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Background: Hepatocellular carcinoma (HCC) is the second leading cause of cancer death
and early stage diagnosis can greatly increase the survival rate of patient. However, the
accurate detection of HCC remains an urgent challenge in medical diagnosis. The combina-
tion of magnetic resonance imaging (MRI) and photoacoustic imaging (PAI) are conducive
for accurate locating of cancerous tissue. Therefore, it is necessary to explore a more facile
and biosafe dual-modal contrast agent for orthotopic HCC detection.

Methods: In this study, a promising contrast agent had been identified based on gadolinium
chelated melanin nanoparticles and evaluated its usage as a dual-modal T; MRI and PAI
contrast agent for orthotopic HCC detection.

Results: The gadolinium-based melanin nanoparticles presented ultrasmall size, high chelation
stability and negligible cytotoxicity estimated by CCK-8 assay. Moreover, the nanoparticle
exhibited higher r; relaxivity (45.762 mM ' s!) than clinically approved Gadodiamide
(4975 mM ' s') at 1.5 T MR scanning. A linear regression analysis confirmed that the
nanoparticles were ideal candidates for PAI in vitro. After the nanoparticles were injected into
vein in mice with orthotopic HCC, a dramatic increase in signal of the liver was observed at 0.5
hr by MRI and PAI, while the tumor exerted remarkable signal enhancement at 7 hrs, showing
excellent detection sensitivity. In addition, the nanoparticles exhibited excellent biocompatibility
and they can be excreted through both hepatobiliary and renal pathways after diagnosis.
Conclusion: These results indicate that the ultrasmall gadolinium chelated melanin nano-
particles is a promising candidate as a dual-modal MRI/PAI contrast agent for the detection
of orthotopic HCC.

Keywords: melanin nanoparticles, gadolinium, magnetic resonance imaging, photoacoustic

imaging, orthotopic hepatocellular carcinoma

Introduction

Hepatocellular carcinoma (HCC) is the second leading cause of cancer death after lung
cancer over the world." Early specific diagnosis accompanied by timely curative treat-
ments can reduce liver cancer mortality and increase the median S-year survival rate of
patients from 5% to over 50%.%* However, currently there is no reliable and sensitive
way to detect HCC at early stages, thus the accurate detection of HCC remains one of the
most urgent challenges in medical diagnosis. Among all noninvasive molecular and
functional imaging techniques, magnetic resonance imaging (MRI), as one of the most
prominent clinical imaging techniques, can produce valuable medical images for early
cancer diagnosis, providing noninvasive anatomical and physiological information with
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high spatial and temporal resolution.> Clinically, more than
35% of MRI scans use contrast agents and gadolinium (Gd)-
based contrast agents have attracting substantial attention as T
-weighted MRI contrast agents owning to the paramagnetic
property induced by seven unpaired electrons of Gd**, which
shorten the longitudinal relaxation time of water protons and
increase tissue contrast.” '° Currently, all clinically approved
Gd**-containing contrast agents are based on small molecules
with relaxivity r; values around 4-6 mM '-s'. However, their
low relaxivities, non-specificity to target, quick removal by
excretion, and instability in vivo severely limit the application
of MRI in clinic.'"""'? Gd-based nanomaterials have been
extensively developed as a new generation of MRI contrast
agents exhibiting enhanced relaxivities and high accumulation

12714 While some issues includ-

in tumor for cancer diagnosis,
ing complexity of preparation, stability and biosafety still limit
their further use in clinical research.

Although MRI is one of the most common modalities for
imaging, poor sensitivity may hinder its application for accu-
rate tumor diagnosis.'>'® Photoacoustic (PA) imaging, comb-
ing spectral selectivity of laser light and high resolution of
ultrasound detection, with high sensitivity, background-free
detection and high spatial resolution, can overcome this
limitation.'” "' MRI can rapidly screen to locate the potential
lesions, while PAI can provide high-resolution morphological
structure and molecular information in high sensitivity; thus, it
is undoubted that the combination of MRI and PAI would
conduce to accurate locating of cancerous tissue. Currently,
some Gd-based nanomaterials have been exploited for MR/PA
dual-model imaging contrast agent with properties of both
strong magnetization and excellent light absorption, such as
Gd-integrated CuS@bovine serum albumin nanoparticles,?
gadolinium-conjugated polypyrrole nanoparticles,?' polymer-
based gadolinium oxide nanocomposites,”* monodisperse Gd,
05/Bi,S; hybrid nanodots,” Gd3+-d0ped MoSe, nanosheets,”*
and so on. Despite these contrast agents present exciting
potential in cancer diagnosis, the non-biodegradability and
potential long-term toxicity remarkably impeded their progress
for future clinical application. Besides, the diagnostic effi-
ciency should be further investigated because these dual-
modal contrast agents have been intensively studied only in
ectopic and not in orthotopic tumor models, while the physio-
logical environment of orthotopic and ectopic xenografts are
different. Therefore, it is necessary to explore a Gd-based MR/
PA dual-modal contrast agent with simple synthesis, high
sensitivity and good biosafety for the early diagnosis of ortho-
topic HCC.

Compared with exogenous materials, endogenous bio-
materials in organism have excellent biosafety in vivo due to
their native biocompatibility and biodegradability. Melanin
nanoparticles, endowing unique properties including
metal ion chelation, strong optical absorption in the near-
infrared region, free radical quenching, photo-protection and
biocompatibility, have many potential applications in
biomedicine.”> ?’ However, the natural melanin had poor
solubility, and the reported melanin or melanin-like nano-
particles mainly displayed larger size (more than 100

nm)’28,29

which largely increased the difficulty of biodegra-
dation and metabolism in vivo. Recently, we have synthe-
sized water-soluble and undersize melanin nanoparticles
(about 10 nm) for multimodality imaging.®® While the nano-
particles were cleared by liver, not the kidney. Herein, we
constructed the ultrasmall size (about 4.9 nm) and water-
soluble Gd-based melanin nanoparticles (termed as MPGds)
by a facile route as an MR/PA dual-modal imaging contrast
agent for the early stage detection of orthotopic HCC. The
synthesis scheme and application are shown in Figure 1. In
vitro experimental results show that the Gd-based melanin
nanoparticles had small size, excellent chemical stability,
reasonable biocompatibility, strong T;-weighted MRI and
PAI enhancing capacity. Cellular uptake was confirmed
with bio-transmission electron microscopy (Bio-TEM),
laser scanning confocal microscope (LSCM) and flow cyto-
metric analysis. The small animal experiments in orthotopic
HCC mouse model demonstrate that the as-prepared MPGds
exhibit excellent imaging ability and low toxicity, which
also can be excreted through hepatobiliary and renal path-
ways. These experimental results indicate good prospects of
MPGds as a dual-modal contrast agent for -clinical
transformation.

Materials and Methods

Materials

The following materials were acquired: melanin was pur-
chased from Sigma-Aldrich. Gadolinium(IIl)chloride hex-
ahydrate (GdCl;-6H,0), sodium hydroxide (NaOH) and
hydrochloric acid (37 wt% HCI) were acquired from
Sinopharm Chemical Reagent Beijing Co., Ltd. Amine-
PEGsgg0-amine (NH,-PEGsg00-NH,, 5 kDa) was obtained
from Shanghai Zzbio Co., Ltd. Phosphate-buffered saline
(PBS) and 4,6-diamidino-2-phenylindole (DAPI) was pur-
chased from Boster biological Technology Co., Ltd.
Fluorescein isothiocyanate were acquired from ACROS
(90%, FITC). All agents were of analytical grade and
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Figure | Synthesis scheme of MPGds contrast agent (A) and application in MRI/PAI dual-modal imaging for orthotopic HCC (B).

used directly without further purification. Deionized (DI)
water was used for all experimental procedures.

Preparation and Characterization of MPGds
Melanin nanoparticles (MNP) were obtained according to the
previously published method with some modification.*® In
a typical reaction, the 2 mg melanin was dissolved in an
aqueous solution of NaOH (0.1 M), and then the pH was
adjusted to a neutral partial alkali by dropwise addition of an
aqueous HCl solution (0.1 M), followed by sonication with the
high amplitude about 60%. The mixed solution was centri-
fuged and washed several times using 10 kDa (molecular
weight cut off) MWCO filters, and finally lyophilized to obtain
a powdery MNP. In order to improve the biocompatibility and
physiological stability of MNP, an aqueous solution of MNP
(1 mg/mL) having a pH of 9.5 was added dropwise to an
aqueous solution of NH,-PEGsgpo-NH,. After magnetic stir-
ring overnight, the mixed solution was centrifuged and washed
several times to obtain PEGylated MNP.

0.5 mL of GdCl; solution (10 mg/mL) was added to 1 mL
the PEGylated MNP (2 mg/mL in solution) and stirred at
room temperature for 2 hrs. The final Gd*'-loaded
PEGylated MNP (MPGds) were centrifuged and washed
with DI water 3 times to remove the free Gd*" ions.

Transmission electron microscopy (TEM) of MPGds was
measured using a JEM-2100F microscope. Dynamic light
scattering (DLS) (Zetasizer-90, Malvern Instruments) was
applied to analyze the hydrodynamic diameter and zeta
potential of the MPGds. The molecular weight of melanin
nanoparticles was measured by a Bruker Ultraflextreme
matrix-assisted laser desorption/ionization—time of flight
(MALDI-TOF)/TOF mass spectrometer (Bruker Daltonics,
Inc., Billerica, MA). Absorbance measurements were
acquired by a UV-Vis-NIR spectrometer (lambda-950,
Perkin Elmer). The metal ions chelated stability was investi-
gated by the dialysis experiment. The MPGds were placed in
dialysis tube (MWCO 3500D) with PBS (pH = 7.4) at 37°C
for 48 hrs followed magnetic stirring, dialysis against 10 mL
PBS. At a certain time, dialysate was taken out for the
analysis of metal ions content and replaced with fresh PBS
solution. The Gd** concentration was quantified by induc-
tively coupled plasma-atomic emission spectrometry (ICP-
AES) using a Shimadzu ICPE 9000 instrument.

Cytotoxicity and Cellular Internalization

of MPGds

HepG2 cells were originally purchased from Type Culture
Collection of the Chinese Academy of Sciences, Shanghai,
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China, and they were grown in normal DMEM culture med-
ium with 10% fetal bovine serum (FBS) and 1% penicillin—
streptomycin at 37°C under 5% CO,. The cell morphology
was monitored and cell passaging was done timely.

In vitro Cytotoxicity Assay

HepG?2 cells suspensions were seeded into 96 well plates at
the density of 1 x 10 cells per well under standard condi-
tions (37°C, 5% CO,) and incubated overnight. Then, these
cells were administered with different concentrations of
MPGds and incubated for an additional 24 hrs. After that,
the HepG2 cells were washed three times with PBS to
remove residual nanoparticles and 10 pL of CCK-8 solution
was added into each well to evaluate cell viability. After
incubated with cells for another 2 hrs, the absorbance at 405
nm was measured using a microplate reader (Bio Tek,

Epoch). Wells were analyzed in replicates (n=8).

Cell Uptake Behavior

Biological transmission electron microscopy (Bio-TEM),
confocal laser scanning microscopy (CLSM) and flow
cytometry were used to investigate the cell uptake beha-
vior. HepG2 cells with the density of 2 x 10°/mL were
incubated on a plate for 24 hrs. Then, 200 pg/mL of
MPGds were added to the cells that were incubated for
another 6 hrs. After being washed with PBS for several
times, the cells were collected by centrifugation and fixed
with 2% glutaraldehyde for 2 hrs. Bio-TEM specimens
were prepared according to standard procedures and then
observed using a TEM (JEM-1011) at 80 kV.

For CLSM imaging, 20 uL. FITC solution (5 mg/mL)
was added to 1 mL of 1 mg/mL PEGylated melanin aqu-
eous solution and the mixture was stirred for 2 hrs at room
temperature. After washed and centrifuged several times,
the FITC-labeled MPGds were acquired and incubated
with HepG?2 cells for 6 hrs, and then the cells were washed
with PBS for several times and fixed with 4% paraformal-
dehyde solution. Finally, the nuclei were stained with 300
puL of 400 nM DAPI and the cells were imaged with
CLSM (FV1200, Olympus, Japan) using laser lines of
405 and 543 nm.

For fluorescent quantitative analysis, HepG2 cells were
seeded into 6-well plates and incubated for 24 hrs. After
rinsed with PBS for several times, the cells incubated with
FITC-labeled MPGds for another 6 hrs. All cells were
collected by centrifugation and analyzed by FACS
Calibur flow cytometry.

In vitro Assessment of MR and PA
Imaging

To evaluate MR contrast enhancement effect in vitro, Gd-
content was measured with ICP-AES, prior to MR scan-
ning and 300 pL of MPGds with various concentrations of
gadolinium ions (0, 0.025, 0.05, 0.1, 0.2 and 0.4 mM) in
aqueous solutions were imaged by a clinical 1.5 T MR
clinical scanner (Magnetom Trio with Tim, Siemens) with
a wrist surface coil (diameter 11 c¢cm). T;-weight images
(T1WI) were obtained using a sequence with the following
parameters: field of view (FOV), 90 x 60 mm?; slice
thickness, 1.5 mm; spacing, 0.5 mm; base matrix resolu-
tion, 256 x 256; repetition time (TR), 500 ms; and effec-
tive echo time (TE), 20 ms. The r; relaxivity values were
determined through the curve fitting of 1/T; (s ') versus
the Gd component concentration (mM).

For PA imaging in vitro, it was performed with an
MSOT inVision 128 small animal imaging system
(iThera Medical GmbH, Munich, Germany). Briefly, phan-
toms were filled with the various concentration from 0.2 to
0.8 mM of MPGds nanoparticles. Then, phantoms were
suspended inside a water tank and imaged at the 680-980
nm laser. Finally, the PA signals were measured in regions
of interest (ROIs) for each sample and the correlation
between the PA signal and concentration response curve
was calculated.

Animal Tumor Model

This study was performed in strict accordance with the
NIH guidelines for the care and use of laboratory animals
(NIH Publication No. 85-23 Rev. 1985) and was approved
by the Institutional Animal Use and Care Committee of
Shan Xi Medical University (Approval No. 2016LL141,
Taiyuan, China). Female nude mice (6-8 weeks) were
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. and housed in an isolated animal
room with water and rodent food supplements to acclimate
for one week before use. All animal experiments were
conducted in accordance with the relevant laws and insti-
tutional guidelines following the approval of the Ethics
Committee of Chinese Academy of Sciences.

In order to obtain a tumor entity, 3 x 10° KB HepG2
cells were suspended in 100 pL of PBS solution and
injected subcutaneously into the axilla region of the
nude mice (n=4). The tumor size was measured periodi-
cally using a slide caliper. When the tumor size is close
to 1*1 cm, and the color is pink and white, the tissue has

submit your manuscript

9896

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Sun et al

no necrosis and ulceration, the nude mice will take
0.3*0.3 cm tumor tissue as donors and provide tumor
entities for nude mouse receptors. A 0.7 cm incision was
made under the right costal margin of the recipient nude
mouse, and then the peritoneal 0.9 cm incision was
opened. The liver was pulled outward, and a slit was
made in the thick part of the liver, and a 0.3 cm tumor
body was placed in the slit. Surgical glue is applied to fix
the tumor to the liver. When the surgical glue is dry, the
peritoneum is sutured and the suture is closed. Observe
any behavioral abnormalities of the animals daily and
check the tumor size weekly. Nude mice were used for
MRI and PAI studies when tumor size was greater than
0.5*0.5 cm.

In vivo Assessment of MR and PA Imaging
The distribution of MPGds in HCC regions and kidney
was investigated with MRI and PAI. MR measurements
were performed with a 3.0 T MRI equipment (Achieva,
Philips) with a wrist surface coil (diameter 11 cm) and T,-
weighted images were collected to confirm the distribution
of MPGds. Mice were anesthetized via intraperitoneal
injection of 1% pentobarbital sodium (40 mg/kg) main-
taining a physiologic temperature of 37°C during imaging,
followed by collecting the MR images as the data of pre-
injection. Afterward, the mice (n=4) were intravenously
injected with MPGds (4 mg/mL, 200 pL). The images of
tumor location and kidney were collected at special time
intervals 0.5 hr, 1 hr, 4 hrs, 7 hrs, 24 hrs, 72 hrs and 168
hrs. MR scans were performed in transversal orientations
with following parameters: FOV, 90 x 60 mm?; slice
thickness, 5 mm; spacing, 0.5 mm; base resolution matrix,
256 x 256; TR, 500 ms; and TE, 20 ms.

In vivo PAwas performed by a real-time MSOT imaging
system (inVision 128, iThera Medical GmbH, Neuherberg,
Germany). Mice bearing orthotopic HCC were anesthetized
with isoflurane (mixture of 5% isoflurane and oxygen at 2 L/
min) and collected PA signals as the data of pre-injection.
After injection, the equal dose of MPGds, the images of
tumor location and kidney were collected at the time interval
0.5 hr, 2 hrs, 4 hrs, 7 hrs, 24 hrs, 72 hrs and 168 hrs. In PAI
tests in vivo, a volume ROI consisting of transverse slices
with a step size of 0.3 mm spanning through the tumor
region was selected by manual inspection of live MSOT
images. The error bars in quantitative analysis represent
the standard deviation of the measurements. Imaging analy-
sis was performed using the Image J software.

In vivo Toxicity Analysis

Mice bearing orthotopic HCC were administrated intrave-
nously with MPGds (4.0 mg/mL, 200 pL) by tail vein and
sacrificed at 24 hrs post-injection (n=3). Subsequently, the
main tissues (heart, liver, spleen, lung, kidney and tumor)
were collected, weighted and decomposed in heat nitric acid
to colorless solution. After diluted with diluted nitric acid
solution (1%), the Gd concentration was measured by induc-
tively coupled plasma-mass spectrometry (ICP-MS, Agilent
7900).

For histology analysis, mice were sacrificed after injec-
tion of MPGds for 5 days. Then, the main organs (heart,
liver, spleen, lung and kidney) and tumor tissue were
harvested and fixed in 4%
embedded in paraffin blocks and sectioned into slices at

formalin solution. After

8 um thickness, the histological slices were stained with
hematoxylin and eosin (H&E) and observed by an optical
microscope (CX-31, Olympus, Japan).

Statistical Analysis

All results are reported as means = SD and P<0.05 was
viewed as statistically significant. All statistical analyses
were performed using SPSS 22.0 for Windows (IBM
Corporation, Armonk, NY, USA).

Results and Discussion

Preparation and Characterization of
MPGds

Melanin nanoparticles were successfully prepared according
the previous method with some modification.>® To further
improve the biosafety and prolong the circulation time in the
blood, NH,-PEGs000-NH, was grafted the surface of mela-
nin nanoparticles via Michael addition reaction.***' After
chelated Gd*" ions, the nano-contrast agent MPGds was
obtained and the correlative characterizations of structure
and property are shown in Figure 2. TEM image shows the
particles were monodisperse and the size of synthesized
MPGds was about 4.9 nm. In order to measure the actual-
dispersed size in the PBS solution, the hydrodynamic size of
MPGds was measured by DLS, which had the consistent
result with TEM (Figure 2B). The zeta potential was also
determined to —8.5+4.2 mV. Besides, the molecular weight
of melanin nanoparticles was about 34 KDa according to the
MALDI-TOF result (Figure S1), and the concentration of
Gd*" was obtained by the ICP results; thus, the number of
chelated Gd*>" per MNP can be calculated to 58. To confirm
the stability of metal ion chelation, the dialysis experiment
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Figure 2 Characterization of MPGds. (A) TEM images of MPGds. (B) DLS results of MPGds dispersed in PBS. (C) The stability curves of MPGds in neutral and weak acidic

pH values. (D) UV-Vis-NIR absorbance spectra of MPGds with various concentrations.

was carried out shown in Figure 2C. The Gd*" ions content
was still up to 98% compared with the original value after 48
hrs exposed to the neutral solution, even under acidic con-
dition, more than 97% of Gd*>" ions remained with MPGds,
indicating the high chelation stability. The decrease of the
first 2 hours results from the absorbed metal ions through
weak electrostatic interaction. UV-Vis-NIR spectra of the
MPGds in Figure 2D exhibited broad good absorbance
performance from 680 nm to 980 nm, and the absorbance
intensity enhanced with increasing the concentration of
MPGds, which could be used a potential contrast agent
for PAL

Cellular Viability and Uptake Behavior

The biocompatibility of MPGds on HepG2 and NIH3T3
cells was evaluated by performing in vitro cell viability
assay (CCK-8) shown in Figure 3A. The MPGds across
the concentrations ranging from 0 to 800 pg/mL were

incubated with HepG2 and NIH3T3 cells for 24 hrs. The
CCKS8 assay revealed no significant difference showing up
to 90% cell viability at 800 pg/mL in two kinds of cells,
demonstrating negligible toxicity for application in vivo.
The cellular uptake behavior was confirmed by bio-TEM,
CLSM and flow cytometry analysis. Firstly, bio-TEM was
used to observe the subcellular location of MPGds. As
shown in Figure 3B, MPGds were effectively phagocytized
by HepG2 cells, and mainly trapped into the cytosolic vesicles,
such as the endosomes and lysosomes. Meanwhile, the cells
were well-visualized with green fluorescence in merged
CLSM image after 4 hrs of incubation with FITC-labeled
MPGds, suggesting highly efficient intracellular accumulation
of MPGds (Figure 3C). The successful FITC-labeling of
MPGds has been confirmed by fluorescence spectra
(Figure S2). Furthermore, the flow cytometry was used to
quantify cellular uptake of MPGds (Figure 3D). The median
fluorescence intensity was 15.5-fold stronger than that PBS
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Figure 3 In vitro cell experiments. (A) Relative cell viability by CCK-8 assay of HepG2 and NIH3T3 cells incubated with different concentrations of MPGds for 24 hrs. (B)
Bio-TEM image of HepG2 cells incubated with MPGds at 200 pg/mL for 6 hrs (scale bar =I pm) and the nanoparticles can be seen in the organelle from magnified image in
dotted box (yellow arrows). (C) CLSM images of MPGds in vitro. FITC-labeled MPGds (green) in the cytoplasm, cell nuclei (stained by DAPI, blue) and merged image. Scale
bar: 50 pm. (D) Representative flow cytometric analysis of HepG2 cells before and after incubation with FITC-labelled MPGds at 200 pg/mL for 6 hrs. The mean
fluorescence intensity (MFI) values was listed: 11.62 for control and 180.71 for FITC-labeled MPGds.

group, which may be attributed to the enhanced cellular uptake
efficiency.

In vitro MRI and PAI

MRI properties of the MPGds in vitro were evaluated on
a clinical 1.5T MRI scanner. The spin-lattice MRI T; contrast
effect of MPGds was evaluated by comparing the r; relaxivity
with Gadodiamide, a commercial Gd based T; contrast
agents. The T;-weight images indicated that the positive

contrast signal of MPGds was stronger than Gadodiamide at
the same concentration (Figure 4A). The relaxivities ry, cal-
culated from the slope of curves in Figure 4B, were measured
to be 45762 and 4975 mM ' s' in MPGds and
Gadodiamide, respectively. Noticeably, it was about 10
times as high as commercial Gadodiamide, suggesting the
potential of sensitive detection. The enhanced T; contrast
effects in MPGds were attributed to the increasing number
of Gd*" ions.
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concentration using an MSOT imaging system. Inset: linear fitting data of PA signal intensity with various MNP concentrations.

Melanin naturally absorbs light throughout spectral energy
due to electric effect of heterogeneous macromolecules in its
structures.>*** This property becomes a powerful tool in PA
imaging. The PA signals of MPGds solution with various
concentration were collected and showed in Figure 4C. The
signal intensity is mainly dependent on the concentration
melanin and exhibited a linear increase (R> = 0.96) with
increasing MPGds concentration (Figure 4D), which could
be an ideal candidate for PA imaging.

In vivo MRI and PAI

The diagnostic efficacy in vivo of the MPGds was demon-
strated by enhanced signal difference between the normal
liver and the tumor region using MR and PA scanning. MR/
PA dual-modal imaging can combine MRI having high spa-
tial resolution and PAI having excellent sensitivity for
a precise clinical diagnosis. The orthotopic tumor models
were established in this work because they have the advan-
tage over xenograft (ectopic) tumor models in that tumor
grows in a microenvironment similarly to the clinical condi-
tion. The MPGds (4 mg/mL, 200 uL) in PBS were intrave-
nously injected into the mice in vein and subsequently, the
tissue was observed by MR and PA imaging to evaluate the

diagnostic ability. The axial T-weighted MR images of mice
preinjection and at various time points were recorded in
Figure 5A. Before injection of MPGds, there was an insig-
nificant signal difference between normal and tumor regions.
After injection of MPGds, the normal liver tissue immedi-
ately brightened at 0.5 hrs, and the T, intensity value
obtained from the quantitative MR data was up to 150,
which exhibited about a 1.4-fold enhanced MRI signal inten-
sity relative to that of pre-injection due to the abundance of
macrophages—Kupffer cells in liver.'** Then, the brightness
decreased with extending the time and recovered the normal
lever at 24 hrs. However, the brightness of the tumor tissue
had little significant change until 7 hrs after injection of
MPGds. The signal intensity in tumor has about 1.3-fold
times enhancement compared to normal level. It was
reported that the uptake of nanoparticles into normal hepato-
cytes mostly through organic anion-transporting polypeptide
transporters (OATPs). However, OATPs are considerably
reduced in HCC cells and the hepatic tumors contain fewer
active macrophages and Kupffer cells compared to the sur-
rounding normal liver tissues. Therefore, HCC cells had less
uptake and appear hypointense to the normal liver at 0.5
hr.”* As time goes on, the tumor site showed gradually
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Figure 5 In vivo MR and PA imaging studies of MPGds. (A) T,-weighted MR axial images and the corresponding data analysis of MR measurements of tumor-bearing mice
before (pre) and at various time points (0.5 hr; | hr, 4.5 hrs, 7 hrs, 24 hrs, 72 hrs and 168 hrs) after injection of MPGds using 3.0 T clinical MRI equipment. The purple arrows
point the tumor sites and the orange arrows point the liver. (B) PA images and the corresponding PA signal intensities in the tumor region collected by the MOST imaging
system before (pre) and at various time points (0.5 hr; 2 hrs, 4 hrs, 7 hrs, 24 hrs, 72 hrs, and 168 hrs) after injection of MPGds. The green arrows point the liver and the
yellow circles point the orthotopic tumor sites. Error bars mean standard deviations (n = 4).

increased cumulation resulted from the existence of
enhanced permeability and retention effect in solid
tumor.>**” This obvious difference of MR signal results in
easily distinguishing the tumor from normal liver tissues,

suggesting the as-prepared MPGds have excellent sensitivity
and tumor-diagnostic ability. Besides, MR signals in liver
and tumor are almost recovered to preinjection levels at
24 hrs and 72 hrs post-intravenous injection, respectively.
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Dove

The result also suggested efficient clearance of MPGds from
the body and eliminable long-term toxicity.

The PA imaging at different time points (Pre, 0.5 hr, 2 hrs,
4 hrs, 7 hrs, 24 hrs, 72 hrs and 168 hrs) in an orthotopic liver
tumor model was also shown in Figure 5B. The liver dis-
played a “ring-like” pattern in PA imaging and no signal can
be seen in pre-injection. After administration, the normal live
tissue exhibited maximum PA signal at 0.5 hr while the
tumor tissues had a very weak signal, which can be distin-
guished from PA images. With time prolonging, the tumor
had a gradual signal enhancement at 2 hrs and 4 hrs, which
had not been observed in MR imaging, because PA imaging
had high sensitivity. After 0.5 hr, the signal in normal liver
decreased while the signal of tumor continued to increase.
The signal intensity was up to the maximum value at 7 hrs,
and then the signal weakened until it was gone, which was
consistent with the MR results. As expected, the quantitative
PA data further supported these results.

The results of MR and PA imaging all demonstrated
that there was a marked signal difference between the

A

% ID / g of organ

(@)

Control

Treated

Liver

Spleen

normal liver and the tumor region due to the different
uptake ability for MPGds, we could easily identify the
tumors from normal liver tissues. Therefore, the MPGds
demonstrated remarkable clinical potential used as the
dual-modal contrast agent for the accurate detection of
orthotopic HCC.

To explore the in vivo biosafety of MPGds, some
indexes of mice were monitored. The nanoparticles were
injected into mice via tail vein, after 24 hrs, the quantitative
in vivo biodistribution of MPGds was evaluated by ICP-MS
(Figure 6A). The main organs including heart, liver, spleen,
lung, kidney and tumor were collected. The amounts of Gd
in liver, spleen and kidney all exhibited high accumulation at
24 hrs. The clearance of MPGds in vivo can be further
confirmed by MR/PA results at different time points after
injection (Figure S3). Notably enhanced signal also can be
found in kidney at 0.5 hr and the signal reached the max-
imum value at 1 hr. Then, the signal of kidney became weak
with increasing the time and seemed to return to a similar

contrast to that before administration at 24 hrs, suggesting

Lung Kidney

Figure 6 Biosafety of MPGds. (A) Bio-distribution of MPGds in mouse organs at 24 hrs after intravenous injection (4 mg/mL, n = 3). (B) H&E stained liver and orthotropic
liver tumor tissue. (C) H&E stained tissue sections from mice 24 hrs after injection with PBS and MPGds. Scale bar: 40 pm for all images.
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the MPGds can be excreted through hepatobiliary and renal
pathways with negligible toxicity to body tissues. It is
reported that the nanoparticles smaller than 5.5 nm in dia-

3839 \which also be con-

meter can undergo renal clearance,
firmed in my results. Besides, the tumor also exhibited
comparatively high Gd content. The in vivo biodistribution
data revealed that MPGds owned good tumor accumulation
and distinguished biosafety.

The in vivo toxicity of MPGds was tested with histol-
ogy analysis. H&E strained image of liver and orthotropic
liver tumor tissue is shown in Figure 6B, which can be
seen clear boundary between normal liver tissue and hepa-
tic tumor. The major organs (e.g., heart, liver, spleen, lung
and kidney) of the mice after injected with PBS and
MPGds were harvested at 24 hrs postinjection for
a histochemical analysis. As shown in Figure 6C, compar-
ing with the control group, the organs of the MPGds-
treated mice show negligible lesions or abnormalities,
indicating good biosafety. These results indicate the good
biosafety of MPGds, which is important for clinical
translation.

Conclusions

In conclusion, we designed and synthesized a dual-
modal contrast agent based on Gd-chelated melanin
nanoparticles for the detection of orthotopic HCC. It
showed uniform size, good dispersibility and excellent
stability. The experiment in vitro verified high uptake
and negligible toxicity of the nanoparticles. Moreover,
the nanoparticles not only exhibited high relaxivity and
significant PA signal, but also demonstrated obviously
enhanced dual-modal imaging performance in tumor
detection and characterization. Besides, the MPGds had
ultrasmall size, which can be cleared through hepato-
biliary and renal pathways. These results all suggested
that this metal ions-chelate endogenous biopolymer may
be a prominent dual-modal MRI/PAI contrast agent for
orthotopic cancer.
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