deeper tissue
imaging penetration with a higher spatial resolution when compared with traditional optical
imaging techniques (e.g. fluorescence). Despite the promise of PA imaging in biology and
medicine, full utilization of its potential heavily relies on the development of efficient PA
agents. By now, small-molecule organic dyes,[89, 90] fluorescent proteins,[91, 92] metallic
nanoparticles,[93-99] carbon nanotubes,[100, 101] two-dimensional graphene analogues
[102-105] and porphysomes [106-108] have been studied as exogenous contrast agents.
Development of imaging agents has already contributed to facilitate the application PA
imaging in monitoring anatomic and physiological changes in diseases, and continues to be
active in molecular imaging.
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Recently, we have transformed photovoltaic SPs (P13&P14, Scheme 1) into PA agents that
have a unique set of advantages including a large mass extinction coefficient and high
photostability.[109] SPN-P13 provides stronger (on a per mass basis) and more photostable
PA signals in the NIR region when compared with single-wall carbon nanotubes (SWNTS)
and gold nanorods (GNRs). At the same mass concentration, the PA amplitude of SPN-P13
at 700 nm was more than five times that of SWNTSs and GNRs, effectively reducing their
detection limit (2 ug/mL) in living mice relative to both SWNTs and GNRs (9 pg/mL). This
enhanced sensitivity can decrease the dosing levels for in vivo PA imaging applications, as
proven by PA imaging of major lymph nodes in living mice with a high signal-to-noise ratio
of 13.3 after a single low-dose (50 pg) intravenous administration of SPN-P13.

The synthetic and structural flexibility of SPNs permitted the further development of SPN-
P13 into an activatable NIR ratiometric photoacoustic probe (RSPN-P13) for /n vivo RONS
imaging (Fig. 7a). As SPN-P13 itself has high stability towards RONS, we doped it with
IR775SH to afford a ratiometric photoacoustic probe in a way that is similar to the FRET
design for SPN-P10. The initial PA spectrum of RSPN-P13 showed three maxima at 700,
735 and 820 nm (Fig. 7b), with nearly the same amplitude. In the presence of ONOO™
and/or CIO™, the PA peak at 735 nm decreased significantly while that at 820 nm almost
disappeared, but the peak at 700 nm remained nearly the same (Fig. 7b). In contrast, in the
presence of other RONS, the PA spectrum remained essentially unchanged. RSPN-P13 was
able to longitudinally detect the generation of RONS in a murine model of zymosan-induced
acute oedema (Fig. 7¢). The PA ratiometric signal enhancements of RSPN-P13 was 25, 7.3
and 2.7 times in solution, in cells, and in living mice, respectively, comparable to values
reported for fluorescence probes.[110]

Two other SPs have also been reported for PA imaging. Polypyrrole (P15, Scheme 1) based
SPNs were prepared from in-situ chemical oxidation polymerization,[111] and another
group synthesized P16 (Scheme 1) and then formulated P15 into the SPN through
nanoprecipitation.[112] Both examples demonstrated their application in enhanced PA
imaging of brain vasculature after intravenous administration of SPNs. SPN-P15 was further
integrated for magnetic resonance imaging (MRI) and X-ray computed tomography (CT)
modality through conjugation of gadolinium chelates to the surface and encapsulation of
Tantalum Oxide, respectively.[113, 114] By virtue of the photothermal conversion ability of
P15, both dual-modal SPNs could be used for thermal ablation of tumor under NIR laser
irradiation. These studies demonstrate the potential of SPNs for multimodality imaging and
imaging-guided photothermal therapy.

6. Conclusions

SPNs have many intrinsic advantages such as good biocompatibility, excellent photostability
and oxidative tolerance for /n vivo molecular imaging, as demonstrated by the studies
summarized in this review. These properties are crucial for imaging in living animals but do
not all exist in other optical imaging agents such as small-molecule dyes and metallic
nanoparticles (such as QDs and gold nanorods). As the optical properties of SPNs are
mainly determined by the precursor SPs, they are not dependent on the nanoparticle size,
which differentiates SPNs from many of the metallic nanoparticles with strongly size-
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dependent spectral properties. In addition, sensing and functional moieties can be readily
incorporated or encapsulated into SPNs during synthesis, enabling molecular imaging of
diseases/biochemical molecules of interests with the imaging modality of choice (such as
chemi/bioluminescence, photoacoustic, MRI and X-ray CT), and therapeutic capability
(photothermal and photodynamic therapies). SPNs thus represent a multifunctional
nanoplatform that facilitates the preclinical investigation of physiological and pathological
processes in living subjects.

While SPNs hold great promises for in vivo molecular imaging, there are important issues
that should be addressed before their advance to clinical translations. For instance, despite
the benign organic components and unnoticeable in vivo toxicity of SPNs in preliminary
animal studies, their biodegradability and clearance from the body have to be fully
investigated. The long-term biosafety and the excretion of SPNs from the body are largely
unclear. For the purpose of potential clinical translation rapid and complete clearance of
nanoparticles after imaging is always desirable. SPNs may be potentially synthesized with a
size smaller than the physiologic pore size of filtration slit in the glomerular capillary wall (5
nm) so that they can be rapidly cleared out through urinary excretion. Another possible
solution is to develop biodegradable SPNs; biodegradable amphiphilic polymers such as
poly(lactic-co-glycolic acid) are already available, but SPs that can be degraded in vivo have
been less explored and need to be designed specifically. In addition, further reducing the
dosage of SPNs can help minimize potential toxicity, particularly for photoacoustic imaging,
which requires enhanced signal readouts from SPNs. Thereby, new chemistry for the
preparation of ultrasmall, compact, biodegradable and high-performance SPNs is highly
demanded for their advance towards clinical applications.
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Fig. 1.
(a—c) White blood counts of balb/c mice following injection of SPN-P8. Mean with SEM of

white blood cell (WBC) numbers (a), percentage of neutrophils among white blood cells (b),
percentage of lymphocytes among white blood cells (c). (d—i) Red blood counts of balb/c
mice following injection of SPN-P8. Mean with SEM of red blood cell (RBC) numbers (d),
hemoglobin (HGB) content (e), hematocritmean (HCT) content (f), mean corpuscular
volume (MCV) (g), corpuscular hemoglobin (MCH) (h) or mean corpuscular hemoglobin
concentration (MCHC) (i). (j—-1) Liver function test results of balb/c mice following injection
of SPN-P8. Mean with SEM of aspartate aminotransferase (AST) numbers (j), alkaline
phosphatase (k) or alanine aminotransferase (ALT) (I). (m-o0) Renal function test results of
balb/c mice following injection of SPN-P8. Mean with SEM of creatine (m), blood urea
nitrogen (BUN) numbers (n) or total protein (T protein) (o). Each group had 3-5 balb/c mice
per group. Each group had 3-5 balb/c mice per group. Data are plotted over a period of 14
days following injection of SPN-P8 or saline (control). Data for AST and ALT were
repeated in a cohort of 5 animals to confirm findings. Statistically significant differences
(p<0/05) are indicated with an asterisk.

J Control Release. Author manuscript; available in PMC 2017 October 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Puetal.

Page 18

Control

Liver

Spleen

Kidney

Heart

Lung

Fig. 2.
Histology of liver, spleen, kidney, heart and lung harvested at day 1, 4, and 14 after

intravenous injection of the SPN-P8. Haematoxylin and eosin (H&E) stains of tissue
sections of organs isolated from balb/c mice injected with saline or a single dose of SPN-P8
(0.8 mg). No cellular or tissue damage was observed over 14 days of the toxicology study.
These samples were scored independently by a veterinary pathologist at Stanford veterinary
pathology laboratory.
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Fig. 3.

(a) Confocal laser scanning microscopy images of living HeLa cells after incubation with
PSPN-P8 at 37 °C for 3 h. The cell nuclei were stained with Hoechst 33342 (blue). (b) Flow
cytometry profiles of HelLa cells after incubation with pSPN-P8 at 37 °C for 0.5, 2 or 3h. (c)
Fluorescence images of a mouse before (left) and 10 min after (right) subcutaneous
implantation with 1x10° (1), 1x10° (0.1), and 1x10% (0.01) primary human RCC cells pre-
labeled with pSPN-P8. (d) Quantification of fluorescence intensities of the implanted cells
as a function of post-implantation time. Intensity (%) stands for the percentage of the
intensity at the indicated day relative to the initial value. Reproduced from ref. 68.
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Fig. 4.
(a) Schematic of the preparation and RONS sensing of SPN-P10. (b) Fluorescence spectra

of SPN-P10 in PBS (30 mM, pH = 7.4) in the absence or presence of ONOO™ with
concentrations ranging from 0 to 0.5 uM at intervals of 0.1 uM. (c) Unactivated (green) and
preactivated SPN-P10 (red) were injected subcutaneously into the back of a nude mouse,
followed by fluorescence hyperspectral imaging to record the in vivo spectra of the activated
(red) and unactivated probes (green), as well as autofluorescence (black). (d) Imaging RONS
with SPN-P10 in mice with spontaneous systemic C. bovis bacterial infection. Overlaid
images of activated (red) and unactivated (green) SPN-P10 following i.v. administration to
mice with spontaneous bacterial infections (n=4). Enlargements of the regions indicated by
dashed white boxes are given below each corresponding image. White arrows indicate
localized regions of bacterial infection. (d) Quantification of activated (red) and non-
activated (green) SPN-P10 fluorescence over time. tSignificantly different change in
fluorescence between unactivated and activated nanoprobe (p<0.05). Reproduced from ref.
69.
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Fig. 5.

(a? Schematic of self-luminescing BRET-FRET SPN. (b) Bioluminescence emission
spectrum of SPN in PBS buffer. (c) In vivo bioluminescence and fluorescence imaging of
U87MG tumors in mice after intravenous injection of SPN for 5 mins. (d) ROI analysis of
the bioluminescence and fluorescence intensity between tumor and background of mice over
time. Reproduced from ref. 82.
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(a) Hlustration of the mechanism of simultaneous and differential detection of ONOO™

or “OCl and H,0O, by CRET/FRET-SPN. After drug challenge to the liver, the SPN report
via the chemiluminescent and fluorescent channels the generation of radical metabolites at
safe (left) and toxic (right) drug doses. (b) Real-time /n vivo imaging of hepatotoxicity after
acetaminophen administration to mice: Representative images of mice receiving
acetaminophen or saline (control) intraperitoneally, followed by CRET/FRET-SPN (0.8 mg)
intravenously. Chemiluminescence (top, imaged 18 min after nanoparticle administration)
and fluorescence (bottom, imaged 53 min after nanoparticle administration) channels are
shown (n = 3 mice per treatment group). (c&d) Longitudinal, /n vivo monitoring of the
remediation of APAP-induced hepatotoxicity with the enzyme inhibitors (1-ABT and #1,2-
DCE) and the antioxidant scavenger (GSH). Emission intensities of the liver for
chemiluminescence (c) or fluorescence ratiometric (d) signals over times. Black arrows
indicate the respective time points shown in b. Values are the mean + s.d. for n = 3 mice.
Reproduced from ref. 60.
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Fig. 7.

(61;J Proposed RONS sensing mechanism of RSPN-P13. (b) Representative PA spectra of
RSPN-P13 in the absence and presence of ROS. [RSPN-P13] = 5 ug/mL, [RONS] =5 uM.
(c) PA/ultrasound overlaid images of saline-treated (i) and zymosan-treated (ii) regions in
the thigh of living mice (n = 3). RSPN-P13 (3 pg in 50 pL) was intramuscularly injected into
the thigh 20 min after zymosan treatment. Reproduced from ref. 109.
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Scheme 1.
Chemical structures of some SPs used for imaging in living mice.
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Scheme 2.
Chemical structures of organic molecules used for the preparation of SPNSs.
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