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Abstract

Near-infrared (NIR) light-triggered optoacoustic tumor imaging and phototherapy
are valuable oncology techniques due to high image contrast, noninvasiveness, and
spatiotemporal selectivity. Croconaine dyes, constitute superior NIR probes, exhibiting
high optoacoustic generation efficiency, photothermal conversion efficiency, and good
photostability, all of which can be leveraged to achieve precise diagnosis and efficient
treatment of tumors. In this thesis, three croconaine-derived dyes with different
maximum absorption wavelengths were synthesized and formulated into nanoparticles.
First, we constructed croconaine-derived CR760 nanoformulations using facile
synthesis for optoacoustic imaging-guided photothermal therapy of subcutaneous
tumors. Enabled by the excellent optical absorption properties, and an active targeting
effect (via an RGD peptide), CR760RGD-NPs could actively bound to certain tumor
types, and were also suitable for both optoacoustic imaging and tumor elimination via
NIR laser irradiation. Secondly, to achieve efficient optoacoustic imaging of
challenging brain tumors, we developed croconaine-derived CR780 nanoparticles with
a slightly longer absorption maxima. Through nanoformulation and ligand targeting,
ultrasmall CR780RGD-NPs were able to pass the blood brain barrier and efficiently
target the brain tumor area, allowing visualization by optoacoustic imaging. Finally,
because the absorption peaks of both CR780 and CR760 fall mainly below 800 nm and
are still affected by strong background absorbance from tissue and hemoglobin,
croconaine-derived CR880 nanoparticles with 880 nm absorption peak were developed
to enable deeper tissue penetration for tumor imaging, and efficient photothermal
therapy. Through independent preclinical toxicity studies, we demonstrated that the

croconaine based nanoparticles are safe for in vivo application. In summary, we have



developed chemically tuned croconaine-derived nanoparticles for specific applications

in cancer diagnosis and therapy.



Zusammenfassung

Nahinfrarot  (NIR)-lichtgetriggerte  optoakustische =~ Tumorbildgebung und
Phototherapie sind wertvolle onkologische Techniken aufgrund des hohen
Bildkontrasts, der Nichtinvasivita und der r&umlich-zeitlichen Selektivit&. Croconain-
Farbstoffe stellen Uberlegene NIR-Sonden dar, die eine hohe optoakustische
Erzeugungseffizienz, photothermische Umwandlungseffizienz und gute Photostabilita
aufweisen, die alle fr eine pr&ise Diagnose und effiziente Behandlung von Tumoren
genutzt werden k&nnen. In dieser Arbeit wurden drei von Croconain abgeleitete
Farbstoffe mit unterschiedlichen maximalen Absorptionswellenl&ngen synthetisiert
und zu Nanopartikeln formuliert. Zun&hst haben wir CR760-Nanoformulierungen aus
Croconain durch einfache Synthese fUr die optoakustische Bildgebung-gefihrte
photothermische Therapie von subkutanen Tumoren hergestellt. Durch die exzellenten
optischen Absorptionseigenschaften und den aktiven Targeting-Effekt (Uber ein RGD-
Peptid) konnten die CR760RGD-NPs aktiv an bestimmte Tumortypen binden und
waren sowohl fir die optoakustische Bildgebung als auch fUr die Tumorelimination
durch NIR-Laserbestrahlung geeignet. Um eine effiziente optoakustische Bildgebung
von anspruchsvollen Hirntumoren zu erreichen, entwickelten wir zweitens von
Croconain  abgeleitete  CR780-Nanopartikel mit einem etwas I&ngeren
Absorptionsmaximum. Durch Nanoformulierung und Liganden-Targeting konnten die
ultrakleinen CR780RGD-NPs die Blut-Hirn-Schranke passieren und den
Hirntumorbereich effizient anvisieren, was eine Visualisierung durch optoakustische
Bildgebung ermcylichte. Da das Absorptionsmaximum sowohl von CR780 als auch
von CR760 haupts&hlich unterhalb von 800 nm liegen und immer noch durch eine
starke Hintergrundabsorption von Gewebe und H&amnoglobin beeintr&htigt werden,
wurden  von  Croconain  abgeleitete  CR880-Nanopartikel mit  einem

Absorptionsmaximum von 880 nm entwickelt, um eine tiefere Gewebepenetration fUr



die Tumorbildgebung und eine effiziente photothermische Therapie zu erm&ylichen.
Durch unabh&ngige pr&linische Toxizit&sstudien haben wir gezeigt, dass die
Croconain-basierten Nanopartikel sicher fU die in vivo Anwendung sind.
Zusammenfassend haben wir chemisch abgestimmte, von Croconain abgeleitete
Nanopartikel fUr spezifische Anwendungen in der Krebsdiagnose und -therapie

entwickelt.
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1 Introduction

1.1 Optoacoustic imaging

The concept of the optoacoustic effect was first reported in 1976 and is the basis of
the generation of an optoacoustic signal.[1] Here optoacoustic contrast agents absorb
the optical energy of a pulse laser and simultaneously convert it into thermal energy,
undergoing thermoelastic expansion and generating ultrasonic signals (Figure 1.1).[2,
3] The optoacoustic effect has been used as an alternative to optical imaging to achieve
higher resolution, deeper tissue penetration, and greater image contrast, and can in
some cases overcome the disadvantages of low image quality caused by photon
scattering in conventional optical imaging.[4] Therefore, this technique has attracted
much attention for preclinical and clinical applications. The optoacoustic method can
effectively visualize the structure and function of biological tissues, offering the
necessary information to study the morphological structure, physiological features,
metabolic functions, and pathological characteristics of tissues, especially for the early

detection of cancer.[5]
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Figure 1.1. Schematic illustration of the optoacoustic signal production and detection.

Reproduced with permission.[3] Copyright 2017, Royal Society of Chemistry.



1.2 Multi-spectral optoacoustic tomography (MSOT)

MSOT inVision 256-TF (iThera Medical, Munich, Germany) serves as the in vivo
optoacoustic system for small animals (Figure 1.2a).[6] Benefiting from the
advantages of high resolution, high penetration depth, detailed molecular information,
and an easy unmixing process, it has been used for many biological applications, such
as cancer, neuroimaging, and cardiovascular disease.[7] Throughout the MSOT
scanning is operated from 680 to 980 nm with a step size of 10 nm and 10 signal
averages. Nanosecond illumination of the sample uniformly from 5 different directions
is accomplished using a one to ten (five pairs) fiber bundle. The generated acoustic
signals are acquired using a 256-element transducer array (5 MHz center frequency)
with 270-degree angle coverage and 40 Ms/sec DAQ sampling rate. Acquired sinogram
data is initially filtered using a Chebyshev filter having a bandwidth of 0.1-8 MHz. The
filtered sinogram data is used to reconstructing the mice/phantom image using a model-
based reconstruction with a least squares QR inversion method running for 100
iterations. The model-based reconstructions are performed at all the wavelengths i.e.
680 nm to 980 nm with a step size of 10 nm. The reconstructed images are used to
detect the contrast agents’ signal using the contrast agents’ reference spectral
information, the contrast agents’ signal is detected using a linear regression approach

(unmixing method) (Figure 1.2b).
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Figure 1.2. (a) Schematic of the real-time cross-sectional imaging system for in vivo

MSOT imaging. (b) Images processing steps of MSOT imaging. Reconstructed images



at multiple wavelengths are associated with spectral unmixing algorithms to distinguish
specific molecules. Reproduced with permission.[6] Copyright 2015, Nature

Publishing Group.

1.3 Optoacoustic contrast agents

1.3.1 Endogenous agents

Numerous light-absorbed agents exist in biological tissue, such as hemoglobin,
melanin, and lipids. These chromophore-containing molecules have characteristic
absorption spectra in the visual and NIR range. Optoacoustic imaging enables the
relative quantification of endogenous chromophores, thereby providing insight into the
physiological changes that occur in certain disease states.[8-10] In particular, the
quantification of hemoglobin concentration and oxygen saturation can be differentiated
by optoacoustic imaging, which provides important information regarding tumor
angiogenesis, ischemia, hypoxia, or hypoxemia physiological states.[11-13] Melanin
with strong optical absorption makes it possible to sensitively image pigmented lesions,
melanoma, and hair follicles.[14] Furthermore, lipid consumption in some certain areas
(sebaceous glands and arterial plaques) can be characterized by optoacoustic imaging
at wavelengths from 930 and 1210 nm.[15] However, endogenous chromophores are
only available for imaging a limited range of biological processes due to the weak
image contrast.[5] Therefore, it is necessary to employ exogenous contrast agents to

enable significantly richer profiling of biological activities.

1.3.2 Exogenous agents

Exogenous agents can enhance the optoacoustic image contrast ratio and improve
the resolution by altering the optical and acoustic properties of local tissue, thus
remarkably boosting the image output.[7] An ideal optoacoustic agent should have a
high molar absorption coefficient with a narrow NIR spectral profile, low quantum
yield, and high optoacoustic generation efficiency (OGE) for more accurate and



sensitive spectral unmixing.[16] Moreover, optoacoustic imaging agents should have
good photostability, target-specific ability, biocompatibility, and minimal toxicity.[16]
A variety of inorganic and organic contrast agents has been developed for optoacoustic
contrast enhancement (Table 1.1).[17] Metal-based inorganic contrast agents have
strong NIR absorption contrast and excellent photothermal conversion ability due to
localized surface plasmon resonance.[17-21] However, inorganic agents undergo
structural deformation (shape and size changes) upon light irradiation, which alters
their optical behavior and their photostability.[22] Carbon nanostructures exhibit broad
NIR absorption, as well as facile synthesis and easy functionalization, thus they are still
one of the promising optoacoustic agents even though the slightly lower molar-
extinction coefficients.[23, 24] However, concern has been expressed regarding the
long-term toxic side effects of metal and carbon-based agents due to low
biodegradability and long deposition time in the body after systemic administration.[25]
Organic dyes can overcome the challenges of inorganic agents because their chemical
structures can be easily modified, and they often exhibit good biocompatibility, easy
metabolism, rapid clearance, and low toxicity. [26]

Table 1.1. Optoacoustic contrast agents and their advantages and disadvantages

Materials Types Advantages Disadvantages
Gold nanoparticles, Palladium Tunable physiochemical Non-biodegradability;
Inorganic nanoplates, properties suboptimal
CuS, WS,, MoS,, Bi,S;, CogSeg photothermal stability,
Carbon nanostructure toxicity

Easy chemical structure

Cyanines, Porphyrin, tuning, good Low aqueous
Organic Squaraines, BODIPY, biocompatibility, solubility,
Diketopyrrolopyrrole, low-toxicity, easy poor photostability
Croconaine metabolism, and relatively
low cost

Various organic dyes with NIR absorbance, such as cyanine, squaraine, BODIPY,
and tetrapyrrole, have been widely developed for the application of optoacoustic
imaging (Table 1.2).[26] Cyanine dyes, consisting of aromatic nitrogen-containing

heterocycles, are most widely used for optoacoustic imaging, such as IR780 iodine,



IR820, IRDYye800CW, IR825, and FDA approved indocyanine green (ICG).[27-29]
However these commercially available cyanine dyes have major drawbacks as an
optoacoustic contrast agent because of poor photostability and low optoacoustic
generation efficiency.[30] Squaraine dyes exhibit sharp absorption peaks and strong
NIR emission, but their self-aggregation and poor water-solubility limit their in vivo
application.[31, 32] BODIPY dyes display strong NIR fluorescence with high quantum
yield, making them suitable for fluorescent imaging, although structural modifications
are used to obtain the red-shifted and water-soluble compounds.[33, 34] Tetrapyrole
structures such as porphyrin and phthalocyanines belong to the class of photosensitizers,
and are widely used as photodynamic therapy (PDT) agents in treating cancers.[35]
Thus, these structures have lower molar extinction coefficients, which are not good for
producing efficient optoacoustic signals.[36, 37] Croconaine dyes and their derivatives
could be the most promising optoacoustic agents because of thermal stability,

photobleaching resistance, solvatochromism, and spectral tenability.[38]

Table 1.2. Common organic dyes and their photophysical properties (The parameters

of photostability: level 1 (very low), level 9 (very high))

Organic dyes  Basic structure Abs,,,.(nm) Em, . (nm) Molar Photostability
absorption
coeffcient
o
Squaraine  w-{_=( )= 650-800 800-1000 >10° Level 4
]
700-900 800-1000 =10° Level 4

Cyanines pr

Porphyrin 600-800 700-900 >10°% Level 6

m 600-900 700-1100 >0.8%10° Level 8
N_N._ . Nx
.
BODIPY s
Diketopyrrolo o f
r
pyrrole H 550-750 600-900 >0.25*105 Level 8
Ar H o
R! [ T = R!
Croconaine ;“‘/(5\ e 680-1000 800-1000 >2*105 Level 9




1.4 Croconaine

1.4.1 Concept and optical properties

The first croconaine derivative was described in 1970[38] and since then many
derivatives have been developed, mainly for use in optical data storage,[39]
xerography,[40] biosensing,[41-44] and photovoltaic cells.[45] Croconaines are
pseudooxocarbon dyes derived from croconic acid with a strong electron-withdrawing
character.[38] They can be used to synthesize dyes with“donor-acceptor-donor (D-A-
D)” type chromophores by a condensation reaction between croconic acid and electron-
rich aromatic and heteroaromatic compounds or heterocyclic methylene bases.[46] The
resulting mesoionic structures give rise to strong n-n transitions. Croconaine dyes can
be easily modified by varying the steric and electronic characteristics of the donor
moiety. Generally, croconaine dyes are either symmetric (D1-A-D1 type) or
asymmetric(D1-A-D2 type),[46, 47] and have good optical properties, such as low
photobleaching, strong solvatochromism, and a tuneable absorption spectrum.

(1) Physicochemical properties: The absorption spectra of croconaines display strong
solvatochromism, i.e. where the absorption peaks are shifted by the solvent polarity.
Compared with squaraine, the croconaine ring is more strongly electron-
withdrawing, and therefore the absorption peak of croconaines is redshifted by
approximately 100nm relative to similarly structured squaraines.[38] This
redshifting occurs for two reasons: the strong m-electrons in the central region of
the molecule and the lactone group act as a super-absorbing group, and the reversal
of the overall stereological configuration of the benzofuran.

(2) Self-aggregated properties: Croconaines have good solubility in organic solvents,
such as tetrahydrofuran, dichloromethane, trichloromethane, acetonitrile, methanol,
acetone, ethanol, DMF, but are difficult to dissolve in water. There exist strong van
der Waals forces between croconaine molecules, which are not only hydrophobic
in nature, but tend to result in self-aggregation in solution. In different solutions
and solid media, croconaines also can form aggregates, where their absorption

peaks are very different from the monomers. Furthermore, most of croconaine dyes



which we synthesized exhibit self-aggregation (H-aggregation or quenching)
(Figure 1.3).[48]
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Figure 1.3. The synthesized croconaine dyes and corresponding optical spectrum in
DMSO and water.

(3) Photostability: Under light irradiation, the structure of dye molecules can become
irreversibly changed, resulting in color change or fading. The photobleaching of
cyanine dyes is mainly caused by light-induced oxidation.[49] In the energy
transfer process, the dye molecule acts as a singlet sensitizer activating oxygen
which usually exists in a triplet ground state, where singlet oxygen can oxidize the
dye structure. Therefore, if the structure of the dye molecules can delay this process,
the photostability of the dyes can be improved. Compared to straight-chain cyanine
dyes, croconaine dyes possess conjugated units in a ring system, which provide the
structural rigidity enhancement and spatial potential resistance to prevent the

generation of singlet oxygen, as well as improve the photostability.[50]

1.4.2 Biomedical application

Benefiting from the D-A-D type structure, croconaine dyes display efficient
intramolecular charge transfer ability to generate strong NIR absorption and high molar
extinction coefficients, thus allowing for high-efficient in vivo photo-theranostics
application. However, most of the proposed croconaine derivatives suffer from H-
aggregation and low solubility and therefore are not suitable for in vivo application.[48]

A reduction in the structural stacking and dye aggregation can be achieved by chemical



modifications. At the time of writing, and to the best of our knowledge, there exist three

reported croconaine structures developed into nanoformulations for in vivo

optoacoustic imaging and theranostics. These are CR780,[51] Croc,[52] and A1094,[53]
which are all outlined below.

CR780 was reported in 2008.[51] With superior properties and easy modification,
it has been used for many biomedical applications. Tang et al. have published a series
of papers regarding cancer theranostics based on CR780. First, Tang et al. proposed
polyethylene glycol (PEG) conjugated CR780 (CR780-PEG5000) for enhanced tumor
accumulation and theranostics (Figure 1.4).[54] The PEGylated CR780 could be easily
self-assembled into uniform nanostructures (17nm). After intravenous injection, it
could be visualized in tumor regions by NIR fluorescence and optoacoustic imaging.
Additionally, due to the good photothermal conversion efficiency, it could also be used
for photothermal therapy (PTT). Tumor targeting was improved using c(RGDfK)
conjugates formulated as nanoparticles. Then 1%°1 labeled RGD-CR780-PEG5000 were
tested in a UB7MG subcutaneous tumor model. The tri-model imaging (SPECT,
fluorescence, and optoacoustic) clearly showed that the active targeting effect of %I
labeled RGD-CR780-PEG5000 compared to the non-targeted group.[55] Later, to
achieve combined therapy with chemodrugs guided by optoacoustic imaging, Tang et
al. designed two strategies for chemophotothermal therapy of cancerous tumors. One
was to prepare the trimeric prodrugs by linking chemodrug and CR780 via a GSH-
sensitive disulfide linker and then encapsulated into folic acid—-PLGA NPs.[56] Due to
the high concentration of GSH inside cancerous cells and photothermal-acceleration,
the disulfide bonds were easily cleaved, thereby releasing the chemodrugs under laser
irradiation. Meanwhile, strong optoacoustic signals from the nanoformulations were
used to monitor the tumor accumulation and further guide chemophotothermal therapy,
which showed complete tumor elimination. Another strategy that was explored was to
first conjugate DOX with CR780 by Edman linkers (CED2), and then co-load CED2
and AIPH (2,2’-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride) into ROS-
responsive amphiphilic block-polymer of poly(propylene sulfide)-poly(ethylene glycol)
(PPSPEG).[57] These nanovesicles required dual activation for drug release. This first

mode of activation employed the mild hyperthermia and tumor acidic pH condition to



degrade the Edman linkers for DOX release in the nanovesicles. The second mode of
activation uses the photothermal effect to activate AIPH to generate radicals for
oxidizing and disassembling the PPSPEG. In vivo optoacoustic imaging confirmed the
efficient tumor accumulation of v-A-CED2 after intravenous injection. Thus, the
photothermal effect induced on-demand chemotherapy under optoacoustic imaging

guidance and can significantly inhibit tumor progression.

Time (min
012 3 4

Figure 1.4. Schematic illustration of CR780-PEG5000 assembled nanoparticles for
fluorescence and optoacoustic imaging-guided PTT. Reproduced with permission.[54]

Copyright 2017, Elsevier.

The pH-sensitive Croc structure has been reported in 2002, which showed a pH-
dependent absorption shift in ethanol.[52] To apply the hydrophobic Croc into in vivo
application, Guha et al. first made interlocked Croc-rotaxane complexes to prevent self-
aggregation of free Croc, and then encapsulated them into stealth liposomes (CroRot-
SL).[58] The CroRot-SL showed similar pH-sensitive properties and good
photostability, as well as exhibited the ratiometric optoacoustic imaging of acidic pH.
On the other hand, Chen et al. employed human serum albumin (HSA) to be the
nanocarriers to load Croc (HSA-Croc) by hydrophobic interaction.[59] Due to the

unique pH-responsive absorption, it could be used for optoacoustic imaging of timely



tumor pH change, where the acidic tumor region provides enhanced optoacoustic
signals (Figure 1.5). Moreover, compared with HSA-ICG, HSA-Croc exhibited

excellent photothermal effect for the suppression of large tumors under laser irradiation.
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Figure 1.5. (a) Schematic illustration of HSA-Croc with pH-responsive optoacoustic
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signals and enhanced photothermal effect. (b) Absorption spectra of HSA-Croc in
different pH buffer. (c) The ratio of PA680nm/PA810nm of HSA-Croc measured in
different pH conditions. (d) In vivo optoacoustic imaging of tumor at 680nm and 810nm
under different tumor pH conditions. (e) IR thermal images of HSA-Croc in different
pH buffer under 0.5 W/cm? 808nm laser irradiation. (f) IR thermal images of tumors
with different treatments. (g) Tumor growth curves of mice with different treatments.

Reproduced with permission.[59] Copyright 2016, Elsevier.
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The structure of A1094 has been shown in 2003, with the specific properties of a
relatively short backbone structure, a 1100nm absorption peak, and high thermal
stability.[53] Liu et al. encapsulated A1094 into RGD peptide-modified hepatitis B
virus core protein (RGD-HBc) for NIR-II optoacoustic imaging of brain
tumor.[60] The formulated A1094@RGD-HBc exhibited the performance of
aggregation-induced-absorption-enhancement (AIAE) due to the strongly absorbing
conjugated chromophore. Meanwhile, A1094@RGD-HBc showed a stronger
optoacoustic signal at 1200-1300nm than 900-950nm. Then the brain tumor-bearing
mice were administrated with A1094@RGD-HBc to check the deep tissue imaging.
Due to the nanosize and active targeting effect, A1094@RGD-HBc can bind at the
brain tumor region, which can be detected from the depth of 5.9 mm under the skull.
Also, ¥l-labeled A1094@RGD-HBc endow the SPECT properties to dual-modal
imaging of glioblastoma. On the other hand, Liu et al. employed DSPE-PEG2000 as
nanocarriers for hydrophobic A1094 to formulated A1094@DSPE-PEG2000
nanoparticles, which showed excellent 1200-1300 nm NIR-II absorption (Figure
1.6).[61] Thus the deep brain tumor and inguinal lymph nodes were clearly detected at
1200nm after i.v. injection of A1094@DSPE-PEG2000, which had a lower background
than NIR-I imaging. Additionally, the in-situ surgery of brain tumors was successfully
conducted with the help of NIR-II optoacoustic imaging. However, the in vivo safety

of such viral nanoparticles still remains to be thoroughly evaluated.
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Figure 1.6. Schematic illustration of A1094@DSPE-PEG2000 with J-aggregation for
enhanced NIR-Il optoacoustic imaging of brain tumor. Reproduced with

permission.[61] Copyright 2019, American Chemical Society.

1.5 Objectives and outline

The goal of this dissertation is to explore efficient optoacoustic contrast agents for
precise diagnosis and phototherapy of various tumors. Croconaine dyes can overcome
the challenges associated with various organic dyes such as complicated synthetic
routines, poor photostability, low optoacoustic generation efficiency, low photothermal
conversion efficiency, and biocompatibility. Croconaine dyes offer several advantages
such as superior thermal stability, photobleaching resistance, solvatochromism, and
spectral tenability shortcomings. However, most of the reported croconaine structures
undergo H-aggregation during the nanoformulation process, which makes them
unsuitable for cancer photo-theranostics in the NIR region. Therefore, it is necessary
to develop stable formulations of crocoanine nanoparticles. This dissertation focuses
on the development of a series of crocoanine nanoparticles with range of NIR
absorption to assure deep opotoacoustic imaging and efficient PTT of various tumors.

This thesis is structured as follows. Chapter 1 introduces the principles of
optoacoustic imaging, equipment, and corresponding contrast agents, then details the
properties of croconaine dyes and their current biological applications. Chapter 2
focuses on the optoacoustic imaging and photothermal treatment of tumors using
facile-synthesized CR760RGD-NPs. The synthesis of CR760 dye and its nano-
modification and optoacoustic-photothermal characterization are discussed in detail,
followed by in vitro and in vivo optoacoustic imaging and PTT. Chapter 3 focuses on
the efficient optoacoustic imaging of brain tumors using CR780RGD-NPs, detailing its
synthesis, characterization, in vitro and in vivo studies as well as its biocompatibility,

thus highlighting the advantages of CR780RGD-NPs as optoacoustic contrast agents.
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Chapter 4 focuses on the optoacoustic imaging and photothermal treatment of deep
tissues using 880 nm-absorbed croconaine nanoparticles. In Chapter 5, we summarize
the optical performance of developed croconaine-based nanoparticles for cancer
theranostics, and discuss new ideas about future developments, optimization, and more

biomedical application.
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2 760nm-absorbed croconaine nanoparticles for optoacoustic

imaging and photothermal therapy

Content in this chapter is based on (at parts verbatim) my published paper.

Nian Liu, Patrick O'Connor, Vipul Gujrati,* Dimitris Gorpas, Sarah Glasl, Andreas
Blutke, Axel Walch, Karin Kleigrewe, Michael Sattler, Oliver Plettenburg, Vasilis
Ntziachristos*. Facile synthesis of a croconaine-based nanoformulation for
optoacoustic imaging and photothermal therapy. Advanced Healthcare Materials 2021,

2002115.

Author contributions: Nian Liu identified the CR760 dye, developed CR760RGD-
NPs, carried nanoparticle characterization (DLS, zeta potential, photophysical
properties, optoacoustic signals, photostability, photothermal performance) and cell
experiments (MTT assay, AM/PI, cell uptake), whereas in vivo experiments
(optoacoustic imaging, photothermal therapy, and biosafety) were assisted by Dr. Vipul
Guijrati and technician Sarah Glasl. Dr. Patrick O'Connor synthesized and characterized
the CR760 dye, carried out the conjugation of PEG and RGD with CR760 dye and
finally carried out the DFT calculations. Dr. Vipul Gujrati along with Nian Liu designed
the in vitro and in vivo experiments and analyzed the data. Dr. Dimitris Gorpas provided
CW laser (780nm) setup for phototherapy. Sarah Glasl assisted with animal
experiments and maintenance. Dr. Andreas Blutke, Prof. Axel Walch carried out TEM
measurements and analysis. Dr. Karin Kleigrewe did the MALDI-TOF characterization.
Prof. Oliver Plettenburg supervised dye synthesis, characterization, and provided
intellectual input, and Prof. Michael Sattler and Prof. Vasilis Ntziachristos helped
interpret the results, provided significant intellectual input, and supervised the research.

All authors contributed to writing the paper.
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2.1 Motivation

Theranostics agents that integrate real-time diagnosis with a therapeutic effect have
the potential to accurately target diseased tissues and optimally exert therapy,
representing a promising and cost-effective type of precision medicine.[62, 63] Among
the reported theranostics agents, NIR absorbing agents are characterized by a simple
but effective design: these agents only utilize light to generate optical or ultrasound
signals for diagnosis while simultaneously liberating either heat or reactive oxygen
species (ROS), resulting in tumor elimination.[64] A wide spectrum of biocompatible
NIR absorbing organic dye-based agents have been recently explored for enhancing
contrast in optoacoustic imaging and for photothermal therapy (PTT).[65, 66]
Optoacoustic imaging can visualize tumor tissue at centimeter depths with high
contrast and spatial resolution [7, 67], and PTT has the advantages of minimal
invasiveness, spatiotemporal selectivity, and reduced side effects.[68]

Croconaine dyes have been suggested to overcome common limitations of other
organic dyes considered for optoacoustic imaging and PTT.[46] In particular,
croconaine dyes improve on the thermal stability, photobleaching resistance,
solvatochromism, and spectral tenability shortcomings of most common organic dyes
such as cyanine, squaraine, BODIPY, and tetrapyrrole dyes.[26, 69] Nevertheless, most
of the proposed croconaine derivatives suffer from H-aggregation, modest chemical
instability, and low solubility and are therefore not suitable for in vivo applications.[48]
There is therefore a need for a croconaine dye with improved properties.

Some of these challenges, such as the structural stacking and dye aggregation of
croconaine dyes, can be addressed by chemical modifications. Smith et.al. reported a
stearic interaction between a pH-sensitive croconaine dye (Croc) and rotaxane, which
prevented the aggregation of Croc.[58] The interlocked Croc-Rotaxane complex was

loaded into liposomes and used for optoacoustic imaging applications.[58] However,
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the synthesis of Croc and rotaxane consists of a multistep protocol. In another approach,
Song et al. prevented dye aggregation via electronic effects by incorporating anionic
carboxylates into croconaine-derived CR780,[51] which was followed by its
modification with polyethylene glycol (PEG) and use in optoacoustic and phototherapy
applications.[54] However, the synthesis and purification of CR780 also involve
multistep protocols.

Here, we use the croconaine-based dye CR760 that, similarly to Croc and CR780,
provides superior theranostic properties compared to most existing croconaine
derivatives and, unlike any other croconaine derivative, can also be easily synthesized
via a single-step protocol. We report for the first time the development of PEGylated
CR760-based dye nanoparticles for theranostic (optoacoustic imaging and
phototherapy) applications (Scheme 2.1). The croconaine-derived CR760 structure
was previously reported for photovoltaic cell applications.[70] Importantly, we found
that CR760 has no aggregation, blue shift, or chemical instability issues and is easy to
chemically modify. Moreover, CR760 can be synthesized and purified in a single step.
Therefore, we conjugated CR760 with NH>-PEG2000-SH and c(RGDyC) peptide to
generate self-assembling nanoparticles (CR760RGD-NPs) with tumor-targeting
capability. CR760RGD-NPs exhibit a strong absorption peak at 760 nm (no quenching),
high optoacoustic generation efficiency (OGE), high photothermal conversion
efficiency (45.37%), and photostability as compared with various organic dyes or their
derived nanoparticles, including the FDA-approved gold standard ICG. Modification
with RGD increased the effect of CR760 on tumor-specific binding and accumulation.
Additionally, CR760RGD-NPs displayed good biocompatibility and biosafety. In
summary, we report CR760-derived nanoparticles as promising and highly efficient

photo-theranostic agents for cancer diagnosis and therapy.
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Scheme 2.1. Schematic of the CR760RGD-NPs synthesis and the application of
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optoacoustic imaging and photothermal therapy.

2.2 Experimental section

2.2.1 Materials

Croconic acid, 2,3,3-trimethyl-3H-indole-5-carboxylic acid, 2-ethoxyethanol,
toluene, and 9,10-dimethylnathracene were bought from abcr GmbH (Germany).
c(RADyC) and c(RGDyC) were obtained from GL biochem (Shanghai, China). NH.-
PEG2000-SH were obtained from Creative PEGWorks (Chapel Hill, USA).
Indocyanine green (ICG) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma-Aldrich (Germany). Calcein-
acetoxymethyl (AM) and ethidium homodimer-1 (EthD1) were bought from Thermo

Fisher Scientific. Other chemical reagents were obtained from abcr GmbH (Germany).
2.2.2 Synthesis of CR760, CR760-PEG-RAD, and CR760-PEG-RGD

Croconic acid, 142.1 mg (1 mmol), and 2,3,3-trimethyl-3H-indole-5-carboxylic
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acid 385.8 mg (2 mmol) were dissolved in 1:1 anhydrous toluene/n-butanol (20 mL).
Then the mixture was heated to reflux overnight and cooled to room temperature. The
product was collected by filtration, washed with isopropanol, sonicated in EtOAc and
the filtrate collected to give the title product as a black solid (394 mg, 81 %). *H NMR
(400 MHz, DMSO-de) 5: 8.12 (s, 2H), 7.99 (d, J=8.1Hz, 2H), 7.65-7.55(m, 2H), 6.06(s,
2H), 1.54(s, 12H). MALDI: m/z = 513.175 [M + H]*.
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+ ¢ r TS
N Reflux NH HN
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Scheme 2.2. Synthetic method of CR760
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Figure 2.1. MALDI-TOF mass spectrum of CR760.

CR760-PEG-RAD was synthesized in two steps. CR760 (0.1 mmol), EDC*HCI
(0.122 mmol), and NHS (0.12 mmol) were stirred in DMF (1 mL) at room temperature
for 2 h, after which time NH>-PEG2000-SH (0.1 mmol) was added, and the mixture
was stirred for a further 24 h. The crude mixture was directly purified by C18 reversed-
phase chromatography. Then c¢(RADyC) (0.1 mmol) was reacted with the above
samples in PBS buffer (pH 6.0) for 2 h and purified with reverse-phase HPLC column.
CR760-PEG-RGD were synthesized in a similar way.
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Scheme 2.3. Synthetic steps of CR760-PEG-RAD and CR760-PEG-RGD.
2.2.3 Preparation of CR760RAD-NPs and CR760RGD-NPs

CR760-PEG-RAD (1 mg) or CR760-PEG-RGD (1 mg) was dissolved in 1 mL
deionized water and sonicated for 5 min, resulting in the nanometer-sized CR760RAD-

NPs or CR760RGD-NPs.
2.2.4 Characterization

'H NMR spectrum was measured on a Bruker spectrometer at 400 MHz. The m/z
ratios of the compounds were recorded with a MALDI UltrafleXtreme (Bruker) using
dihydroxybenzoic acid as the matrix. The molar absorption coefficient and quantum
yield of CR760 were calculated as previously described.[71] CR760RGD-NPs were
measured by ZEISS Libra 120 PLUS transmission electron microscopy (TEM) and
dynamic light scattering (DLS) (Malvern Zetasizer). Absorption spectra were measured
with a UV-1800 spectrometer (Shimadzu, Japan). Optoacoustic spectra of samples
were carried out using an MSOT inVision 256-TF and the normalization was performed
with India ink and Brilliant Black BN.[72] The optoacoustic generation efficiency
(OGE) of samples was equal to the slope of the line where corrected optoacoustic

intensities are plotted against absorbance.[72] The photostability of samples was
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detected by an MSOT inVision 256-TF with pulsed laser irradiation for 30 min (fluence
10 mJ/cm?).

2.2.5 Photothermal effect of CR760RGD-NPs

The photothermal performances of CR760RGD-NPs were assessed by measuring
the temperature changes at different concentrations of CR760RGD-NPs upon exposure
to a 780 nm CW laser at different laser power using an IR thermal camera. The
photothermal conversion efficiency (PCE) of CR760RGD-NPs was calculated from the
reference using the equation 1 = [(hS(T-Tsur)-Qois)/I(1-10778%) [73] Here the
absorbance (A780) of CR760RGD-NPs was 0.65 at 780 nm and the power density (1)
of 780 CW laser was 1 W/cm?.

2.2.6 In vitro cell uptake

4T1 cells (2>10°) were cultured in 6-well plate containing sterile cover slips, and
then treated with CR760RAD-NPs or CR760RGD-NPs (20 uM) for 4 h. Cover slips
were mounted on glass slides with mounting medium-DAPI (Invitrogen™). The

prepared slides were imaged using Leica SP8 confocal microscope (Wetzlar, Germany).
2.2.7Invitro PTT

4T1 cells were sub-cultured in a 96-well plate overnight (1x10* cells/well). Then
the cells were first treated with PBS, CR760RAD-NPs (20 uM), and CR760RGD-NPs
(20 puM) for 4 h, followed by laser irradiation (1 W/cm?, 780nm CW laser) for 5 min.
Subsequently, the cells were kept culturing for another 24 h to calculate the relative cell
viability by standard MTT assay. Live/dead cell assays were identified with calcine-
AM and EthD1. Briefly, 4T1 cells were sub-cultured in 96-well plates and divided
based on the different treatments. After 24 h, the cells were co-stained with Calcein-

AM and EthD1 for 30 min. Then the cells were rinsed with PBS and imaged with Leica
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DMI3000 B Inverted Microscope (Wetzlar, Germany).
2.2.8 In vivo optoacoustic imaging

4T1 tumor models were prepared using nude mice (6 weeks) by implanting 4T1
cells (1 <10°) on the back of the mice. In vivo optoacoustic imaging and PTT studies
were operated on when the tumor size reached ~100 mm?3. All procedures involving
animal experiments were approved by the Animal Care and Handling Office of
Helmholtz Zentrum Minchen and the Government of Upper Bavaria.

4T1 tumor-bearing mice (n=5) per treatment were i.v. injected with CR760RAD-
NPs or CR760RGD-NPs (1 mM). In vivo optoacoustic images were acquired at
different time points before and after injection (0, 1, 4, 8, 24 h) using an MSOT inVision
256-TF. The averaged optoacoustic signals of tumor regions were extracted using

ViewMSOT 4.0 software (iThera Medical, Munich).
2.291Invivo PTT

The tumor-bearing mice were randomly divided into five groups (n=5) and
subjected to different treatments as follows: (i) i.v. injection of 100 puL PBS, (ii) i.v.
injection of 100 uLL PBS + laser irradiation, (iii) i.v. injection of 100 uL CR760RAD-
NPs (1 mM) + laser irradiation, (iv) i.v. injection of 100 uL CR760RGD-NPs (1 mM)
+ laser irradiation (iii) i.t. injection of 20 uL CR760RGD-NPs (1 mM) + laser
irradiation. The thermal images and temperature changes of tumor regions for each
group were recorded using an infrared thermal camera. The tumor volume and body
weight were measured every day for 8 days, then the mice were sacrificed and the

tumors from each group were resected for hematoxylin-eosin (H&E) staining.
2.2.10 Blood hematology and biochemistry analyses

C57BL/6 mice were randomly separated into 4 groups (n=5). The control group
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was 1.v. injected with 100 pL of PBS and blood was collected on day 14. The other 2
groups were i.v. injected with 100 pL. of CR760RGD-NPs (1 mM) and blood was
collected on days 7, and 14. Then hematology and blood biochemistry tests were
carried out to analyze the detailed parameters of blood samples using the Hitachi 917
Clinical Chemistry Analyzer (Roche, Germany). The major organs were removed for

H&E staining.

2.3 Results

2.3.1 Synthesis and characterization of CR760

CR760 was synthesized in a one-step condensation reaction of croconic acid and 2,
3,3-Trimethyl-3H-indole-5-carboxylic acid, with yields of 81% (Scheme 2.2). The
chemical structure of CR760 was confirmed by *H NMR spectroscopy and MALDI-
TOF mass spectrometry (Figure 2.1). CR760 has moderate solubility in common
organic solvents such as chloroform, dichloromethane, and ethanol (Figure 2.2). Table
2.1 shows the experimental comparison of photophysical properties of CR760 with the
gold industry standard FDA-approved ICG. Comparative data shows that CR760 has a
strong absorption peak at 760 nm and exhibits a significantly higher molar absorption
coefficient and 1/16 of the quantum yield observed for ICG in ethanol. Furthermore,
the OGE of CR760 and ICG were measured in 10% FBS. The OGE value reflects the
ability of a compound to convert optically absorbed energy into pressure waves, which
in turn provides information regarding optoacoustic intensity. CR760 exhibits an

excellent OGE which is 1.75 times higher than that of ICG.
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Figure 2.2. Normalized optical spectra of CR760 in different organic solvents.

Table 2.1 Photophysical properties of ICG and CR760.

Dye | Fluorescence Molar absorption Quantum yield Optoacoustic
Ex/Em (nm) | coefficient (M~tcm™) in ethanol generation efficiency
in ethanol in 10% FBS
ICG 780/810 2.140° at 780 nm 0.05 at 810 nm 0.6855
CR760 760/790 3.2540° at 780 nm 0.003 at 790 nm 1.20

2.3.2 Synthesis and characterization of CR760RGD-NPs

Self-assembled nanoparticles were prepared by mono-amide conjugation of the bis-

carboxylic acid CR760 with NH,-PEG2000-SH followed by Michael addition of the

free thiol to the tumor-targeting c(RGDyC) peptide (Figure 2.3a). Although the bis-

amide was easier to synthesize, this led to an inferior dye that was blue-shifted by 53

nm relative to the monoamide. Density functional theory (DFT) calculations were used

to rationalize the beneficial effect of anionic substituents on the chromophore (Figure

2.4). Excitation energies were predictably overestimated,[74] however the calculations

did corroborate our experimental finding of a blue-shifting of the neutral bis-amide

relative to the anionic monoamide, likely due to a lesser degree of charge transfer in
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the singlet excitation state of the bis-amide. A negative control group consisting of
CR760RAD-NPs was also synthesized in a similar fashion utilizing a ¢(RADyC)
peptide, which has a molecular weight comparable to the c(RGDyC) peptide but no
active targeting ability towards integrin avf33. Scheme 2.3 shows the CR760-PEG-RAD
and CR760-PEG-RGD synthesis steps, with the corresponding MALDI-TOF analyses
indicating the purity of the compounds (Figure 2.5). Figure 2.3b shows the self-
assembled CR760RGD-NPs as a clear olive-green, homogeneous aqueous solution.
The shape and size of the nanoparticles were evaluated by TEM and DLS. Figure 2.3b,
¢ show that the CR760RGD-NPs were nano-sized aggregates with an average diameter
of approximately 23 nm. The CR760RAD-NPs control groups showed a similar size
distribution (Figure 2.6). Figure 2.3d, e show the optical and optoacoustic spectra of
CR760RGD-NPs. A narrow and intense peak at 760 nm was similar to data obtained
for CR760RAD-NPs (Figure 2.7). The zeta potential of CR760RAD-NPs and
CR760RGD-NPs is -15.8 mV and -16.3 mV, respectively. Next, Figure 2.3f
demonstrates that the OGE of CR760RGD-NPs is 1.75 times higher than that of ICG,
indicating that CR760RGD-NPs can function as an efficient optoacoustic imaging
agent. Furthermore, the photostability of CR760RGD-NPs was evaluated by irradiating
the samples continuously with a pulsed laser (fluence 10 mJ/cm?) for 30 min and
benchmarking against ICG. Figure 2.3g shows that both CR760-derived nanoparticles
are photostable in comparison to ICG, which under the same conditions was photo-
bleached by up to 94 %. Next, ROS generation of CR760RGD-NPs was assessed by
9,10-dimethylnathracene (DMA).[75] Figure 2.8 shows no decrease of DMA
fluorescence intensity in CR760RGD-NP samples after laser irradiation, indicating no
10, generation and no photodynamic effect. These results of characterization studies
clearly indicate that the CR760RGD-NPs self-assemble into ultrasmall nanoparticles
which exhibit a high OGE and high photostability, and as such are suitable for in vivo

optoacoustic imaging and PTT.
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Figure 2.3. Synthesis and characterization of CR760RGD-NPs. (a) Schematic
illustration of the preparation of CR760RGD-NPs for optoacoustic imaging and PTT.
(b, ¢) TEM image and DLS profile of CR760RGD-NPs. (d, e) Optical spectrum and
optoacoustic spectrum of CR760RGD-NPs. (f) Optoacoustic signal intensity of ICG,
CR760, CR760RAD-NPs, and CR760RGD-NPs at different concentrations. (g)
Optoacoustic signal degradation of ICG, CR760, CR760RAD-NPs, and CR760RGD-

NPs after pulsed laser irradiation (fluence 10 mJ/cm?, 30 min).
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Figure 2.4. Molecular orbitals corresponding to major singlet n->n* excitations,
energy levels, and corresponding oscillator strengths (f) for CR760 with neutral bis-
amide, monoanion and dianion, gas phase calculations using Gaussian 16 Rev B.01.
Geometry optimizations and frequencies at the B3LYP/6-31G(d,p) level. UV
absorption using TD-DFT at the B3LYP/cc-pVTZ level. Molecular orbitals appear to
show a greater degree of charge transfer for ionized carboxylates relative to their

neutral protonated congeners.
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Figure 2.5. MALDI-TOF analyses of CR760-PEG-RAD and CR760-PEG-RGD.
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Figure 2.7. Optical spectrum and optoacoustic spectrum of CR760RAD-NPs.
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Figure 2.8. Fluorescent spectra of 9,10-dimethylnathracene (DMA) incubated with
CR760RGD-NPs before and after laser irradiation. The fluorescent intensity shows no

decrease after the treatment, which signifies no O, generation.
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2.3.3 In vitro photothermal performance of CR760RGD-NPs

To assess the PTT potential of CR760RGD-NPs, increasing concentrations of
CR760RGD-NPs at 0, 5, 10, 20, or 30 uM were exposed to a 780 nm CW laser at a
power density of 1.0 W/cm?. Figure 2.9a shows a concentration-dependent heating
effect. Irradiation of a 30 uM solution of CR760RGD-NP generated a 39.9 <C change,
which compared favorably to the 12.0 <C change observed for the water control.
Preclinical studies of photothermal therapeutics show that heating cancer cells to 42—
50 <C for more than 5 min can be cytotoxic.[65] The effect of laser power intensity
(0.3, 0.5, 0.8, or 1.0 W/cm?) on the temperature change of CR760RGD-NPs (30 uM)
was explored next. Figure 2.9b shows a clear laser power intensity dependence on the
temperature increase. The PCE of CR760RGD-NPs was calculated using CR760RGD-
NPs irradiated with 780 nm CW laser for 10 min and cooled to room temperature. The
temperature changes were recorded using the IR thermal camera and PCE was
calculated to be 45.37% (Figure 2c).

To confirm if the targeting c(RGDyC) peptide is exposed on the surface of the
nanoparticles, we carried out a cell uptake assay by confocal imaging in vitro. To
monitor the difference in cell targeting ability, we compared differences in the uptake
of targeted nanoparticles (CR760RGD-NPs) with non-targeted nanoparticles
(CR760RGD-NPs) after a 4 h incubation in 4T1 cells. Significant differences in cell
uptake efficiency were observed between the two groups, with an enhanced cell uptake
of CR760RGD-NPs observed due to the active targeting ability (Figure 2.10). To
further evaluate the PTT potential of CR760RGD-NPs, photo-cytotoxicity of
CR760RGD-NPs on 4T1 cells after a 4 h incubation was evaluated using a standard
MTT assay. Figure 2.9d shows that both CR760RAD-NPs and CR760RGD-NPs show
negligible cytotoxicity at a concentration of up to 20 uM. However, upon 5 min of
irradiation with a 780 nm CW laser at 1.0 W/cm?, the viability of cells treated with
CR760RGD-NPs was only 9.5%, while the viability of cells treated with CR760RAD-
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NPs was 41.2%. These results point to the enhanced tumor targeting and accumulation
of CR760RGD-NPs vs CR760RAD-NP control. To visualize the PTT effect of
CR760RGD-NPs, the viability of 4T1 cells was determined by live/dead cells assays.
4T1 cells incubated with PBS, CR760RAD-NPs, and CR760RGD-NPs before and after
laser irradiation were co-stained with calcein-AM and EthD-1. The difference in
cellular cytotoxicity when incubated with the control groups and CR760RGD-NP is
clearly evident, with the latter displaying the most pronounced cytotoxic effect (Figure
2.9e).
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Figure 2.9. (a) Temperature change curves of CR760RGD-NPs at different
concentrations upon exposure to a 780 nm CW laser (1 W/cm?). (b) Temperature
change curves of CR760RGD-NPs (30 uM) upon exposure to a 780 nm CW laser at
different power densities. (c) Linear correlation of the cooling times of CR760RGD-
NPs versus negative logarithm of temperatures.. (d) Relative viabilities of 4T1 cells
after treatment with PBS, CR760RAD-NPs (20 uM) and CR760RGD-NPs (20 uM)
with (or without) laser irradiation (1 W/cm?, 5 min). (e) Fluorescence images of
live/dead staining of 4T1 cells after different treatments. Green color, live cells; red

color, dead cells. Scale bars, 100 pm. (*P < 0.05, ***P < 0.001)
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Figure 2.10. Cell uptake assay. Confocal microscope images of 4T1 cells treated with

CR760RAD-NPs

CR760RGD-NPs

CR760RAD-NPs or CR760RGD-NPs for 4h. (Scale bar, 25 um)

2.3.4 In vivo optoacoustic imaging with CR760RGD-NPs

Based on the excellent optoacoustic properties on phantoms described above,
CR760RGD-NPs were next studied in 4T1 tumor models. Five 4T1 tumor-bearing
mice per treatment were i.v. injected with control CR760RAD-NPs or CR760RGD-
NPs. Figure 2.11a shows representative unmixed multispectral optoacoustic
tomography (MSOT) images of 4T1 tumor-bearing mice, acquired at different time
points post-injection (Oh, 1h, 4h, 8h, and 24h). The green signals represent the unmixed
CR760 signal. As observed from the signal strength in the tumor regions, both
CR760RAD-NPs and CR760RGD-NPs could effectively reach the tumor at the early
time points (1 and 4 h), presumably due to the enhanced permeability and retention
(EPR) effect. However, because of their active tumor-targeting, CR760RGD-NPs
remained in the tumor regions longer. At 24h, the optoacoustic signal from the tumors
treated with CR760RAD-NPs was very weak compared to the tumors treated with
CR760RGD-NPs due to systemic clearance from the tumor vasculature (Figure 2.11b).
To validate the results of the in vivo MSOT images, tumors were isolated from all
animals 24 h after MSOT scanning. Fluorescence images of tumors sectioning from the
two groups were acquired with a 750 nm excitation. Figure 2.11c shows a strong

fluorescence signal from the CR760RGD-NPs treated group but very weak
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fluorescence from the CR760RAD-NPs treated group. H&E staining confirmed the
presence of tumors. To analyze the biodistribution of both types of nanoparticles, the
vital organs (liver, kidney, heart, spleen) were also isolated 24 h after treatment and the
optoacoustic measurements were performed using MSOT. The optoacoustic coronal
plane images and corresponding optoacoustic signal intensities of different organs are
shown in Figure 2.12. The two types of nanoparticles showed a similar level of uptake

in the liver and a slightly lower uptake in the kidney, spleen, and heart.
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Figure 2.11. In vivo MSOT imaging of CR760RAD-NPs and CR760RGD-NPs. (a)
Representative unmixed MSOT images of 4T1 subcutaneous tumor models i.v. injected
with 100 pL of CR760RAD-NPs or CR760RGD-NPs (1 mM), scale bar = 5mm, (n=5).
Unmixed CR760 signal is shown by the green color in the tumor region. (b)
Quantification of panel (a): CR760RAD-NPs and CR760RGD-NPs concentrations in
the tumor region measured over time (c) Fluorescence images and HE staining of tumor

slices which were treated with CR760RAD-NPs and CR760RGD-NPs. (*P < 0.05,
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Figure 2.12. The biodistribution of CR760RAD-NPs and CR760RGD-NPs in vital

organs at 24 h post-injection. (a) Optoacoustic coronal plane images of major organs.

(b) Optoacoustic signal intensities of major organs. (***P < 0.001)

2.3.5 Invivo PTT efficacy of CR760RGD-NPs

4T1 tumor-bearing mice were randomized into five groups that received one of the
following treatments: (i) i.v. injection of 100 uL PBS, (ii) i.v. injection of 100 uL PBS
+ laser irradiation, (iii) i.v. injection of 100 uL. CR760RAD-NPs (1 mM) + laser
irradiation, (iv) i.v. injection of 100 pL CR760RGD-NPs (1 mM) + laser irradiation (v)
intratumoral injection of 20 pL. CR760RGD-NPs (1 mM) + laser irradiation. An
irradiation time of 4 h post-injection was identified as being optimal for optoacoustic
imaging. A thermal imaging camera recorded the temperature change of tumor regions
from the treated groups until 10 min. As can be seen in Figure 2.13a, b, the tumor
temperature in the laser-irradiated area treated intratumorally with CR760RGD-NPs
reached as high as 59 °C. Additionally, the temperature of the tumor region i.v. injected
with CR760RGDs reached 55 °C, while the control groups treated with CR760RAD-
NPs or PBS reached 46.2 C and 39.2 °C, respectively. We compared i.v. injected
groups with i.t. injected group in which a known concentration of NPs was present in

the tumor. This comparison was performed to mainly study the difference of PTT
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efficacy upon i.v. injection of targeted CR760RGD-NPs against i.t. injected
CR760RGD-NPs. No significant difference in therapeutic efficacy between the i.v.
injected and i.t. injected CR760RGD-NPs was observed and indicated that targeted
CR760RGD-NPs at selected doses exhibit an effective PTT response independent of
the administration mode.

During the subsequent 8-day observation period, the tumor volumes and body
weights of the five groups were measured daily. Group (v) with intratumoral injection
of CR760RGD-NPs displayed complete tumor elimination. Groups (iii) and (iv)
showed significant inhibition of tumor growth, and due to the active tumor-targeting of
CR760RGD-NPs, group (iv) exhibited almost completely tumor elimination. In
contrast, the tumors from the other two control groups showed consistently high growth
rates, suggesting that the PTT induced by CR760RGD-NPs can significantly eliminate
cancer cells (Figure 2.13c, d). Figure 2.13e indicates that no abnormalities in animal
body weights were observed. After 8 days, the tumors from each group were isolated
and stained with H&E. The tumor slices from CR760RGD-NPs (i.v., i.t.) + laser treated
mice exhibited condensed nuclei and shallow staining color, which indicates cell
apoptosis or necrosis (Figure 2.13f). Collectively, these results suggested that

CR760RGD-NPs can be an efficient PTT agent for cancer treatment.
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Figure 2.13. (a) Thermal images of 4T1 tumor-bearing mice with different treatments
exposed to a 780 nm laser (1 W/cm?) recorded at different time intervals, respectively.
(b) Temperature changes of tumors in different treated groups during laser irradiation
as indicated in (a). (c-e) Relative tumor volumes, tumor weight, and body weight of
mice treated with PBS, PBS(i.v.)+laser, CR760RAD-NPs(i.v.)+laser, CR760RGD-
NPs(i.v.)+laser, and CR760RGD-NPs(i.t.) +laser. (f) H&E staining of tumors isolated
from mice at day 8 after various treatment. i.v. = intravenous, i.t. = intratumoral. (*P <

0.05, ***P < 0.001)
2.3.6 In vivo biosafety of CR760RGD-NPs

Healthy C57BL/6 mice were injected with 100 uL of CR760RGD-NPs (1 mM) and
blood samples were collected on day 1, 7 and 14 post-injection for organ function
examination (Figure 2.14a,b). The blood chemistry parameters and hematology
analysis results showed no noticeable difference between CR760RGD-NPs treated

mice and the PBS-treated control mice. The H&E staining and histology analysis of
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vital organs (Figure 2.14c) further confirmed no evident cytotoxicity or damage to the
organs in the treated group. These results provide no evidence of acute toxicity and
suggest that CR760RGD-NP’s may be well tolerated and suitable for in-vivo imaging

and phototherapy.
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Figure 2.14. (a,b) Blood biochemistry and hematology data of healthy C57BL/6 mice
after i.v. injection of CR760RGD-NPs (1mM) or PBS (control). ALB, albumin; BUN,
blood urea nitrogen; ALT, alanine transferase; AST, aspartate transferase; CREA,
creatinine; TP, total protein; WBC, white blood cells; RBC, red blood cells; HGB,
hemoglobin; HCT, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean
corpuscular hemoglobin concentration; PLT, platelet; LYMPH, lymphocytes; MCV,

mean corpuscular volume. (c) H&E staining of vital organs of mice treated after 14
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days (20>xmagnification).

2.4 Discussion

Here we describe the generation of CR760-derived nanoparticles which we
demonstrate as highly efficient optoacoustic and PTT agents for theranostics studies.
CR760 can be synthesized in a single step with high purity, and was mono-conjugated
to a PEG linker to enable self-assembling nanoparticles. The CR760 dye and self-
assembled CR760RGD-NPs exhibited high OGE, high PCE, and good photostability
when compared to the FDA-approved gold standard ICG. Based on the EPR effect and
avfs targeting, CR760RGD-NPs could effectively accumulate in the tumor tissue and
exhibited strong optoacoustic signals. Furthermore, the strong photothermal
performance of CR760RGD-NPs not only ensured high-efficiency cell-ablating
capability, but also drove complete tumor elimination in mice, highlighting its superior
phototherapeutic performance. Moreover, systemically administered CR760RGD-NPs
showed no signs of systemic and organ-specific toxicity.

While many organic dyes possess limited solubility, hindering their biomedical
applicability, these limitations can be addressed by nanoformulations. We have
previously developed PEGylated liposomes incorporating ICG, which displayed
efficient tumor accumulation as visualized by the MSOT system.[30] Furthermore, we
employed a flash nanoprecipitaion method to encapsulate the iBu-TSBSH5 dye into
QH2 nanoparticles.[76] Intrinsically self-assembled nanoparticles have recently
attracted much attention because of their ability to achieve a robust nanostructure with
high dye conjugation.[76] An expedient self-assembly nanoagent involves covalent
linkage to PEG, an FDA-approved hydrophilic polymer, such as PEGylated cypate-
derived nanoparticles[77], PEGylated IR780 nanoparticles[78], and PEGylated

porphyrin nanoparticles[37]. In the current study, based on the hydrophilic linker and
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hydrophobic dye interactions, we obtained self-assembling CR760RGD-NPs by
covalent conjugation of the CR760 dye with NH2-PEG2000-SH and c¢(RGDyC). The
ultra-small size distribution (around 23 nm) allows these NPs to accumulate at the
tumor site via the EPR effect. Further modification with the RGD peptide assures active
cancer-targeting and enhanced retention, suitable for longitudinal imaging.

Agents exhibiting a high absorption cross-section can enhance the contrast in
visualizing and quantifying diverse biological processes and diseases by optoacoustic
imaging.[7] In general, an ideal optoacoustic contrast agent should have the
photophysical characteristics of a narrow NIR absorption peak, high molar extinction
coefficient, low quantum yield, high OGE, good photostability, tumor specificity, and
biocompatibility.[16] OGE values represent the ability of the compound to convert
optically absorbed energy into pressure waves that give a strong optoacoustic signal.
CR760RGD-NPs exhibit a superior OGE compared to other commercially available
dyes.[31] The strong photostability of CR760RGD-NPs ensures continuous and
accurate signal detection. Based on these promising optoacoustic properties and active
tumor-targeting, CR760RGD-NPs efficiently accumulate in the tumor region and can
be detected by MSOT with high sensitivity.

The 45.37% photothermal conversion efficiency of CR760RGD-NPs is greater than
most reported PTT agents.[69, 79, 80] Moreover, CR760RGD-NPs generate a very low
fluorescence signal, which quenches the radiative decay of fluorescence and enhances
the nonradiative energy in the form of heat. Additionally, CR760RGD-NPs do not
generate singlet oxygen to triplet state intersystem crossing, which indicates lack of a
photodynamic effect under laser irradiation. Therefore, CR760RGD-NPs can serve as
efficient PTT agents for tumor targeting and elimination.

In summary, CR760-derived nanoparticles were developed for efficient
optoacoustic imaging and PTT of tumors. The self-assembled CR760RGD-NPs
displayed efficient tumor targeting, while the high OGE and photostability ensured

37



strong optoacoustic contrast. The promising photothermal performance enables
phototherapeutic efficacy in vitro and in vivo, while the absence of cytotoxic effects in
major organs indicates the possibility for clinical translation. Therefore, CR760RGD-
NPs provide a valuable approach to construct smart theranostic platforms for future

clinical applications.
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3.1 Motivation

Optoacoustic imaging is a versatile imaging tool that is highly applicable in
preclinical research, it offers the ability to visualize organs or tissues with high contrast
and high spatial resolution, and quantify sub-organ structures at a depth of
centimeters.[3, 67] Besides, a variety of molecules, including endogenous hemoglobin,
melanin, lipids, collagen, and exogenously delivered synthetic contrast agents, can
boost strong optoacoustic signals to aid in the precise diagnosis of disease.[7]
Benefiting from these superior advantages, optoacoustic imaging has been used for
many biological applications, such as cancer, neuroimaging, and cardiovascular disease.

Brain tumors usually occur when abnormal cells form within the brain.[81] As the
skull and endogenous hemoglobin in the blood can dramatically reduce the laser flux,
thus it is a little difficult to catch the tumor site in the deep region by optoacoustic
imaging without endogenous contrast agents.[82, 83] Besides, the particularly
challenging target for exsogenous contrast agents is tumors in the brain because of the
blood brain barrier (BBB) and blood tumor barrier (BTB).[84, 85] The BBB is a
physical barrier mainly formed by endothelial cells in brain capillary walls and tight
junctions which maintains and protects the sensitive environment of the brain.[86] The
BBB moreover plays a significant metabolic role by disposing waste products,
metabolizing chemicals and toxins, and markedly limiting the uptake of theranostic
drugs in the brain [87]. Tumor growth and progression compromises the integrity of
the BBB, such disrupted BBB is referred as blood tumor barrier (BTB) [86], which is
characterized by a heterogeneous permeability of small and large molecules. The
passive delivery of nanoparticles of appropriate size (20-70 nm) to the brain tumor is
considered optimal [84, 88].Although several optoacoustic agents (such as gold
nanoparticles [89, 90], MoS, nanosheets [91, 92], and semiconducting polymeric

nanoparticles [93]) have been reported for optoacoustic imaging of deep brain tumors,
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their biodegradability remains a major concern. Therefore, biocompatible nanoparticles
with suitable size and high optoacoustic generation efficiency for deep brain tumor
imaging are highly desirable

Croconaine dyes and their derivatives, which have narrow and strong absorption
bands in the NIR region, express exceptional high chemical, thermal, and
photochemical stabilities, and easy modification.[38] In view of their excellent
performance, they have been widely applied in organic electronic devices, analytic
chemistry, and biomedicine.[40-42, 46, 94] In this study, we hypothesized that
PEGylated croconaine dye could be self-assembled into the ultrasmall, cancer-targeting
nanoparticle formulations that would be exceptionally versatile as optoacoustic
imaging agents for this challenging preclinical tumor models using multispectral
optoacoustic tomography (MSOT). The selected croconaine-derived CR780 has a
slightly longer absorption maxima, thus resulting in deeper penetration and non-
overlapping from hemoglobin with easy unmixing.

To this end, we conjugated the croconaine backbone-derived CR780 dye with a
NH2-PEG2000-MAL and the cancer-targeting c(RGDyC) peptide to generate self-
assembled nanoparticles with the ability to actively target a brain tumor and enable
longitudinal optoacoustic imaging. (Scheme 3.1). First, we compared CR780RGD-
NPs to the free CR780 dye and the gold industry standard FDA-approved dye ICG in
order to show that the physicochemical properties of the nanoparticles (molar
absorptivity, OGE, and photostability) are optimal for effective application in
optoacoustic imaging. Next, we tested the ability of MSOT to detect localized
croconaine nanoparticles in vitro using tissue-mimicking phantoms at depths and
beyond that of a mouse brain tumor. We also tested the in vitro BBB penetration
capability and cell uptake of these nanoparticles. We further imaged a standard
subcutaneous tumor model using CR780RGD-NPs and control non-targeted groups

(CR780RAD-NPs) to evaluate whether the c(RGDyC) peptide-functionalized
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nanoparticles exhibit active targeting. Finally, the CR780RGD-NPs and CR780RAD-
NPs were systemically injected into a mouse brain tumor model to evaluate the ability
of the nanoparticles to penetrate BTB and generate localized contrast from the tumor
site. Optoacoustic images of the isolated brain and hematoxylin-eosin (H&E) staining
of brain slices were used to confirm the presence of CR780RGD-NPs in the brain tumor,
even after 24 hours. This study establishes ultrasmall particles based on croconaine
dyes as comprehensive preclinical contrast agents which are photostable, and simple to
manufacture and functionalize for enhanced tumor targeting. Furthermore, our

biosafety study suggests that CR780RGD-NPs are safe for preclinical in vivo

application.
(N Optoacoustic imaging
SN \ s . ‘ .
NN X 2 .
AN s Self-assemble T 7 L
; f//,,; '
CR780-PEG-RGD CR780RGD-NPs _ )

Scheme 3.1. Schematic of the CR780RGD-NPs synthesis and optoacoustic imaging of

a brain tumor.

3.2 Experimental section

3.2.1 Materials

Cyclic-RGDyC peptide was bought from GL biochem (Shanghai, China), NH>-
PEG2000-SH, MPEG2000-NH2 was bought from Creative PEGWorks (Chapel Hill, USA).
ICG, IR780 iodide, IR820, and MTT were purchased from Sigma-Aldrich (Germany).
IRDye800CW NHS Ester was bought from LI-COR Biosciences (Nebraska, USA).

Other chemical reagents were obtained from TCI Deutschland GmbH (Eschborn,
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Germany).

3.2 Synthesis of CR780, CR780-PEG-RAD, and CR780-PEG-RGD

CR780 was synthesized according to a previously reported method.[51] *H NMR

(500 MHz, DMSO-ds) 88.52 (s, 2H), 7.03 (d, J = 6 Hz, 2H), 3.99 (d , J = 16.6 Hz, 4H),
3.52 (t, J = 14.1 Hz, 5H), 2.73 — 2.60 (m, 2H), 2.04 (d, J = 12.9 Hz, 4H), 1.73 (g, J =

13.3 Hz, 4H). MALDI: m/z =529.183 [M + H]".
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Scheme 3.2. Schematic for synthesizing CR780.
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Figure 3.1. 'H NMR (500 MHz, DMSO-ds) of CR780.
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Figure 3.2. MALDI-TOF mass spectrum of CR780.

CR780-PEG-RAD or CR780-PEG-RGD was synthesized by esterification. Briefly,
CR780 (0.1 mmol), EDC HCI (0.12 mmol), NHS (0.12 mmol) were dissolved in 2 mL
of DMF. The mixture was stirred for 2 h, followed by the addition of NH2-PEG2000-SH
(0.1 mmol). After stirring at room temperature for 24 h, CR780-PEG-SH was purified
by reversed-phase HPLC column. Then CR780-PEG-SH was reacted with ¢(RADyC)
or c(RGDyC) peptide (0.1 mmol) under slightly acidic condition for 2 h. CR780-PEG-
RAD or CR780-PEG-RGD were purified by reverse-phase HPLC column and then

dry-freezing.
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Scheme 3.3. Schematic for synthesizing CR780-PEG-RAD, and CR780-PEG-RGD.
3.3 Preparation of CR780RAD-NPs and CR780RGD-NPs

CR780-PEG-RAD (1 mg), or CR780-PEG-RGD (1 mg) was dissolved in deionized
water (1 mL) and sonicated for 5 min, obtaining uniform-sized CR780RAD-NPs, or
CR780RGD-NPs.
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3.4 Characterization

'H NMR spectrum was recorded on a Bruker spectrometer at 500 MHz. The m/z
ratios of the compounds were measured with a MALDI UltrafleXtreme (Bruker) using
dihydroxybenzoic acid as matrix. The molar absorption coefficient and quantum yield
of dyes were calculated as previously described.[71] For the quantum vyield
measurement, three concentrations of dyes in ethanol (absorbance below 0.1) were
prepared and corresponding fluorescence intensity was evaluated, then the fluorescence
intensity was plotted against absorbance and fitted into a linear function. As the
quantum yield of ICG (in ethanol) is 0.05, then the quantum yield of other dyes with
the same solvent were calculated as follows: Slopedyes/Slopeicc*0.05.[95] The
nanoformulations were characterized by ZEISS Libra 120 PLUS transmission electron
microscopy (TEM) and dynamic light scattering (DLS) (Malvern Zetasizer).
Absorption spectra were measured with UV-1800 spectrometer (Shimadzu, Japan).
Optoacoustic spectra were collected by an MSOT inVision 256-TF measurement and
further normalization with ink, Brilliant Black BN.[72] Optoacoustic generation
efficiency (OGE) was equal to the slope of the line where corrected optoacoustic
intensities are plotted against absorbance.[72] The photostability of samples was
measured using an MSOT inVision 256-TF with pulsed laser irradiation (fluence 10

mJ/cm?, 10 Hz pulse repetition rate, 1 hour).
3.5 Penetration depth estimation

Tissue-mimicking cylindrical phantoms with different radii were made by using the
mixture of intralipid (2 mL), agar (2 g), India ink solution (98 mL, absorbance 0.15 at
780 nm).[96, 97] Then tubing containing different concentration of CR780RGD-NPs
was inserted into the ink-agar phantoms. Optoacoustic signals were measured using
MSOQOT. In vivo penetration depth experiments were done by injecting CR780RGD-NPs

(5 M) 1in the mice brains using small Hub RN needle (Hamilton, Timis, Romania)
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(bregma + 1.0 mm, left lateral 2.0 mm and depth 5.0 mm). Then optoacoustic signal

was measured using MSOT.
3.6 In vitro BBB penetration capability

The in vitro BBB model was constructed to explore the BBB permeability of
nanoparticles.[98, 99] Briefly, 10° of HBEC-5i cells were cultured with multiple layers
on a Transwell filter system (pore size 0.4 um). CR780-derived nanoparticles (50uM)
were added into the apical chamber for 4 h incubation time at 37 °C, then the medium
in the basolateral chambers was collected to measure the absorption intensities at 780
nm. As the absorption intensity of CR780-derived nanoparticles has a linear
relationship with the concentrations of NPs, the transport efficiency of NPs was
calculated by dividing the weight of NPs in the basolateral chamber by the weight of
50uM NPs [100].

3.7 In vitro experiments

The cytotoxicity of CR780-based nanoparticles was assessed by MTT assay. Briefly,
US7MG cells were sub-cultured in a 96-well plate (1><10* cells/well) overnight. The
cells were treated with different concentrations of CR780RAD-NPs and CR780RGD-
NPs for 24 h. Then the cells were washed with PBS followed by 10 uL of MTT solution
(5 mg/mL). After an additional 4 h incubation, the medium was aspirated and refilled
with 100 pL of DMSO. The absorbance at 565 nm of each well was measured using a
Tecan Infinite M200 Plate Reader (Salzburg, Austria).

Cellular internalization was used to assess targeting by c(RGDyC) peptide-
modified nanoparticles. A total of 110* of cells were sub-cultured on glass dishes for
24 h. Then CR780RAD-NPs or CR780RGD-NPs (50 uM) were added to incubate for
another 4 h. Cellular uptake was observed based on fluorescence signal from CR780

based nanoparticles by Leica DMI3000 B Inverted Microscope (Wetzlar, Germany).
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3.8 Brain tumor mice model

All procedures involving animal experiments were approved by the Animal Care
and Handling Office of Helmholtz Zentrum Minchen and by the Government of Upper
Bavaria. Subcutaneous U87MG tumor models were prepared by subcutaneously
implanting a suspension of 2 x10°% U87MG cells into nod scid shorn mice (6 weeks).
The orthotopic tumor models were prepared using nod scid shorn mice (6 weeks).
U87MG cells (4 x10°) in PBS (3 pL) were implanted into the mouse striatum (bregma
+ 1.0 mm, left lateral 2.0 mm, and depth 3.0 mm). The tumor models were ready after

four weeks’ implantation.[101]
3.9 In vivo optoacoustic imaging

Mice bearing brain tumors were anesthetized by 1% isoflurane delivered via a nose
cone, and then 100 pL of CR780RAD-NPs or CR780RGD-NPs (1 mM) were injected
via the tail vein. In vivo optoacoustic images were acquired at different time points
before and after injection (0, 4, 24 h). The averaged optoacoustic signals of brain tumor

regions were extracted using ViewMSOT 4.0 software (iThera Medical, Munich).
3.10 Ex vivo optoacoustic imaging, fluorescence imaging and histological analysis

The mice were sacrificed at 24 hour post-injection and the brain, kidney, heart, liver,
and spleen were isolated and scanned by MSOT. Isolated brains were fixed and frozen
in OCT embedding gel. The tissue blocks were sectioned in the axial dimension, at a
300 mm micron pitch, and bright field as well as fluorescence images were recorded
from each slice using a fluorescence cryosectioning imaging (FCSI) system. The FCSI
system is based on a cryotome (CM 1950, Leica Microsystems, Wetzlar, Germany),
fitted with a motorized spectral illumination and multi-spectral CCD-based detection
in epi-illumination mode. The cryosection slices were captured on glass slides. The

slides obtained were stained by H&E and imaged with a light microscope (Carl Zeiss).
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3.11 Blood hematology and biochemistry analyses

C57BL/6 mice were randomly divided into 4 groups (5 mice per group). The
control group was i.v. injected with 100 uL of PBS buffer, and the other 3 groups were
i.v. injected with 100 uL of CR780RGD-NPs (1 mM). On days 1, 7, and 14, blood from
CR780RGD-NPs treated group was sampled. From the control group, blood was
sampled on day 14. The blood samples were then used for hematology and blood

biochemistry test using Hitachi 917 Clinical Chemistry Analyzer (Roche, Germany).

3.3 Results

3.3.1 Synthesis and characterization of CR780

CR780 with two carboxyl groups was prepared by a three-step reaction
(nucleophilic substitution, condensation, and ester hydrolysis), which confirmed the
right compound by H-NMR spectrum and mass spectrum (Scheme 3.1, Figure
3.1,3.2). Table 3.1 shows the experimental comparison of the photophysical properties
of CR780 with previously reported optoacoustic dyes (ICG, IRDye800CW, IR780
iodide, and IR820) in ethanol. [27-29] Comparison data shows that CR780 has a strong
absorption peak at 780 nm and a NIR fluorescence emission peak at 800 nm. CR780
exhibits a molar absorption coefficient significantly higher than ICG and other dyes
and a much smaller quantum vyield (88% less than ICG). We further experimentally
compared the OGE of CR780 with ICG, IRDye800CW, IR780 iodide, and IR820. The
slope value at each point indicates the OGE, the ratio of optoacoustic intensity and
absorbance. OGE values indicate the ability of the compound to convert optically
absorbed energy into pressure waves that give a strong optoacoustic signal. Figure 3.3
shows that CR780 exhibits a much higher optoacoustic intensity compared with the

other dyes. Our results clearly show that CR780 exhibits an OGE that is 1.79 times
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higher than IR820, 1.85 times higher than ICG, 3.29 times higher than IRDye800CW,

and 8.5 times higher than IR780 iodide. Based on the high molar absorption coefficient

and OGE, we set out to use the CR780 to prepare ultrasmall, self-assembled

nanoparticles that are suitable for brain tumor-targeted imaging.

Table 3.1. Photophysical properties of CR780, ICG, IRDye800CW, IR780 iodide,

and IR820, measured in ethanol.

Dye Fluorescence Molar absorption Quantum yield in
Ex/Em (nm) coefficient (Mtcm™) in ethanol
ethanol
CR780 780/800 3.4 10° at 780 nm 0.006
ICG 780/810 2.1 40° at 780 nm 0.05
IRDye800CW 780/800 2.54 10° at 780 nm 0.125
IR780 iodide 780/800 2.8 10° at 780 nm 0.081
IR820 820/835 3.03 410° at 820 nm 0.024
—ICG Dyes OGE
—~ 0.6/ —CR780
3 77| — IRDye800CW 1CG (800nm) 0.6855
s IR780 iodide
2 .4l —R820 CR780 (780nm) 1.2338
% IRDye800 (780nm) 0.3741
.E 0.2 IR780 iodine(795nm) 0.144
<
0 IR820 (840nm) 0.6892
0.01— . . . . .
01 02 03 04 05 0.6
Absorbance

Figure 3.3. OGE of ICG at 800 nm, CR780 at 780 nm, IRDye800CW at 780 nm, IR780

iodide at 795 nm, and IR820 at 840 nm. All the dyes were measured in 10% FBS.

3.3.2 Synthesis and characterization of CR780RGD-NPs

We conjugated the hydrophobic CR780 to hydrophilic NH2-PEG2000-SH and

C(RGDyC) peptide to generate nanoparticles that can self-assemble based on
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hydrophobic and hydrophilic interactions.[102] The c(RGDyC) peptide is used to target
avBs integrin receptors,[103] which are expressed on activated endothelial cells of
tumor neovasculature and tumor cells.[104] In parallel, as controls for the tumor-
targeting ability of the nanoparticles, we prepared CR780RAD-NPs. Scheme 3.3,
Figure 3.4 shows the CR780-PEG-RGD synthesis steps and corresponding MALDI-
TOF analyses indicating the purity of the compounds. Based on the hydrophilic and
hydrophobic interactions, CR780RGD-NPs can be formulated after a brief sonication
in water. Figure 3.5a shows that the self-assembled CR780RGD-NPs generate a clear
green, homogeneous aqueous solution. We evaluated the shape and size of the
nanoparticles using transmission electron microscopy (TEM) and dynamic light
scattering (DLS). Figure 3.5b and Figure 3.6 show that the CR780RGD-NPs exhibit
circular morphology with an average size of approximately 25 nm. The control groups
from CR780RAD-NPs show a similar size distribution (Figure 3.7). Figure 3.5c,d
shows the optical and optoacoustic spectrum of CR780RGD-NPs, which have a narrow
and intense peak at 780 nm, similar to CR780RAD-NPs (Figure 3.8). The zeta
potential of CR780RAD-NPs and CR780RGD-NPs are -16.9 mV and -17.2 mV,
respectively. We measured the absorbance intensities, particle size, and zeta potential
of CR780-derived nanoparticles for 14 days (Figure 3.9), with no significant changes
recorded. Next, we compared the quantum yield and OGE of CR780 and CR780RGD-
NPs in the water phase, where CR780RGD-NPs had a 2.33-fold higher quantum yield
and a 1.63-fold higher OGE than CR780, as PEGylation and self-assembly improve the
dispersibility of hydrophobic CR780 (Figure 3.10).[54] We then compared the OGE
of CR780-derived nanoparticles with ICG in 10% FBS due to the instability of ICG in
the water phase. Figure 3.5e shows a much higher slope value for CR780RAD-NPs
and CR780RGD-NPs than for ICG. The calculated OGE value was 1.85 times higher
for CR780-derived nanoparticles than for ICG, indicating that both nanoformulations

are suitable for optoacoustic imaging. We further evaluated the photostability of
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CR780RGD-NPs by continuously irradiating the samples with pulsed laser (fluence 10
mJ/cm?) for 1 h and compared the changes in optoacoustic intensity against ICG.
Figure 3.5f shows that CR780, CR780RAD-NPs, and CR780RGD-NPs remained
unbleached, whereas ICG was completely bleached under the same irradiation
conditions. These results of the characterization studies clearly indicate that
CR780RGD-NPs are ultrasmall (average particle size 25 nm) and can generate strong
optoacoustic signals. The optimal physicochemical properties of CR780RGD-NPs

make them suitable for in vivo optoacoustic imaging of orthotopic brain tumors.
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Figure 3.4. MALDI-TOF analyses of CR780-PEG-RAD, and CR780-PEG-RGD.
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Figure 3.5. (a) CR780RGD-NPs in deionized water. (b) TEM image of CR780RGD-
NPs. (c) Optical spectrum of CR780RGD-NPs. (d) Optoacoustic spectrum of
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CR780RGD-NPs. (e) Optoacoustic signal intensity of ICG, CR780RAD-NPs, and
CR780RGD-NPs at different concentration. (f) Optoacoustic signal changes of ICG,
CR780RAD-NPs, and CR780RGD-NPs after pulsed laser irradiation (fluence 10

mJ/cm?, 10 Hz pulse repetition rate, 1 h).
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Figure 3.6. DLS analysis of CR780RGD-NPs.
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Figure 3.7. (a) TEM images and (b) DLS analysis of CR780RAD-NPs.
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Figure 3.8. (a) Optical spectrum and (b) optoacoustic spectrum of CR780RAD -NPs.
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Figure 3.9. Absorption intensity, average particle size, and zeta potential of

CR780RAD-NPs and CR780RGD-NPs in water over 14 days.
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Figure 3.10. Fluorescent and optoacoustic signal intensities of CR780 and

CR780RGD-NPs at different concentrations in the water phase.

3.3.3 Optoacoustic imaging at different depths with CR780RGD-NPs in vitro and

in vivo

To explore the potential of CR780RGD-NPs for deep tissue imaging, we assessed
the optoacoustic imaging depth at 780 nm using tissue-mimicking phantoms.
Cylindrical phantoms of agar containing India ink were prepared to fit within a
commercially available MSOT system, and tubing filled with 5 uM CR780RGD-NPs
was placed in the center. Various phantoms were created with different radii to examine
the imaging of nanoparticles at different depths. Figure 3.11a shows the optoacoustic
images of tissue-mimicking phantoms of increasing thickness; the optoacoustic signal
of CR780RGD-NPs placed in the tubing was monitored from the center. Figure 3.11b
shows CR780RGD-NPs contrast levels correlated with phantom thickness and

nanoparticles concentration. Detection limits is defined also in the context of lesion
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concentration, lesion size and depth [105], thus the lower detection limit of the
unmixing method for CR780RGD-NPs in the 7mm or 9mm depth of mimicking
phantom is 1.25uM. Optoacoustic contrast due to CR780RGD-NPs was visible at
different depths, confirming the potential for the optoacoustic detection of
CR780RGD-NPs from deep brain tumor.

To examine whether CR780RGD-NPs could generate strong optoacoustic signals
at different depths within tumors in vivo, despite background noise due to endogenous
contrast agents like blood and reflections at the skull, we injected CR780RGD-NPs
into a mouse brain at a depth of 5 mm. Figure 3.11c shows the unmixed optoacoustic
images of the mouse brain before and after implantation of CR780RGD-NPs. A strong
optoacoustic signal from the implanted CR780RGD-NPs at different depths in the brain
was evident. Figure 3.11d shows no variation in optoacoustic intensity across different
depths in animals prior to nanoparticle implantation, whereas the optoacoustic intensity
was approximately 3.5 times higher at a 5 mm depth after CR780RGD-NP implantation.
These results clearly indicate that upon uptake and accumulation in the brain tumor, the
CR780RGD-NPs can generate a strong optoacoustic signal easily detectable over

background noise from the skull bone, blood, and brain tissue.
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Figure 3.11. (a) Optoacoustic imaging of tissue-mimicking phantoms of increasing
thickness containing 5 uM CR780RGD-NPs at 780 nm. (b) Optoacoustic intensities of
different concentration of CR780RGD-NPs from phantoms of different thicknesses. (c)
Unmixed MSOT imaging of a mouse brain before and after injection of CR780RGD-
NPs (5 uM). Scale bar, 5 mm. (d) Optoacoustic intensities of ROI at different depths

in vivo.
3.3.4 In vitro BBB penetration capability and cell uptake

We next carried out an in vitro BBB penetration test using HBEC-5i (human brain
microvascular endothelial cell line) derived BBB model (Figure 3.12). HBEC-5i cells
were cultured with multiple layers on a Transwell filter system (pore size 0.4 pm).[ 99]
CR780-derived nanoparticles (50uM) were added into the apical chamber, and the
absorbance of the solution in apical chambers and basolateral chambers was evaluated
at 4 h to calculate the transport efficiency. The results show that the transmembrane

transport efficiency of nanoparticles was 10.941.2%, 11.8#1% for CR780RAD-NPs,
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CR780RGD-NPs, respectively. Results indicate that due to the ultrasmall size, these
particles might also penetrate through the in vivo compromised BBTB. Next we tested
the in vitro active targeting ability of CR780RGD-NPs using U87MG cells
(glioblastoma cell line). Uptake of non-targeted CR780RAD-NPs and integrin owf33-
targeted CR780RGD-NPs by U87MG cells were monitored by fluorescence
microscopy after 4 h treatment with nanoparticles. Cells treated with CR780RGD-NPs
showed a stronger fluorescence signal than those treated with the non-targeting groups
(Figure 3.13a). We further evaluated the cytotoxic effects of nanoparticles in US7TMG
cells by treating them with different concentrations of CR780RAD-NPs and
CR780RGD-NPs for 24 h. An MTT assay for assessing cell metabolic activity showed
no appreciable cytotoxicity (Figure 3.13b).
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Figure 3.13. (a) Fluorescence images of U87MG cells after 4 h of treatment with
CR780RAD-NPs, or CR780RGD-NPs. Blue color: DAPI staining, red color:
nanoparticles fluorescence. Scale bar, 50 um. (b) Viability of U87MG cells incubated

with different concentrations of croconaine-based nanoparticles for 24 h.

3.3.5 In vivo optoacoustic imaging of brain tumor

To test the ability of CR780RGD-NPs to specifically accumulate in a brain tumor,
we first subcutaneously implanted U87MG cells and subsequently injected a type of
nanoparticle (i.e. CR780RAD-NPs or CR780RGD-NPs) via the tail vein. As expected
due to their ultrasmall size, these nanoparticles reached the tumor within four hours of
treatment (Figure 3.14). However, due to integrin avfB3 receptor targeting ability, the
CR780RGD-NPs were retained in the tumor longer than non-targeted CR780RAD-NPs.
Based on these preliminary findings, we continued with the imaging of the orthotopic
glioblastoma models that were injected with a type of nanoparticle (i.e. CR780RAD-
NPs or CR780RGD-NPs) via the tail vein. Figure 3.15a shows representative
optoacoustic images of orthotopic brain tumors from each treatment group, acquired
using the MSOT system at different time points (0 h, 4 h, 24 h) and at multiple
wavelengths (680-900 nm). As observed in MSOT images from 4 h, both targeted and
non-targeted nanoparticles were able to effectively reach the brain region because of
the disrupted BBB (BTB), while the BBB penetration capability of CR780RGD-NPs
was not evident in the normal murine brain model because of an intact BBB (Figure
3.17). However, only CR780RGD-NPs were retained in the brain tumor for at least 24
h and generated strong optoacoustic signals due to the enhanced permeability and
retention effect (EPR) and active targeting. The optoacoustic signals at 4 h and 24 h
were much stronger in mice treated with CR780RGD-NPs than in mice treated with
CR780RAD-NPs, indicating the advantage of active targeting and long-term

persistence in the bloodstream. The optoacoustic signal due to CR780 at 4 h was higher
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than at 24 h, indicating that some of CR780RGD-NPs undergo systemic clearance from
the tumor vasculature. The optoacoustic signal was recorded in the tumor down to a
depth of 5.5 mm, confirming the ability of MSOT to detect CR780RGD-NP in deep-
seated brain tumors. Figure 3.15b shows the optoacoustic reconstruction spectrum at
different time points from the CR780RGD-NPs’ treated group. Spectral analysis of the
brain tumor region at multiple wavelengths clearly indicates time-dependent absorption
spectra changes and a strong peak at 780 nm, confirming the presence of CR780 in the
region of interest. Figure 3.15c shows that the signal intensity with CR780RGD-NPs
is approximately 3.15- and 3.7-fold stronger than with CR780RAD-NPs at 4 h and 24
h, respectively. Figure 3.15d shows optoacoustic signal intensity ratios of tumor-to-
contralateral brain region, before and after treatment with CR780RAD-NPs and
CR780RGD-NPs. Compared to control CR780RAD-NPs, the CR780RGD-NPs
preferentially accumulated in the tumor region of the brain, These results in one mouse
were confirmed in four additional mice treated with CR780RGD-NPs (Figure 3.18a).
The tumor accumulation of CR780RGD-NPs confirms the accumulation of particles
due to the EPR effect and active targeting via the c(RGDyC) peptide.

To validate the results of in vivo MSOT based optoacoustic tomography, the brains
were isolated from all animals 24 h after MSOT imaging. Optoacoustic images were
acquired for isolated whole brains, and fluorescence images were acquired following
brain sectioning. Figure 3.16 shows strong optoacoustic and fluorescence signals due
to CR780 presence in the tumor region of animals treated with CR780RGD-NPs. A
very weak optoacoustic and fluorescence signal was observed in the brains analyzed in
vivo and ex vivo from animals treated with CR780RAD-NPs. We confirmed the
presence of the tumor in the brain by cryo-slicing and H&E staining, while
CR780RGD-NP accumulation was confirmed by fluorescence imaging (Figure 3.16,

3.18Db).
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mouse brain. (a) Representative unmixed image of U87MG bearing orthotopic
glioblastoma i.v. injected with 100 uL of CR780RAD-NPs or CR780RGD-NPs (1 mM).

Signals are shown only for the brain region (n=5). Scale bar, 5 mm. (b) Optoacoustic
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spectra from the tumor region of the animal treated with CR780RGD-NPs at different
time points. (c) CR780RAD-NPs and CR780RGD-NPs concentrations in the tumor
region and (d) The derived optoacoustic signal intensity ratios of tumor-to-contralateral

brain region, before and after treatment with CR780RAD-NPs and CR780RGD-NPs.
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Figure 3.16. (a) Photographs of representative brains isolated from tumor-bearing mice
treated with CR780RAD-NPs or CR780RGD-NPs (n=5). (b) Unmixed MSOT images
of isolated brains. (c) Fluorescence images of isolated brain slices. (d, e) Bright fields

and HE staining of brain tumor slices.
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Figure 3.17. In vivo optoacoustic imaging of a normal murine brain using 100 pL

CR780RGD-NPs (1mM). Scale bar, 5Smm.
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Figure 3.18. (a) In vivo MSOT imaging of orthotopic brain tumors in mice after
intravenous injection of non-targeting tumor-targeting CR780RGD-NPs. Signals are
shown only for the brain region. (b) Bright field, HE staining, and fluorescence imaging

of brain slices.

3.3.6 In vivo biodistribution of CR780RGD-NPs

Biodistribution of CR780RAD-NPs and CR780RGD-NPs was monitored in vital
organs. After intravenous injection of respective nanoparticles in mice, mice were
sacrificed after 24 h of treatment, and all vital organs were isolated and scanned using
MSOT. Figure 3.19a shows optoacoustic signal due to the presence of CR780 dye in
different organs. Optoacoustic signal intensity was quantified in the resected organs
(Figure 3.19b). The two types of nanoparticles showed the similar level of uptake in
the liver and slightly lower uptake in kidney, heart, and spleen. This distribution pattern
is similar to that reported for inorganic and organic nanoparticles, reflecting the fact

that nanoparticles larger than 10 nm are cleared mainly through the hepatobiliary

61



system.[106, 107]
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organs at 24 h after intravenous injection into mice bearing U87MG glioblastoma cells.
Animals were injected with 100 uL of CR780RAD-NPs (1 mM) or CR780RGD-NPs
(1 mM). (a) Optoacoustic coronal plane images of major organs. (b) Optoacoustic

signal intensity of major organs. (***p < 0.001)

3.3.7 In vivo biosafety of CR780RGD-NPs

To evaluate the in vivo safety of CR780RGD-NPs, healthy C57BL/6 mice were
injected with 100 pL of CR780RGD-NPs (1 mM). The mice were sacrificed on days 1,
7, and 14 post-injection, and blood samples were collected for organ function
examination (Figure 3.20a, b). The blood chemistry parameters and hematology
analysis results demonstrated no significant difference between mice treated with
CR780RGD-NPs or PBS, and no signs of acute systemic toxicity were observed. The
H&E staining and histology analysis of major organs (Figure 3.20c) confirmed no
noticeable nanotoxicity or damage to key organs after intravenous administration of
CR780RGD-NPs. None of the treated animals died during the observation period (14
days). These results suggest that CR780RGD-NPs are well tolerated.
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Figure 3.21. Biosafety study of CR780RGD-NPs. Blood and major organs were
sampled after healthy C57BL/6 mice were injected with 100 pL of CR780RGD-NPs
(ImM) or PBS (control). (a) Blood biochemistry. (b) Hematology. (c) Hematoxylin-

eosin staining of vital organs (20> magnification).

3.4 Discussion

Here we describe c(RGDyC) peptide-modified CR780 nanoparticles as highly
efficient optoacoustic agents for targeted brain tumor imaging. We compared the
photophysical properties of CR780RGD-NPs with FDA-approved ICG, and found that
CR780RGD-NPs have an improved OGE and photostability, resulting in strong,

sustained optoacoustic signals. Due to the ultrasmall size and tumor-targeting ability,
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CR780RGD-NPs could efficiently reach the deep-seated brain tumor to generate strong
optoacoustic contrast from the targeted tumor region. Importantly, systemically
injected CR780RGD-NPs show no signs of toxic side effects.

Ideal optoacoustic contrast agents should possess low quantum yield, high molar-
extinction coefficient, high OGE, narrow NIR absorption peak, and excellent
photostability as well as tumor specificity and low toxicity.[16] We found that the
photostability of CR780 is very high compared to ICG under similar laser irradiation
conditions, which allowed us to accurately detect the signal and quantify agent from
various depths, both in vitro and in vivo, for at least 24 h. The OGE of CR780RGD-
NPs is 1.8-8.5 times higher than that of the well-established NIR dyes ICG, IR780
iodide, IR820, IRDye800CW. Results clearly indicate that CR780RGD-NPs are
suitable for in vivo optoacoustic imaging.

CR780RGD-NPs exhibit high optoacoustic signals and a high SNR, making them
suitable for deep tissue imaging. Optoacoustic imaging of brain is challenging mainly
due to strong optical scattering by the skull and brain tissue, which severely limits the
optical fluence. Furthermore, the acoustic signals are attenuated in transit through the
skull. However, CR780RGD-NPs showed a strong optoacoustic signal at a low dose
and a 5 mm depth in brain tissue.

Deep-seated brain tumors are usually hard to reach because of the protection by the
BBB, which normally substantially limits the brain uptake of externally administered
compounds.[108] However, under disease conditions such as in cancer, the BBB is
disrupted and the permeability increases, which allows nanoparticles of certain
dimensions to pass through and reach different areas in the brain.[86] Nanoparticles
above 100 nm in size exhibit poor brain tumor extravasation, whereas nanoparticles
below 5 nm undergo rapid clearance via the kidney.[109, 110] Particles in the size range
of 20-70 nm are considered optimal for brain tumor targeting, with other factors such

as shape, charge, and targeting activity also playing important roles.[84] We observed
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enhanced uptake and retention of CR780RGD-NPs (25 nm size) in the brain tumor
which, when combined with active targeting via integrin ayvp3 receptors on the tumor
surface, ensured a sustained optoacoustic signal from CR780 from within the tumor.
The optoacoustic and fluorescence-based cryo-images of isolated organs clearly
indicated the accumulation of CR780RGD-NPs in the brain tumor, whereas most of the
particles that did not target the tumor were safely cleared out by the liver and kidney.

The strong optoacoustic signal due to CR780RGD-NPs for at least 24 h clearly
indicates the prolonged circulation time and retention of nanoparticles in the body. It
was therefore important to test the biosafety and biocompatibility of the nanoparticles,
and we tested the potentially toxic effects due to CR780RGD-NPs treatment both in
vitro and in vivo. Treatment of different concentrations of nanoparticles in U87MG
cells showed no effect on cell viability. We next tested the acute toxicity of systemically
injected CR780RGD-NPs in normal C57BL/6 mice for up to 14 days. The results of
organ function tests and hematology clearly indicated that CR780RGD-NPs were well
tolerated, and no signs of changes in blood parameters were observed throughout the
observation period. Blood tests and histopathological examination suggested normal
function of vital organs (heart, liver, spleen, and kidney), further confirming that the
nanoparticles were well tolerated.

The multispectral optoacoustic techniqgue MSOT allows simultaneous imaging of
multiple endogenous chromophores in the brain for assessment of brain structure and
function.[8, 101, 111] Here we extended the brain imaging abilities of MSOT by using
an exogenous contrast agent that can target brain tumors and generate a strong
optoacoustic signal even deep below the brain surface. The unique photophysical
properties of ultrasmall CR780RGD-NPs may play a crucial role in the early diagnosis
of brain tumors, identifying the margins of tumor tissue and therapy response. This is
crucial for the application of MSOT and other optoacoustic techniques for diagnosis

and intraoperative procedures, as well as for therapy decision-making. Our work
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justifies further efficacy and safety studies in large animals as a prelude to human trials.

In summary, our results show the powerful capabilities of MSOT and the developed
CR780RGD-NPs for targeted optoacoustic imaging of brain tumors. The ultrasmall
size of the nanoparticles ensures efficient BBB penetration, while their tumor-targeting
ability, high OGE, and photostability ensure enhanced optoacoustic contrast.
Biocompatible CR780RGD-NPs may be a smart diagnostic tool for integrin-expressing,
deep-seated tumors and may be able to selectively deliver drugs to such tumors. This
sets the foundation to explore the theranostic potential of CR780RGD-NPs as imaging
agents and photothermal therapeutics against brain tumors and other cancers in the

future.
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4.1 Motivation

NIR light-triggered cancer phototherapy which utilizes fluorophores that undergo
photoconversion from ground to excited states are considered a promising therapeutic
modality owing to their favorable characteristics such as noninvasiveness,
spatiotemporal controllability, negligible drug resistance, and minimized systemic
toxicity.[112-114] Such light-activated therapeutics can be categorized according to
their mechanism of action, for example, photothermal therapy (PTT), which employ
photothermal agents to produce thermal effect through the nonradiative transition.[66,
69] Meanwhile, under the laser irradiation, the generated thermoelastic expansion from
tumor areas can produce subsequent ultrasonic signals, which can be detected by
optoacoustic imaging.[7, 67] Therefore, the photothermal agents which have both
excellent optoacoustic and photothermal performance in the NIR region are sought
after for in vivo cancer theranostics.

Recently, various NIR light-absorbing organic agents have been developed for
optoacoustic imaging-guided photothermal therapy, such as cyanine, squaraine,
BODIPY, and tetrapyrrole dyes or derived nanoparticles.[26, 69] However, these
structural classes of dyes have inherent problems associated with difficult multistep
synthesis, low molar extinction coefficients, high quantum vyield, and poor
photostability, contributing to weak optoacoustic signals and little generated heat.[26]
Croconaine dyes have been shown to overcome the mentioned problems with a strong
NIR absorption coefficient and excellent photostability.[46] Four croconaine structures
[51-53, 70] have been reported as nanoformulations with stable NIR optical properties
for biomedical application. Most of the reported croconaine exhibit absorption maxima
at around 800 nm, a wavelength at which light scattering is still high, limiting deep
tissue imaging.[115] There is therefore a need to develop a nanoformulated croconaine

optimized for use at a longer wavelengths.
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Inspired by the above considerations, we developed an 880 nm-absorbed
croconaine nanoformulation as an improved platform for efficient optoacoustic
imaging of deep tumors and PPT. The selected croconaine dye (CR880) was previously
reported by Tang et al. for use in solar energy harvesting and water evaporation.[45]
Structurally, CR880 possesses two electron-donating tetraphenylethylene (TPE) units
symmetrically conjugated to a thiophene-substituted croconaine backbone.
Interestingly CR880 has conflicting evidence favoring both H- and J-aggregation,
however irrespective of the type of solid-phase packing the dye possesses, the dye does
not blue shift upon condensing to the solid phase. Tang et al gave an electronic rationale
for the dyes properties involving a di-radical electronic configuration, and strong z-z
stacking of the coplanar structure, CR880 displays a NIR absorbance in the desired
range of 880nm. Meanwhile, the extremely low energy-gap enables to enhance the
nonradiative decay for boosting more heat. Therefore, after encapsulated CR880 into
DSPE-PEG2000, the formulated CR880-NPs exhibited superior optoacoustic
generation efficiency and photostability at 880 nm, which not only efficiently weaken
the light scattering for deep tissue penetration but also produce a strong optoacoustic
signal to be detected from deep tissue (breast tumor, brain tumor and colon tumor).
Besides, 58.14% of photothermal conversion efficiency from CR880-NPs is much
higher than most of the reported PTT agents, which are sufficient for cancer PTT with
lower laser energy in vitro and in vivo. In addition, CR880-NPs have no biosafety
concerns. Overall, CR880-derived nanoparticles can be able to use as a high-efficient

photo-theranostic agent for deep tumors’ diagnosis and therapy.

4.2 Experimental section

4.2.1 Materials

All the chemical reagents were purchased from abcr GmbH (Germany). DSPE-
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PEG2000 was obtained from Nanocs Inc. (USA). Indocyanine green (ICG) and MTT

were purchased from Sigma-Aldrich (Germany).
4.2.2 Synthesis of CR880

CR880 was synthesized according to a known two-step literature procedure
(Scheme 4.1).[45] Firstly, in situ boronation of bis(4-bromophenyl)amine with
bis(pinacolato)diboron was followed by Suzuki coupling with the appropriate vinyl
bromide in a one-pot procedure giving secondary amine in high yield. The sterically
hindered amine then underwent Buchwald Hartwig coupling under forcing conditions
giving the 2-amino thiophene which was then coupled with croconic acid under
standard conditions to afford the desired dye in low yield 400 MHz *H NMR and
MALDI-TOF were used for further characterization analysis of the resulting product.
'H NMR (400 MHz, DMSO-de) &: 8.85-8.69 (m, 2H), 7.16-7.02 (m, 76H), 6.54 (m,
2H). MALDI: m/z = 1625.826 [M + H]* (Figure 4.1).

H P(t-Bu);
O O N ‘l ' Pdy(dba)
x + gBr sodium tert-butoxide O croconic acid
Toluene Toluene/
O O O O O 1-Butanol x

Scheme 4.1. Synthetic methods of CR880.

CR880

[M+HL

1625. 8[
\'

‘l‘l‘ 'w',.‘ [M+I:a] [M+K]*
AV, 1\ 1"

Figure 4.1. MALDI-TOF mass spectrum of CR880.
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4.2.3 Preparation of CR880-NPs

CR880 (1 mg) and DSPE-PEG2000 (2 mg) were first dissolved well into
tetrahydrofuran (1mL). Then the mixed solution was quickly injected into 9 mL
deionized water. Then a microtip probe sonicator (12 W) was employed to sonicate the
solution for 2 min, followed by removing the remaining tetrahydrofuran with a rotary
evaporator. The final CR880-NPs were filtered by a 200 nm filter and then concentrated

with a centrifugal-filter (MWCO = 100 kDa) for further use.
4.2.4 Characterization

H NMR spectra were measured on a Bruker spectrometer at 400 MHz. HRMS
were recorded with a MALDI UltrafleXtreme (Bruker) using dihydroxybenzoic acid as
the matrix. The particle dimensions of CR880-NPs were assessed by transmission
electron microscopy (TEM) using a JEM 100-CX (JEOL GmbH, Germany) and
dynamic light scattering (DLS) (Malvern Zetasizer). Absorption spectra were recorded
with a UV-1800 spectrometer (Shimadzu, Japan). Optoacoustic spectra of samples
were measured using an MSOT inVision 256-TF and then normalize with India ink and
Brilliant Black BN.[72] The optoacoustic generation efficiency (OGE) of samples was
calculated by the slope of the normalized optoacoustic intensities and absorbance of
samples.[72] The photostability of samples was monitored by an MSOT inVision 256-

TF with pulsed laser irradiation for 60 min (fluence 10 mi/cm?).
4.2.5 In vitro penetration depth estimation

Tissue-mimicking cylindrical phantoms with different radii were made by using the
mixture of intralipid (2 mL), agar (2 g), India ink solution (98 mL, absorbance 0.15 at
780 nm).[96, 97] Then tubing containing ICG (0.5 at 800 nm), CR780-NPs (0.5 at 800
nm), and CR880-NPs (0.5 at 880 nm) was inserted into the ink-agar phantoms with

different thicknesses, separately. Optoacoustic phantom images were measured using
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MSOT. The image contrast was calculated by (OAsig-OAng)/ (OAsigtOAnbg), Where
OA:sig and OApg are the mean optoacoustic intensities of sample and agar phantom at

their specific wavelengths.[28]
4.2.6 In vivo optoacoustic imaging of various tumor models

4T1 tumor models were prepared using nude mice (6 weeks) by implanting 4T1
cells (1 <10°, 30 pL) on the back of the mice. Upon reaching a tumor volume of 100
mm?, in vivo optoacoustic imaging was carried out. The orthotopic tumor models were
made using 3 nod scid shorn mice (6 weeks) by slowly implanting US7MG cells (4 %
10°, 3 pL) into the mouse striatum (bregma + 1.0 mm, left lateral 2.0 mm and depth 3.0
mm). The brain tumor models were ready after four weeks’ implantation.[101] The
orthotopic colon tumor model was prepared with 3 normal nude mice (6 weeks). After
HCT116 cells (3 x10°, 100uL) were intraperitoneally injected for two weeks, the tumor
model was ready for MSOT imaging. All procedures involving animal experiments
were approved by the Animal Care and Handling Office of Helmholtz Zentrum
Minchen and Government of Upper Bavaria.

Each tumor-bearing mouse per treatment was i.v. injected with CR880-NPs (100
uL, 0.3 mM). In vivo optoacoustic images were taken at different time points before
and after injection using an MSOT inVision 256-TF. The averaged optoacoustic signals
of tumor regions were measured using ViewMSOT 4.0 software (iThera Medical,

Munich).
4.2.7 In vitro photothermal effect of CR880-NPs

The photothermal conversion abilities of CR880-NPs were assessed by recording
their temperature changes at different concentrations of CR880-NPs upon exposure to
a 885 nm CW laser at different laser power using an IR thermal camera. The

photothermal conversion efficiency (PCE) of CR880-NPs was calculated by the
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equation M=[(hS(T-Tsur)-Qpis]/I(1-107485%)  Here the absorbance (A885) of
CR760RGD-NPs was 0.18 at 885 nm and the power density (1) of 885 nm CW laser
was 0.8 W/cm?.[73]

4T1 cells were sub-cultured in a 96-well plate overnight (110 cells/well). Then
the cells were first treated with PBS or different concentrations of CR880-NPs for 4 h,
followed by laser irradiation (885 nm CW laser) for 5 min. Then the cells were kept
culturing for another 24 h to calculate the relative cell viabilities by MTT assay.
Live/dead cell assays were visualized the PTT effect from the cellular level. The treated
cells were co-stained with Calcein-AM and EthD1 for 30 min and then were imaged

using Leica DMI3000 B Inverted Microscope (Wetzlar, Germany).
4.2.8 Invivo PTT of 4T1 tumor-bearing mice

The 4T1 tumor-bearing mice with around 100 mm?3 tumor volume were randomly
divided into four groups (n =5 per group) and subjected to 4 different treatments
including: PBS, PBS + laser, CR880-NPs, and CR880-NPs + laser, separately (laser
power: 0.8 W/cm? 885nm CW laser for 10 min, CR880-NPs concentration: 100 pL, 0.3
mM). An infrared thermal camera was used to record the temperature changes of tumor
areas from each group. The tumor volume and body weight were measured until 8 days,
then the mice were sacrificed and the tumors from each group were isolated for H&E

staining.
4.2.9 Blood hematology and biochemistry analyses

C57BL/6 mice were randomly divided into 3 groups (n=5 per group). The control
group was i.v. injected with 100 pL of PBS and collected the blood on day 14. The
other 2 groups were i.v. injected with 100 pL of CR880-NPs (0.3 mM) and collated the
blood on days 7, and 14, respectively. Hitachi 917 Clinical Chemistry Analyzer (Roche,

Germany) was used to test the detailed parameters of blood hematology and
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biochemistry. The vital organs were isolated for H&E staining.

4.3 Results

4.3.1 Synthesis and characterization of CR880

CR880 was prepared according to the reported method by condensation of two
electron-donating segments with the electron-withdrawing croconic acid core to give
the “D-A-D” dye.[45] The chemical structure of CR880 was confirmed by *H NMR
spectroscopy and MALDI-TOF mass spectrometry. CR880 has moderate solubility in
common organic solvents such as DMSO, tetrahydrofuran, chloroform, and ethanol
(Figure 4.2). Remarkably, CR880 shows a strong absorption peak at 880 nm with a
significantly higher molar absorption coefficient in ethanol which is well consistent of
as-reported croconaine dyes. Furthermore, the OGE of CR880 and ICG were measured
in 10% FBS. CR880 exhibits an excellent OGE which is 2.16 times higher than that of
ICG. The reported HOMO-LUMO energy gap was 0.75 eV, [45] the lower value

indicates the strong charge-transfer, which proved the red-shifted absorption of CR880.
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Figure 4.2 Normalized optical spectra of CR880 in different organic solvents.

4.3.2 Synthesis and characterization of CR880-NPs

To apply hydrophobic CR880 for in vivo biomedical application, water-soluble
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CR880-NPs were synthesized by the nanoprecipitation method with DSPE-PEG2000.
The morphology and size of CR880-NPs were characterized by TEM and DLS. Figure
4.3a, b show that the CR880-NPs had a spherical morphology with an average diameter
of around 45 nm. Figure 4.3c, d shows the optical and optoacoustic spectrum of
CR880-NPs with the narrow and intense peaks at 880 nm. Next, Figure 4.3e
demonstrated that the OGE of CR880-NPs was also 2.16 times higher than ICG, which
indicates that CR880-NPs can be an efficient optoacoustic agent. Furthermore, the
photostability of CR880-NPs was assessed by continuously irradiating with pulsed
laser for 60 min and comparing the changes in optoacoustic signal (indicator for
photostability) against ICG. Figure 4.3f shows that CR880-NPs are photostable, while
ICG was completely bleached at the same irradiation conditions. Then CR880-NPs
were cultured at PBS buffer until 14 days, there were little changes from nanoparticles’
size and optical intensities (Figure 4.4). These results suggest that the water-soluble
CR880-NPs have excellent optical properties which are sufficient for in vivo

optoacoustic imaging.
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Figure 4.3 (a, b) TEM image and DLS profile of CR880-NPs. (c, d) Optical spectrum
and optoacoustic spectrum of CR880-NPs. (e) Optoacoustic signals of ICG, CR880,



CR880-NPs at different concentrations. (f) Optoacoustic signal degradation of ICG,
CR880, and CR880-NPs after pulsed laser irradiation (fluence 10 mJ/cm?, 60 min).
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Figure 4.4. (a) Optical stability and (b) size stability of CR880-NPs during 14 days.
4.3.3 Optoacoustic imaging at different depths with CR880-NPs in vitro

To check the capacity of CR880-NPs for deep tissue imaging, we used different
thicknesses of tissue-mimicking phantoms to evaluate the optoacoustic signals from
deep tissue. Various cylindrical agar phantoms with different radii were prepared by
mixed with India ink to keep the absorbance to be 0.15 at 780 nm. Then the tubing
containing the samples (ICG, CR780-NPs, or CR880-NPs) with 0.5 absorbance were
inserted into the center. Figure 4.5a shows that the optoacoustic images captured from
tissue-mimicking phantoms with increasing thickness, where the optoacoustic signal
of samples inserted in the tubing was detected from the center. We can see that agar
phantoms at 880 nm have much lower noise signals compare to 780 nm and 800 nm,
while the phantom images of CR880-NPs at different thicknesses also exhibited higher
optoacoustic intensities than ICG and CR780-NPs. The reconstructed optoacoustic
spectra of these three at 9 mm of thickness clearly showed a significant difference from
the optoacoustic intensities at their specific absorption peaks (Figure 4.5b). The
concept of image contrast was used to reflect the imaging performance and depth.
CR880-NPs showed a much higher image contrast than the other two, even in the depth

of 9 mm (Figure 4.5¢). These results confirm that the superior ability of CR880-NPs
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for optoacoustic imaging of deep tissues.

100
a b ~==Phantom
—-ICG
801 __cRr7so-NPs
5 —— CR880-NPs
)
5N A
D 40
=
4mm 7mm 9mm
20 \\
0.

ICG
(0DO.5 at 800 nm)

700 750 800 850 900 950
Wavelength (nm)

1.2 —=-ICG
CR780-NPs
—+— CR880-NPs

4 e
Thigckness (mm)

Figure 4.5 (a) Optoacoustic imaging of tissue-mimicking phantoms of increasing

CR780-NPs
(0DO.5 at 780 nm)

Image contrast
o o
5=

e
=)

CR880-NPs
(ODO.5 at 880 nm)

o
IS

thickness containing different samples with the same absorption intensity (0.5) at their
absorption peak. Phantom absorbance, 0.15 at 780 nm. The optoacoustic images were
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CR780-NPs, and CR880-NPs in the 9 mm phantom. (c) Image contrast of ICG, CR780-
NPs, and CR880-NPs from phantoms of different thicknesses.

4.3.5 In vivo optoacoustic imaging with CR880-NPs

Owing to the excellent optoacoustic image contrast on phantoms and the suitable
nanoformulation, CR880-NPs were studied on different tumor models to validate the
capability of deep tissue imaging. CR8880-NPs were first studied in 4T1 subcutaneous
tumor model. Figure 4.6a shows representative unmixing optoacoustic images of 4T1
tumor-bearing mice, acquired using MSOT system at different time points (Oh, 1h, 4h,
8h, 12h, and 24h). The yellow colors were the unmixed CR880-NPs signal. As
observed from 1 h MSOT image, CR880-NPs due to their small nano-size, could start

to accumulate in the tumor due to the enhanced permeability and retention (EPR) effect.
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CR880-NPs showed maximum tumor accumulation 12 hours post-injection. Extending
the delay time between injection and optoacoustic measurement to 24h resulted in a
decreased signal, indicating that some of CR880-NPs had undergone systemic
clearance from tumor vasculature. Figure 4.6b shows that the signal intensities of the
tumor region at 4 h and 12 h relative to 0 h were increased by a factor of 6.2 and 10.15
folds respectively. The data indicates that PTT is optimally conducted with a post-
injection delay of 4-12h.

To ensure whether CR880-NPs could be used for in vivo deep tumor imaging, we
made another two types of orthotopic tumors (brain tumor and colon tumor). Figure
4.6¢ shows representative optoacoustic images of orthotopic brain tumors and colon
tumors at 0 h and 24 h. As observed in MSOT images of brain tumors, it is clear to see
that CR880-NPs can efficiently target to brain tumor due to the suitable size distribution,
where the CR880-NPs’ signal can be detected from the depth of ~5 mm. The presence
of the brain tumor was validated by cryo-slicing and H&E staining (Figure 4.6d,e).
Next, the MSOT imaging for colon cancer models showed the strong optoacoutic
signals from the enterocoelia wall, where 15 mm width of tumor can be visualized
directly. Besides, the colon tumors from a depth over 6 mm were also detected because
of the presence of CR880-NPs. The cryo-slicing and H&E staining also confirmed the
existence of colon tumors. Therefore, CR880-NPs can generate efficient optoacoustic
signals from deep tumors using the commercially available MSOT system.

After 24 h postinjection of CR880-NPs, the major organ (kidney, liver, spleen, heart)
and tumors from each tumor model were isolated to analyze the in vivo biodistribution
using MSOT imaging. Figure 4.7a,b showed the optoacoustic coronal plane images
corresponding to signal intensities in major organs and the tumor. These data indicated
that most of CR880-NPs accumulated in the liver, spleen, and tumor with a small

degree of accumulation in the kidney and heart.

78



Sy
X

o
(=]
2

i
H
'Y

CR880 signal (a.u.)
o

] Oh 1h 4h 8h 12h 24h

c.2
s
I
2 S
EE -
= 2 b
S o f
- Nt
Es..
<=
)
-
2
s
ot
2 o
£ E R
55 N
=
=S v
e
]
Q
=

Figure 4.6 (a) Representative unmixed MSOT images of 4T1 subcutaneous tumor
models i.v. injected with 100 uL of CR880-NPs (0.3 mM), (n=5). Unmixed CR880
signal is shown by the hot color in the tumor region. (b) Quantification of panel (a):
CR880-NPs concentrations in the tumor region measured over time. (c) Representative
unmixed image of U87MG bearing orthotopic glioblastoma and HCT116 orthotopic
colon tumor i.v. injected with 100 uL of CR880-NPs (0.3 mM). (n=3). (d, e) Bright

fields and HE staining of brain tumor slices and colon tumor slices.
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Figure 4.7 (a) Optoacoustic coronal plane images of major organs at 24 h after
intravenous injection of CR880-NPs (0.3 mM, 100 uL) into different tumor models.

(b) Optoacoustic signal intensities of major organs.
4.3.4 In vitro photothermal effect of CR880-NPs

The intense NIR absorbance of CR880-NPs suggested that CR880-NPs could be an
excellent photo-absorbing agent for PTT. To evaluate the PTT effect of CR880-NPs,
differing concentrations of CR880-NPs at 0, 1.25, 2.5, 5, or 10 uM were irradiated by
a 885 nm CW laser at 0.8 W/cm? of power density. Figure 4.8a shows that the
temperature increase of CR880-NPs was concentration-dependent. Under the same
laser irradiation condition, 10 uM of CR880-NPs solution have a 36.9 <C change, while
DI water only increased for 5.2 <C. It is reported that the condition of 42-50 <C for 5
min can lead to killing cancer cells.[65] The effect of laser power intensity (0.2, 0.4,
0.6, or 0.8 W/cm?) on the temperature change of CR880-NPs (10 pM) was explored
next. Figure 4.8b shows a clear laser power intensity dependence on the temperature
increase. Figure 4.8c shows that CR880-NPs exhibited a 58.21% photothermal
conversion efficiency, though it depends on the concentration and molar absorptivity
of samples.[65]

To further evaluate the PTT potential of CR880-NPs on cancerous cell lines, a
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standard MTT assay was employed to assess the photothermal effect of CR880-NPs on
4T1 cells by incubating for 4 h. CR880-NPs showed negligible cytotoxicity at a
concentration of up to 10 uM. However, upon 5 min of irradiation with a 885 nm CW
laser at 0.8 W/cm?, the viability of cells decreased in proportion to the concentration of
CR880-NPs (Figure 4.8d). Specifically, more than 96% of cells were killed at CR880-
NPs concentration of 10 pM under 0.8 W/cm? laser irradiation. Furthermore, different
laser powers were also used to assess the photothermal cytotoxicity of the cells
incubated with 10 uM CR880-NPs (Figure 4.8e). As expected, cell viability decreased
obviously with the increase of laser power. Besides, the PTT capability of CR880-NPs
on the cells can be visualized by live/dead cells assays. 4T1 cells were done with
different treatments for 4 h, and then co-stained with calcein-AM and EthD-1. Figure
4.8f demonstrated the significant difference in cellular cytotoxicity among the 4 groups,

which are in agreement with MTT results.
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Figure 4.8 (a) Temperature change curves of CR880-NPs at different concentrations
upon exposure to a 885 nm CW laser (0.8 W/cm?). (b) Temperature change curves of
CR880-NPs (10 uM) upon exposure to a 885 nm CW laser at different power densities.

(c) Linear correlation of the cooling times of CR880-NPs versus negative logarithm of
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temperatures. (d) Relative viabilities of 4T1 cells after treatment with CR880-NPs (10
uM) with (or without) 885 nm CW laser irradiation at 0.8 W/cm? for 5 min. (€) Relative
viabilities of 4T1 cells after treatment with 10 uM CR880-NPs (or PBS) under 885 nm
CW laser irradiation at different power densities. (f) Fluorescence images of the treated
4T1 cells co-stained with calcein AM (green color, live cells) and EthD1 (red color,

dead cells). Scale bars, 100 pm.
4.3.6 Invivo PTT of 4T1 tumor-bearing mice

To evaluate in vivo tumor PTT using CR880-NPs, 4T1 tumor-bearing mice were
randomly divided into four groups including: PBS, PBS + laser, CR880-NPs, and
CR880-NPs + laser. We established the 12 h post-injection as the optimum laser
irradiation time, according to in vivo optoacoustic imaging of 4T1 tumor model with
CR880-NPs. The temperature changes of tumor areas from different groups were
recorded until 10 min by a thermal camera. Figure 4.9a, b shows that the temperature
of the tumor region i.v. injected with CR880-NPs reached a temperature of 51.7 C,
which is sufficient to achieve cell killing. However, mice treated with PBS showed
negligible temperature changes under the same irradiation condition.

After the different treatments for each group, the tumor volumes and body weights
of the four groups were continuously measured for another 8 days. As shown in Figure
4.9c,d, the tumors treated with CR880-NPs + laser displayed complete tumor
elimination, while the tumor from the other 3 control groups showed persistently high
growth rates. These results suggested that CR880-NPs can be induced to generate
significant heat for eliminating cancerous cells. The body weights from these four
groups did not show significant changes during the 8 days (Figure 4.9¢e). After 8 days,
the residual tumor tissues and major organs from each group were resected and done
with the pathological examination by H&E staining. The CR880-NPs + laser treated

group showed cell shrinkage, separation, and fragmentized nuclei, which suggested the
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well recovery (Figure 4.9f). All these results suggested that C880-NPs can be an

efficient PTT agent for cancer treatment.
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Figure 4.9 (a) Thermal images of 4T1 tumor-bearing mice with different treatments
under laser irradiation (885 nm CW laser, 0.8 W/cm?), respectively. (b) The
temperature changes of tumors recorded at different time points as shown in (a). (c-e)
Relative tumor volumes, tumor weight, and bodyweight of mice treated with different

administrations. (f) H&E stained images of tumors resected from different groups at
day 8. (***P < 0.001)

4.3.7 In vivo biosafety of CR880-NPs

100 pL of CR880-NPs (0.3 mM) were i.v. injected into healthy C57BL/6 mice and
the blood samples were collected on day 7 and 14 to test organ function. There were

no evident differences between CR880-NPs treated mice and the PBS-treated mice
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from blood biochemistry and hematology data (Figure 4.10a,b). The H&E stained
images of vital organs (Figure 4.10c) also proved no detectable damages or
inflammatory lesions to the organs using CR880-NPs. Our results indicate that CR880-

NPs have the well toleration and good biocompatibility in vivo.
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Figure 4.10 (a,b) Blood biochemistry and hematology data of healthy C57BL/6 mice
after i.v. injection of CR880-NPs (0.3 mM) or PBS (control). (c) Representative H&E

stained images of major organs harvested from mice in different groups after 14 days.

4.4 Discussion

Croconaine dye-CR880 having a D-A-D type chromophore was prepared and
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converted to a nanoparticle formulation for highly efficient deep tumor optoacoustic
imaging and PTT. CR880 is unique having a highly sterically hindered and electron-
donating tetraphenylethylene (TPE) core which imparts an unusual property to the
croconaine of not blue shifting upon aggregation. Then the formulated CR880-NPs
exhibited high OGE, good photostability, and high photothermal conversion efficiency
(58.14%). The longer wavelength and high OCE of CR880-NPs bring about the
excellent image contrast from deep tissue with minimal background. Based on the EPR
effect, CR880-NPs can effectively accumulate to tumor region which be easily detected
by optoacoustic imaging. Besides, the superior photothermal performance of CR880-
NPs not only allow the high-efficient ablation of cancer cell but also ensure the
complete tumor inhibition in live mice. Furthermore, CR880-NPs show the good
biocompatibility and non-toxicity on the mice.

In general, organic dyes have problems with solubility in aqueous systems which
often limits their biomedical application. Nanoformulation makes it possible to
solubilize highly lipophilic organic dyes. In our group, we developed PEGylated
liposomes incorporating ICG which showed good tumor accumulation by MSOT
imaging.[30] Moreover, we encapsulated the iBu-TSBSH5 dye into QH2 nanoparticles
using a flash nanoprecipitation method.[76] Based on our previous work, we used
DSPE-PEG2000 to be the nanocarrier to load the hydrophobic CR880. The formulated
nanoparticles have a mean size of 45 nm. Due to the nanosize, the CR880-NPs can be
easily accumulated at the tumor region based on EPR effect.

When a laser beam illuminates tissue, reflection, scattering, conduction, and
absorption can occur. Reflected light accounts for about 4% to 7% of the light, which
does not affect the tissue. Scattering occurs in the presence of dermal collagen and
gradually decreases with increasing dye wavelength. Light in the NIR range is
minimally scattered resulting in deeper tissue penetration. Despite the benefits of using

NIR light for tissue imaging, the signal-to-noise ratio and the depth of tissue penetration
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remain limited because of absorption by hemoglobin and skin, and residual scattering
in this wavelength range. Therefore, longer-wavelength dyes with optimized
absorbance profiles remain attractive targets. Most of croconaine dyes or derived
nanoparticles have absorption peaks around or below 800nm. On the basis of the tissue-
mimicking phantom experiments, the longer wavelength absorption of CR880-NPs
enabled good image quality with lower signal-to-noise. Thus different tumor models
can be easily detected, even the challenged brain tumor. These results clearly
demonstrated the capability of tissue penetration using CR880-NPs.

Optoacoustic imaging resolves tissue images based on intrinsic tissue absorbers of
light, such as hemoglobin, water, and lipids. Contrast enhancement can be achieved
with agents that exhibit high absorption cross-section, high photostability, low quantum
yield, low toxicity, and preferential bio-distribution and clearance profiles. [7, 16]
Based on advantageous photophysical properties of croconaine dyes or derived
nanoparticles, CR880-NPs exhibits the high-efficient ability to absorb light energy to
convert into ultrasonic waves. Meanwhile, the high photostability of CR880-NPs also
provides the persistent optoacoustic signal for disease detection. Thus combining with
the high-sensitive MSOT systems, optoacoustic imaging of deep tumors can be easily
achieved. On the other hand, when contrast agents are irradiated with laser, the generate
thermal energy between can be used for PTT of tumors. CR880-NPs show 58.14% of
PCE, which much higher than most of PTT agents.[69, 79, 80] This is because most of
light energy mainy relases non-radiative energy as heat. Encouraged by the good PTT
effect, CR880-NPs shows good cell-killing and tumor inhabitation.

In conclusion, CR880-derived nanoparticles were constructed for efficient
optoacoustic imaging of deep tumor and PTT. The formulated CR880-NPs have the
advantages of high OGE, high PCE, high photostability, and deep tissue penetration.
Thus CR880-NPs could be passively targeted to various deep tumors and be easily

detected using optoacoustic imaging. Besides, the superior photothermal property of
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CR880-NPs ensured high-efficient cell-killing and tumor elimination. Furthermore,
CR880-NPs have no cytotoxicity in vital organs. Therefore, croconaine derived
CR880-NPs can be an ideal class of optoacoustic and photothermal agents for cancer

theranostics, which also provide a new way for designing NIR light absorbed agents.
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5 Conclusion and outlook

As described in this thesis, we synthesized three stable NIR-absorbing croconaine
nanoparticles, and then performed the characterization of their photophysical properties
and the corresponding biological applications. Specifically, the obtained results can be
divided into three parts, as described below.

First, a facile synthesis protocol of CR760 nanoparticles was developed for
efficient optoacoustic imaging-guided PTT of subcutaneous tumors. CR760 can be
synthesized in one step and then mono-conjugated to a PEG linker and RGD peptide
to generate self-assembling nanoparticles. CR760RGD-NPs can generate a stronger
optoacoustic signal and more heat than the industry-leading ICG. Due to the passive
and active targeting effect, the MSOT system can easily detect the effective
accumulation of CR760RGD-NPs in tumors. Meanwhile, the strong photothermal
performance of CR760RGD-NPs enabled complete tumor inhibition in mice.
Additionally, CR760RGD-NPs also showed good biocompatibility and no obvious
toxicity.

Secondly, to achieve efficient optoacoustic imaging of preclinically challenging
brain tumors, we developed croconaine-derived CR780 nanoparticles with absorption
of slightly longer wavelength, which enables deeper tissue imaging and also avoids an
overlap of the optoacoustic spectrum. Through appropriate nanomodification methods
and ligand targeting, c(RGDyC) peptide-modified CR780 nanoparticles were
developed with uniform size (25 nm), which were able to pass the blood-brain barrier
easily and efficiently target the brain tumor areas. Meanwhile, the strong optoacoustic
signal generated from CR780RGD-NPs enables a much better detection of deep brain
tumors by optoacoustic imaging.

Thirdly, because the absorption peaks of both CR780 and CR760 fall mainly

below 800 nm and are still affected by strong background signals from tissue and
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hemoglobin, croconaine-derived CR880 nanoparticles with longer absorption
wavelengths were developed to enable deeper tissue penetration for tumor imaging and
efficient photothermal therapy. The formulated CR880-NPs can produce a much
stronger optoacoustic signal compared with ICG. Several models such as agar
phantoms, brain tumors, and colon cancer were also used to demonstrate the highly
efficient imaging ability from deep tissue. Furthermore, the much higher PCE (58.14%)
enabled excellent cell-killing and tumor elimination.

As demonstrated by the three sets of results above, we believe that croconaine-
derived nanoparticles can be used effectively for optoacoustic imaging and
photothermal therapy. Importantly, there still remains additional work that can be done
to refine this into a more systematic system. For example, we are investigating different
ligand modifications on croconaine nanoformulations, so that they can be used for the
diagnosis of different disease models, such as atherosclerosis, arthritis, etc.
Additionally, longer absorption wavelengths of croconaine dye derivatives are worthy
of further exploration due to the superior optoacoustic generation and heat production.
Synergistic carriers (chemotherapeutic agents, photosensitizers, sSiRNA) could be co-
loaded with croconaine nanoparticles in one single system, thus enabling combination
therapy of tumors at lower laser power. We are excited to potentially see the many

possibilities of this technology come to fruition in the near future.
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