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ARTICLE INFO ABSTRACT

Keywords: Contrast enhancement in optoacoustic (photoacoustic) imaging can be achieved with agents that exhibit high
Brain tumor absorption cross-sections, high photostability, low quantum yield, low toxicity, and preferential bio-distribution
Croconan.lel and clearance profiles. Based on advantageous photophysical properties of croconaine dyes, we explored
Nanopartic 8 . croconaine-based nanoparticles (CR780RGD-NPs) as highly efficient contrast agents for targeted optoacoustic
Optoacoustic (photoacoustic) imaging . . . . s o

MSOT imaging of challenging preclinical tumor targets. Initial characterization of the CR780 dye was followed by

modifications using polyethylene glycol and the cancer-targeting c(RGDyC) peptide, resulting in self-assembled
ultrasmall particles with long circulation time and active tumor targeting. Preferential bio-distribution was
demonstrated in orthotopic mouse brain tumor models by multispectral optoacoustic tomography (MSOT) im-
aging and histological analysis. Our findings showcase particle accumulation in brain tumors with sustainable
strong optoacoustic signals and minimal toxic side effects. This work points to CR780RGD-NPs as a promising
optoacoustic contrast agent for potential use in the diagnosis and image-guided resection of brain tumors.

biodistribution of reporter molecules and tissue biomarkers [2]. MSOT
exhibits marked advantages over other imaging techniques, such as the

1. Introduction

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 [1]. Multispectral opto-
acoustic tomography (MSOT) enables functional and molecular imaging
by illuminating tissue at multiple wavelengths and processing these
images to resolve the distribution of different photo-absorbing moieties
by identifying their different absorption spectral profiles, yielding the

absence of harmful ionizing radiation, and the unique scalability of
spatial resolution and depth penetration across both optical and ultra-
sonic dimensions [3]. A variety of molecules that yield strong opto-
acoustic signals include endogenous hemoglobin, melanin, lipids,
collagen, and exogenously delivered synthetic contrast agents [4].
Several label-free optoacoustic imaging applications have been show-
cased using endogenous chromophores for contrast generation [4].
Using hemoglobin for example, optoacoustic imaging was used to
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visualize angiogenesis, tissue oxygenation, inflammation, and metabolic
processes [5-9]. However, to enable significantly richer profiling of
biological activities, there is a need for additional low-cost agents that
are versatile and easy to synthesize or structurally modify [2].

A successful optoacoustic agent should have a molar absorption co-
efficient, high optoacoustic generation efficiency (OGE), low quantum
yield, and a narrow spectral profile for more accurate and sensitive
spectral unmixing [10]. Furthermore, optoacoustic imaging agents
should be photostable, target-specific, biocompatible, and minimally
toxic in order to be applicable in imaging research [10]. A range of
organic and inorganic contrast agents has previously been explored for
optoacoustic contrast enhancement [11,12]. Metal-based inorganic
contrast agents have demonstrated strong absorption contrast, but un-
dergo physicochemical and biochemical changes such as reshaping,
fragmentation, and aggregation upon light irradiation, resulting in poor
photostability and altered optical behavior [13]. Moreover, long-term
toxic side effects remain a concern for metallic agents due to low
biocompatibility and long deposition time in the body after systemic
administration [14]. Organic dyes can overcome the challenges of
inorganic agents, as their chemical structures can be easily modified,
and they often exhibit good biocompatibility, easy metabolism, and low
toxicity [15]. However, due to low aqueous solubility, rapid systemic
clearance, and non-specificity toward cancers, most of the organic dyes
cannot be used for systemic administration.

To improve bioavailability, we have previously demonstrated that
encapsulation of organic dyes, or chemical conjugation or modification
with biodegradable polymers and peptides, results in nanoparticles with
enhanced systemic circulation and cancer-specific targeting ability [1,
16,17]. In particular, we proposed an encapsulation strategy to utilize
the US Food and Drug Administration (FDA)-approved indocyanine
green (ICG) for optoacoustic imaging [17]. ICG is a cyanine dye with a
high absorption cross-section but poor photostability and rapid renal
clearance. We demonstrated that encapsulation of ICG into PEGylated
liposomes (DOXIL lipid formulation) results in a higher absorption
cross-section, better photostability, and enhanced circulation time,
making these nanoparticles optimal for optoacoustic imaging [17].
Furthermore, we have recently reported that when fluorescent dyes
(iBu-TSBSH5) are encapsulated into nanoparticles, the Forster Resonant
Energy Transfer (FRET) effect on these dyes can result in self-quenching
of the fluorescence signal, making them suitable for optoacoustic im-
aging [16]. Moreover, various near-infrared (NIR)-absorptive organic
dyes with different backbones have been developed and loaded into
nanoparticles to enhance the bioavailability and optoacoustic signals in
deep tissue. Dyes such as squaraine [18,19], and BODIPY [20] exhibit a
sharp absorption peak, but their high quantum yields make them much
better suited for fluorescence imaging. Tetrapyrole structures such as
porphyrin and phthalocyanines are widely used as photodynamic ther-
apy (PDT) agents in treating cancers [21]. However, these structures
have poor aqueous solubility and low molar extinction coefficients and
therefore generate lower optoacoustic signals [15].

In search for improved optoacoustic agents, we herein examined the
properties of organic dyes with croconaine backbones and their de-
rivatives which exhibit narrow, strong absorption coefficients in the NIR
region, are exceptionally stable chemically, photochemically, and
thermally, and can be easily modified chemically [22]. Croconaine dyes
have been widely used in organic electronic devices and analytic
chemistry applications [23-25]. The use of nanoparticle formulations
promises to improve the inherent properties of croconaine dyes that
normally limit their preclinical in vivo applications, including low
aqueous solubility, inability to actively target cancer cells, and a short
half-life. Several studies have reported optoacoustic imaging applica-
tions of croconaine dyes encapsulated into such nanoparticle formula-
tions [26]. For example, nanoparticle formulations were used to
optimize physicochemical properties of croconaine dyes, such as croc-
onaine rotaxane incorporated into stealth liposomes for acid-activated
photothermal heating and ratiometric optoacoustic imaging at acidic
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pH [27]. Another group developed albumin-croconaine nanoparticles
for pH-based optoacoustic imaging of tumors [28]. Furthermore,
PEGylated croconaine dyes (CR780) were developed for targeted im-
aging of subcutaneous breast cancer tumors [29]. All these croconaine
formulations were designed to demonstrate the optoacoustic imaging
applications of croconaine dyes using subcutaneously implanted tumors
that are relatively easy to target. Finally, Liu et al. reported a NIR-II
croconaine dye encapsulated into a viral vector to form nanoparticles
for targeted in vivo orthotopic brain tumor imaging, although in vivo
safety of such viral nanoparticles is still to be thoroughly evaluated [30].

One particularly challenging target for nanoparticle contrast agents
is tumors in the brain because of the blood brain barrier (BBB) and blood
tumor barrier (BTB) [31,32]. 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
[33]. 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 [34]. Tumor growth
and progression compromises the integrity of the BBB, and such a dis-
rupted BBB is referred as the blood tumor barrier (BTB) [33], which is
characterized by a heterogeneous permeability of small and large mol-
ecules. The passive delivery of nanoparticles of appropriate size (20—70
nm) to the brain tumor is considered optimal [31,35]. Although several
optoacoustic agents (such as gold nanoparticles [36,37], MoS, nano-
sheets [38,39], and semiconducting polymeric nanoparticles [40]) have
been reported for optoacoustic imaging of deep brain tumors, their
biodegradability remains a major concern. Therefore, biocompatible
nanoparticles with suitable size and high optoacoustic generation effi-
ciency for deep brain tumor imaging are highly desirable.

To this end, we conjugated the croconaine backbone-derived CR780
dye with a NH2-PEG2000-MAL and the cancer-targeting c(RGDyC) pep-
tide to generate self-assembled nanoparticles with the ability to actively
target a brain tumor and enable longitudinal optoacoustic imaging. We
sought to test the tumor-targeting efficacy of these nanoparticles under
the most challenging delivery conditions, and ultimately applied them
to the imaging of an orthotopic brain tumor model using MSOT (Scheme
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 opto-
acoustic 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 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 the 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 h. 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.

2. Materials and methods
2.1. Materials
C(RGDyC) peptide and C(RADyC) peptide were bought from GL

biochem (Shanghai, China), NH3-PEGogo-SH were bought from Crea-
tive PEGWorks (Chapel Hill, USA). ICG, IR780 iodide, IR820, and 3-(4,5-
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Scheme 1. Schematic of the CR780RGD-NPs synthesis and optoacoustic imaging of a brain tumor.

dimethylthiazol-2-y1)-2,5-diphenyl-tetrazolium bromide (MTT) were
purchased from Sigma-Aldrich (Munich, Germany). IRDye800CW NHS
Ester was bought from LI-COR Biosciences (Nebraska, USA). Other
chemical reagents were obtained from TCI Deutschland GmbH
(Eschborn, Germany).

2.2. Materials 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 [41]. For the quantum yield measurement, three
concentrations of dyes in ethanol (absorbance below 0.1) were prepared
and corresponding fluorescence intensity was evaluated, then the fluo-
rescence 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 agents were calculated as follows: Slope-
dyes/Sloperc*0.05 (Slopeicg = 5166) [42]. The nanoformulations in
water were characterized by transmission electron microscopy (Zeiss
Libra 120 Plus, Carl Zeiss NTSb GmbH, Oberkochen, Germany) and
Malvern Zetasizer. Absorption spectra were measured with UV-1800
spectrometer (Shimadzu, Japan). Optoacoustic spectra were collected
by an MSOT inVision 256-TF (iThera Medical, Munich, Germany)
measurement and further correction with India ink, Brilliant Black BN
(BBN) [43]. Briefly, the Indian ink was used to correct the known
pulse-to-pulse fluctuations from the OPO laser. The BBN was selected as
a reference due to its photostability, and lack of any fluorescence gen-
eration allowed us to assign an OGE value of 1.0, assuming no decay
channels taking place. The OGE of samples is equal to the slope of the
line where corrected optoacoustic intensities are plotted against absor-
bance [43,44]. 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 h).

2.3. Synthesis of CR780, CR780-PEG-RAD, and CR780-PEG-RGD

CR780 was synthesized according to a previously reported method
[45]. 'H NMR (500 MHz, DMSO-dg) 8.52 (s, 2 H), 7.03 (d, J =6 Hz, 2
H), 3.99 (d, J =16.6 Hz, 4 H), 3.52 (t, J =14.1 Hz, 5 H), 2.73 - 2.60 (m, 2
H), 2.04 (d, J =12.9 Hz, 4 H), 1.73 (q, J =13.3 Hz, 4 H). MALDL: m/z =
529.183 [M + H]'. CR780-PEG-RAD or CR780-PEG-RGD was synthe-
sized by esterification. Briefly, CR780 (0.1 mmol), EDC-HCl (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 NHy-PEG200-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 c(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.

2.4. 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.

2.5. 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 mlL, absorbance 0.15 at 780 nm) [46,47]. Then tubing
containing different concentration of CR780RGD-NPs was inserted into
the tissue-mimicking phantoms for optoacoustic detection from
different depths using an MSOT inVision 256-TF. In vivo penetration
depth experiments were done by injecting CR780RGD-NPs (5 puM) in the
mouse brains using small Hub RN needle (Hamilton, Timis, Romania)
(bregma +1.0 mm, left lateral 2.0 mm and depth 5.0 mm). The opto-
acoustic signal was subsequently measured using an MSOT inVision
256-TF.

2.6. In vitro BBB penetration capability

The in vitro BBB model was constructed to explore the BBB perme-
ability of nanoparticles [48,49]. Briefly, 10° of HBEC-5i cells were
cultured with multiple layers on a Transwell filter system (pore size 0.4
pm). CR780-derived nanoparticles (50 pM) were added into the apical
chamber for 4 h’s incubation at 37 °C, then the medium in the baso-
lateral 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 effi-
ciency of NPs was calculated by dividing the weight of NPs in the
basolateral chamber by the weight of 50 pM NPs [50].

2.7. Invitro experiments

U87MG cells were sub-cultured in a 96-well plate at a density of 1 x
10* cells/well overnight. The cells were treated with different concen-
trations of CRZ80RAD-NPs and CR780RGD-NPs for 24 h. Then the cell
viability was measured by MTT assay to check the cytotoxicity of
nanoparticle samples.

Cellular internalization was used to assess targeting by c(RGDyC)
peptide-modified nanoparticles. A total of 1 x 10* of cells were seeded
on glass dishes at 37 °C in a 5% CO» atmosphere and cultured for 24 h.
Then CR780RAD-NPs or CR780RGD-NPs (50 pM) were added to the
dishes and incubated for 4 h. The cells were thoroughly rinsed with PBS
three times. Cellular uptake was observed based on fluorescence signal
from CR780 based nanoparticles by Leica DMI3000 B Inverted Micro-
scope (Wetzlar, Germany).

2.8. Brain tumor mouse model

All procedures involving animal experiments were approved by the
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Government of Upper Bavaria. Subcutaneous U87MG tumor models
were prepared by subcutaneously implanting a suspension of 2 x 10°
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 x 10°)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 brain imaging
was conducted four weeks after implantation [51].

2.9. In vivo MSOT 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 opto-
acoustic images were acquired at different time points before and after
injection (0, 4, 24 h). The MSOT (MSOT256-TF, iThera Medical GmbH,
Munich, Germany) scanning was carried out from 680 to 900 nm with a
step size of 10 nm and 10 signal averages. The light was illuminated on
the sample uniformly from 5 different directions using a one to ten (five
pairs) fiber bundle. The generated acoustic signals were acquired using a
256-element transducer array (5 MHz center frequency) with 270-de-
gree angle coverage and 40 Ms/sec DAQ sampling rate. This acquired
sinogram data was initially filtered using a Chebysheyv filter having the
bandwidth as 0.1-8 MHz. The filtered sinogram data was used to
reconstruct the mice/phantom image using a model-based reconstruc-
tion with a least squares QR inversion method running for 100 itera-
tions. The model-based reconstruction was performed at all the
wavelengths i.e. 680 nm-900 nm with a step size of 10 nm. The
reconstructed images were used to detect the CR780 signal using the
CR780 reference spectral information, the CR780 signal was detected
using linear regression approach (unmixing method) [44]. The averaged
optoacoustic signals of brain tumor regions were extracted using
ViewMSOT 4.0 software (iThera Medical, Munich).

2.10. Ex vivo optoacoustic imaging, fluorescence imaging, and
histological analysis

The mice were sacrificed at 24 h 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 cry-
osection slices were captured on glass slides. The slides obtained were
stained by H&E and imaged with a light microscope (Carl Zeiss).

2.11. In vivo pharmacokinetics studies

Healthy C57BL/6 mice were intravenously injected with 100 pL of
CR780RGD-NPs (1 mM). Blood was collected from the mouse heart at
different time points (15 min, 1 h, 2h, 4 h, 8 h, 12 h, and 24 h), and then
serum was separated by centrifugation using serum separator tubes
(Sarstedt AG &Co.). Absorption intensities of nanoparticles in serum
samples were measured by a UV-1800 spectrometer (Shimadzu, Japan).
Pharmacokinetic parameters were calculated with non-compartmental
analysis using WinNonlin 4.1 software (Pharsight Corp., Palo Alto, CA,
USA).

2.12. 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 pL of PBS buffer,
and the other 3 groups were i.v. injected with 100 pL of CR780RGD-NPs
(1 mM). On days 1, 7, and 14, blood from CR780RGD-NPs treated group
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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).

2.13. Statistics

Sample sizes were chosen based on the literature. Animals of the
same gender, age, and genetic background were randomized for
grouping. Results were expressed as mean + SD. Statistical analyses
were performed using OriginPro 8 (Northampton, Massachusetts, USA).
Inter-group differences were assessed for significance using One-Way
ANOVA with Tukey’s HSD test.

3. Results
3.1. Synthesis and characterization of CR780

Croconaines are pseudooxocarbon dyes derived from croconic acid
[22]. For facile polymeric conjugation, we previously synthesized a
croconaine dye with two carboxyl groups referred to as CR780 [45].
CR780 was prepared by a three-step reaction (nucleophilic substitution,
condensation, and ester hydrolysis) as shown in Fig. S1. Fig. S2, S3 show
the H-NMR spectrum and mass spectrum of CR780, which confirmed
the right compound. Table S1 shows the experimental comparison of the
photophysical properties of CR780 with previously reported opto-
acoustic dyes (ICG, IRDye800CW, IR780 iodide, and IR820) in ethanol
[52-54]. 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 yield (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 that ability of the compound to convert optically
absorbed energy into pressure waves that give a strong optoacoustic
signal. Fig. S4 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 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 coeffi-
cient and OGE, we set out to use the CR780 to prepare ultrasmall,
self-assembled nanoparticles that are suitable for brain tumor targeted
imaging.

3.2. Synthesis and characterization of CR780RGD-NPs

We conjugated the hydrophobic CR780 to the hydrophilic NHj-
PEG2000-SH and c(RGDyC) peptide to generate nanoparticles that can
self-assemble based on hydrophobic and hydrophilic interactions [55].
The c¢(RGDyC) peptide is used to target oyf3 integrin receptors, which
are expressed on activated endothelial cells of the tumor neovasculature
and tumor cells [56]. In parallel, as controls for the tumor-targeting
ability of the nanoparticles, we prepared CR780RAD-NPs. Fig. S5,56
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. Fig. 1a 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 scat-
tering (DLS). Fig. 1b and Fig. S7 show that the CR780RGD-NPs exhibit
circular morphology with an average size of approximately 25 nm. The
control group from CR780RAD-NPs show a similar size distribution
(Fig. S8). Fig. 1c,d show the optical and optoacoustic spectrum of
CR780RGD-NPs, which have a narrow and intense peak at 780 nm,
similar to CR780RAD-NPs (Fig. S9). The =zeta potential of
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Next, we compared the quantum yield and OGE of CR780 and CR780-derived nanoparticles with ICG in 10 % FBS due to the instability
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of ICG in the water phase. Fig. 1e 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 CR780RGD-NPs by
continuously irradiating the samples with a pulsed laser (fluence 10
mJ/cm?) for 1 h and compared the changes in optoacoustic intensity
against ICG. Fig. 1f shows that 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.

3.3. Optoacoustic imaging with CR780RGD-NPs at different depths in
vitro and in vivo

To explore the potential of CRZ80RGD-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 different concentration of CR780RGD-NPs was
placed in the center. Various phantoms were created with different radii
to examine the imaging of nanoparticles at different depths. Fig. 2a
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. Fig. 2b and Fig. S13 show
that CR780RGD-NPs contrast levels correlated with phantom thickness
and nanoparticle concentration. Detection limits are also defined in the
context of lesion concentration, lesion size and depth [57], thus the
lower detection limit of the unmixing method for CR780RGD-NPs at
depths of 7 mm or 9 mm in tissue-mimicking phantoms was found to be
1.25 pM. Optoacoustic contrast due to CR780RGD-NPs was visible at
different depths, confirming the potential for the optoacoustic detection
of CR780RGD-NPs from deep brain tumors.

To examine whether CR780RGD-NPs could generate strong opto-
acoustic signals at different depths within tumors in vivo, despite back-
ground 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. Fig. 2c 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. Fig. 2d shows no variation in
optoacoustic intensity across different depths in animals prior to nano-
particles implantation, whereas the optoacoustic intensity was approx-
imately 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, blood, and brain tissue.

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
(Fig. S14). HBEC-5i cells were cultured with multiple layers on a
Transwell filter system (pore size 0.4 pm) [49]. CR780-derived nano-
particles (50 pM) were added into the apical chamber, and the absor-
bance 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 10.9 +
1.2 %, 11.8 + 1% for CR780RAD-NPs, CR780RGD-NPs, respectively.
These results indicate that such ultrasmall particles might also be able to
penetrate through the disease-compromised BTB in vivo. Next we tested
the in vitro active targeting ability of CR780RGD-NPs using U87MG cells
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(glioblastoma cell line). Uptake of non-targeted CR780RAD-NPs and
integrin oyf3-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 (Fig. S15). We further
evaluated the cytotoxic effects of nanoparticles in U87MG 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 (Fig. S16).

3.5. In vivo optoacoustic imaging of a brain tumor

To test the ability of CR780RGD-NPs to specifically accumulate in a
brain tumor, we first subcutaneously implanted U87MG cells and sub-
sequently injected with the respective nanoparticles (i.e. CR780RAD-
NPs or CR780RGD-NPs) via the tail vein. As expected due to their ul-
trasmall size, these nanoparticles reached the tumor within four hours of
treatment (Fig. S17). However due to their integrin a,f3 receptor tar-
geting 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 the respective nanoparticles (i.e. CR780RAD-
NPs or CR780RGD-NPs) via the tail vein. Fig. 3a 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 (Fig. S18).
However, only CR780RGD-NPs were retained in the brain tumor for at
least 24 h and generated a strong optoacoustic signal 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
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. Fig. 3b
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. Fig. 3¢ 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.
Fig. 3d 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 addi-
tional mice treated with CR780RGD-NPs (Fig. S20). The tumor accu-
mulation of CR780RGD-NPs confirms accumulation of particles due to
the EPR effect and active targeting via the c(RGDyC) peptide. We
compared 1 mM and 2 mM doses of CR780RGD-NPs to select the optimal
concentration for brain tumor visualization. As observed in Fig. S19,
tumor visualization at the 2 mM dose was poor compared to the 1 mM
dose, potentially due to higher signal from the skull region (blood ves-
sels) limiting the penetration of light. We therefore used the 1 mM dose
of the NPs throughout.

To validate the results of in vivo MSOT based optoacoustic tomog-
raphy, the brains were isolated from all animals 24 h after MSOT im-
aging. Optoacoustic images were acquired for isolated whole brains, and
fluorescence images were acquired following brain sectioning. Fig. 4a—c
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Fig. 3. In vivo MSOT imaging of CR780RAD-NPs and CR780RGD-NPs in a mouse brain. (a) Representative unmixed image of U87MG bearing orthotopic glio-
blastoma i.v. injected with 100 pL of CR780RAD-NPs or CR780RGD-NPs (1 mM). Signals are shown only for the brain tumor region (n = 5). Scale bar, 5 mm. (b)
Optoacoustic spectra from the tumor region of the animal treated with CR780RGD-NPs at different time points. (c) CR780RAD-NPs and CR780RGD-NPs concen-
trations 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.

CR780RAD-NPs
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Fig. 4. (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. Scale bar, 5 mm. (c) Fluorescence images of isolated brain slices. Scale bar, 5 mm. (d, e) Bright fields and H&E staining of brain

tumor slices.

and Fig. S21c show strong optoacoustic and fluorescence signals due to
CR780 presence in the tumor region of mice treated with CR780RGD-
NPs, while a very weak optoacoustic and fluorescence signal was
observed in the isolated brains from mice treated with CR780RAD-NPs.
Furthermore, the presence of the tumor in the brain was confirmed by
cryo-slicing and H&E staining (Fig. 4d,e, S21).

3.6. In vivo biodistribution and pharmacokinetics of CR780RGD-NPs

Biodistribution of CR780RAD-NPs and CR780RGD-NPs was moni-
tored in vital organs. After intravenous injection of the respective
nanoparticles, the mice were sacrificed after 1 day and 7 days of treat-
ment, and all vital organs were isolated and scanned using MSOT.
Fig. S22 shows the optoacoustic images and signal intensities due to the
presence of CR780 in different organs at day 1 and day 7. Both types of
nanoparticles showed a similar level of uptake in the liver and slightly
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lower uptake in the kidney, heart, and spleen at day 1. At 7 days post-
injection, both nanoparticles have decreased sharply in major organs,
with only little remaining in the kidney and liver. This distribution
pattern is similar to that reported for organic nanoparticles, reflecting
the fact that nanoparticles larger than 10 nm are cleared mainly through
the hepatobiliary system [58,59]. Additionally, the pharmacokinetics of
CR780RGD-NPs were evaluated from the blood clearance profile at
different time points [60], which show a 11.77 h serum half-life for
CR780RGD-NPs (Fig. $23).

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 (Fig. 5a, 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

a b
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staining and histology analysis of major organs (Fig. 5¢) 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.

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
those of the gold-standard 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, 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 a low quantum
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Fig. 5. Biosafety study of CR780RGD-NPs. Blood and major organs were sampled after healthy C57BL/6 mice were injected with 100 pL of CR780RGD-NPs (1 mM)
or PBS (control). (a) Blood biochemistry. (b) Hematology. (c) H&E staining of vital organs (20x magnification). ALB, albumin; BUN, blood urea nitrogen; ALT,
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yield, high molar-extinction coefficient, high OGE, narrow NIR ab-
sorption peak, and excellent photostability as well as tumor specificity
and low toxicity. 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 agents at 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. These 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 [61]. However, under
disease conditions such as in cancer, the BBB is disrupted and the
permeability increases, which allows nanoparticles of certain di-
mensions to pass through and reach different areas in the brain [33].
Nanoparticles above 100 nm in size exhibit poor brain tumor extrava-
sation, whereas nanoparticles below 5 nm undergo rapid clearance via
the kidney [62,63]. 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 [31].
We observed enhanced uptake and retention of CR7Z80RGD-NPs (25 nm
size) in the brain tumor which, when combined with active targeting via
integrin oyP3 receptors on the tumor surface, ensured a sustained opto-
acoustic 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
potential toxic effects due to CR780RGD-NPs treatment both in vitro and
in vivo. Treatment of different concentrations of nanoparticles in US87MG
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 con-
firming that the nanoparticles were well tolerated.

The multispectral optoacoustic technique MSOT allows simultaneous
imaging of multiple endogenous chromophores in the brain for assess-
ment of brain structure and function [7,51,64]. 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 diag-
nosis 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 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
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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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