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ABSTRACT: Multifunctional theranostic nanoparticles repre-
sent an emerging agent with the potential to offer extremely
sensitive diagnosis and targeted cancer therapy. Herein, we report
the synthesis and characterization of a multifunctional theranostic
agent (referred to as LA-LAPNHs) for targeted magnetic
resonance imaging/computed X-ray tomography (MRI/CT)
dual-mode imaging and photothermal therapy of hepatocellular
carcinoma. The LA-LAPNHs were characterized as having a
core—shell structure with the gold nanoparticles (AuNPs)@
polydopamine (PDA) as the inner core, the indocyanine green
(ICG), which is electrostatically absorbed onto the surface of
PDA, as the photothermal therapeutic agent, and the lipids
modified with gadolinium—1,4,7,10-tetraacetic acid and lacto-
bionic acid (LA), which is self-assembled on the outer surface as

6 = Gd-DOTA-PEG-DSPE —1c
Py O 1CG

O = Polydopamine

© = LA-PEG-DSPE

® = HSPC

\ Heat-induced
( ell death
\Illoclwndl ion

- \)t,_i,

the shell. The LA-LAPNHs could be selectively internalized into the hepatocellular cell line (HepG2 cells) but not into HeLa
cells due to the specific recognition ability of LA to asialoglycoprotein receptor. Additionally, the dual-mode imaging ability of the
LA-LAPNH aqueous solution was confirmed by enhanced MR and CT imaging showing a shorter T relaxation time and a
higher Hounsfield unit value, respectively. In addition, the LA-LAPNHs showed significant photothermal cytotoxicity against
liver cancer cells with near-infrared irradiation due to their strong absorbance in the region between 700 and 850 nm. In
summary, this study demonstrates that LA-LAPNHs may be a promising candidate for targeted MR/CT dual-mode imaging and

photothermal therapy of hepatocellular carcinoma.
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B INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most lethal
cancers worldwide and causes cancer-related death once distant
malignancy has occurred.'~® Most patients are diagnosed at a
late stage of the disease, resulting in poor prognosis. Early
detection of lethal cancers, including HCC, remains challeng-
ing. Various 1mag1ng techniques, including computed X-ray
tomography (CT),” magnetic resonance imaging (MRI),*’
ultrasound examination (US),'® and positron emission
tomography (PET),'"'> have been extensively applied in
clinical diagnosis of cancer. Among these imaging modalities,
CT is one of the most convenient imaging/diagnostic tools in
clinical application that provides three-dimensional structural
details regarding tissues of interest based on various X-ray
absorption features. However, CT suffers from low sensitivity
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for soft tissues because these tissues have low density."> In
addition, iodinated compounds, which are clinically used as CT
contrast agents, are limited by shot imaging time and potential
renal toxicity due to rapid kidney clearance.'* MRI, another
powerful tool for whole-body diffusion-weighted imaging, is
also extensively used in disease diagnosis, especially in soft
however, unenhanced MRI has the drawback of low-
contrast sensitivity, which results in the poor distinction of a
tumor from the surrounding tissue. Since either MRI or CT
possesses its own characteristic strengths and weaknesses, the
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Figure 1. Schematic view of the LA-LAPNH preparation method. Indocyanine green (ICG) was electrostatically adsorbed onto the positively
charged AuNPs@PDA to form ICG-AuNPs@PDA. Next, the lactobionic acid- and Gd(III)-DOTA-functionalized PEG-DSPE were self-assembled

on ICG-AuNPs@PDA nanohybrids to construct the LA-LAPNHs.

combination of both imaging modalities may provide more
comprehensive and accurate diagnostic information.

Advances in nanotechnology have provided opportunities for
developing multimodal nanoprobes that can incorporate several
contrast agents into a single system to improve contrast-
enhanced imaging interpretation for the diagnosis of cancers.
Theranostics, which combines the modalities of therapy and
diagnostic imaging through the delivery of the therapeutic
drugs and the diagnostic imaging agents in a single complex or
at the same time, could significantly decrease the side effects of
separated agents, facilitate the ablation of disease lesions in a
well-controlled manner and at desirable locales, and overcome
undesirable differences in biodistribution and selectivity that
currently exist between imaging and therapeutic agents.'®'”
Although many research efforts have focused on developing
nanomaterial-based CT/MR dual-mode contrast agents, such
as gadolinium (Gd)-chelated gold nanoparticles (AuNPs),'®
biocompatible magnetite/gold nanohybrid contrast agents,"’
Gd-Ggdendrimers,”® Fe,;0,@P(St/MAA)@chitosan@Au core/
shell NPs,>' and polymer-stabilized lanthanide fluoride
NPs,*>* it would be more attractive if the therapeutic and
specific targeting ability could be further combined.”*~>’

Photothermal therapy (PTT) has been explored for the
treatment of malignant carcinoma because of its high selectivity
Following near-infrared (NIR)
laser irradiation, photosensitizing agents convert electro-
magnetic wave energy to local heat to produce hyperthermia
and subsequently destroy tumor cells. Indocyanine green
(ICG) is the only clinical agent approved by the U.S. Food
and Drug Administration (FDA) for NIR imaging and laser-
mediated PTT.**® However, poor spatial resolution, lack of
intrinsic tumor targeting specificity, and concentration-depend-
ent aggregation due to poor aqueous stability have limited the
effect of ICG on the ablation of malignant tumors.*"**
Incorporating ICG into nanoparticle (NP) delivery systems
may overcome these limitations.>***

Specific target to cancer cells could decrease the toxicity and
side effects of therapeutic agents to normal tissues and increase
the local dose at the disease lesions. Galactose residues are an
attractive targeting ligand for HCC because of their high
binding affinity to the asialoglycoprotein receptor (ASGP-r),
which is abundantly expressed on the surface of HCC cells; and
it has been proved that Galactose even could be efficiently
internalized into the cells through receptor-mediated endocy-

.. . . 28
and minimal invasiveness.

t0513s5 3vgrhen conjugated with other molecules or nanomateri-
als.

In this study, we developed a multifunctional theranostic
agent for targeted MRI/CT dual-mode imaging and PTT for
HCC. Herein, lactobionic acid (LA, whose structure contains
agalactose residue) and gadolinium(III)—1,4,7,10-tetraacetic
acid (Gd(III)-DOTA)-modified [polyethylene glycol-2000]—
2-distearoyl-sn-glycero-3-phosphoethanolamine (PEG-DSPE)
(namely, LA-PEG-DSPE and Gd-DOTA-PEG-DSPE), together
with hydrogenated soybean phospholipids (HSPC), were self-
assembled onto AuNPs@PDA, whose surface was electrostati-
cally preadsorbed with ICG (ICG-AuNPs@PDA), to form a
theranostic agent (referred to as LA-LAPNHs) for simulta-
neous noninvasive MR/CT dual-modal imaging and targeted
PTT of HCC. The multiple functions of the prepared LA-
LAPNHEs are as follows: (1) ICG was utilized as the NIR laser-
mediated PTT agent; (2) AuNPs in the core were utilized as
the CT contrast element;>’ (3) galactose residues (derived
from LA) at the terminus of PEG-DSPE, which specifically
recognize the asialoglycoprotein receptors (ASGP-r) that are
abundantly present on the surface of HCC cells, endowed the
nanohybrids with a specific HCC targeting ability; and (4) the
MRI capability resulted from the Gd(III) chelated by DOTA at
the terminus of PEG-DSPE. A schematic view of our
experimental design is shown in Figure 1.

B RESULTS AND DISCUSSION

Synthesis and Characterization of LA-LAPNHs. The
method for preparing LA-LAPNHs is illustrated in Figure 1.
First, gold nanoparticles (AuNPs) were synthesized according
to a previously published method.>® Transmission electron
microscopy (TEM) images showed that the AuNPs could be
well-dispersed in an aqueous solution, demonstrating an
average diameter of 14 nm (Figure 2a). However, AuNPs are
very unstable under physiological conditions and immediately
form large aggregates, which results in rapid clearance from the
body.* Therefore, the particles must undergo further surface
modifications for biomedical applications. Dopamine could
bind to the surface of gold nanoparticles through the catechols,
then spontaneously self-polymerize under alkaline conditions
(pH > 7.5) with oxygen as the oxidant.**™* In this study,
AuNPs were incubated with dopamine (DA) under an
oxidative condition (pH 8.5) to induce the formation of the
AuNPs@PDA core—shell structure, which could be clearly
distinguished in TEM images (Figure 2b), and the thickness of
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Figure 2. Representative TEM images of (a) AuNPs, (b) AuNPs@
PDA, and (C) LA-LAPNHs. (d) The electron diffraction pattern of
the LA-LAPNHs. Scale bar: 100 nm for all images.

the PDA coating layer was approximately 7 nm. The visible—
near-infrared (vis-NIR) absorbance spectrum of AuNPs@PDA
(Figure 3a) in the region of 450—900 nm showed a maximum
peak at 520 nm, which was attributed to the distinctive peak of
AuNPs. Furthermore, the absorbance of AuNPs@PDA was
much higher than that of unmodified AuNPs because of the
additional absorbance of the PDA coating layer in this range.
To further prove the existence of PDA on the surface of the
AuNPs, the Fourier transform infrared (FT-IR) spectra of the
obtained product were measured. As shown in Figure 3b, the
FT-IR spectra of AuNPs@PDA showed absorption bands at
3410 cm ™" (stretching vibration of phenolic O—H and N—H),
1610 cm ™" (stretching vibration of aromatic ring and bending
vibration of N—H), 1510 cm™" (shearing vibration of N—H),
and 1295 cm™! (stretching vibration of phenolic C—0O), which
supported the presence of PDA on the surface of the AuNPs.

The zeta potential of the obtained AuNPs@PDA was 8.92 +
1.72 mV in an acidic aqueous solution, which is consistent with
the previous report that PDA containing amine (cationic)
groups and phenolic hydroxyl (anionic) groups exhibit a
negative charge at high pH and a positive charge at low pH.>>>!
The acidic aqueous solution was used as a reaction medium to
adsorb negatively charged ICG through electrostatic inter-
actions. After ICG absorption, the zeta potential of the
nanohybrid became —2.53 + 3.52 mV (Figure 3c). It was
estimated that 73.5% of the feeding ICG was adsorbed onto the
AuNPs@PDA, which was calculated by subtracting the amount
of free ICG in the supernatant. In addition, ICG-AuNPs@PDA
showed a maximum absorption peak at 785 nm in the NIR
region, which was attributed to the distinct absorption peak of
ICG (Supporting Information, Figure S1). Strong absorption in
the NIR region from 600 to 850 nm is essential for laser-driven
photothermal applications.

Next, as the water-soluble AuNPs@PDA tuned to hydro-
phobic after adsorbing ICG (a hydrophobic molecule), the
functionalized Gd-DOTA-PEG-DSPE, LA-PEG-DSPE, and

HSPC (at a molar ratio of 3:3:25) could be self-assembled
onto the ICG-AuNPs@PDA surface though hydrophobic
interaction (the resulting product was referred to as LA-
LAPNHS) to induce the capability for HCC-specific targeting
and MR imaging. The obtained LA-LAPNHs were stable in
phosphate-buffered saline (PBS) solutions for over 30 days,
with no apparent aggregates observed (Supporting Information,
Figure S2). Good stability is pivotal for the practical
applications of the theranostic agent. A typical TEM image of
the prepared LA-LAPNHs shows a core—shell morphology
(Figure 2c), which is similar to that of AuNPs@PDA (Figure
2b), but with larger aggregates. To verify the chemical
composition of the AuNPs@PDA and LA-LAPNHs, energy
dispersive spectrometry (EDS) analysis was conducted. As
shown in Supporting Information, Figure S3, the elements C,
N, O, and Au appeared in the AuNPs@PDA map, while the
elements P and Gd appeared in the LA-LAPNHs map in
addition to C, N, O, and Au because the Gd-DOTA-modified
PEG-DSPE was assembled on AuNPs@PDA. Furthermore, the
self-assembly of lipids could be further proved by the FT-IR
spectra of the LA-LAPNHSs, which show strong lipid CH,
stretching bands at 2920 and 2848 cm™ compared to the FT-
IR spectra of AuNPs@PDA. Several well-defined diffraction
rings were observed in the typical selected area electron
diffraction (SAED) pattern of the LA-LAPNHs (Figure 2d),
which demonstrated that the prepared nanoprobes showed
well-defined crystalline features. Dynamic light scattering
(DLS) studies showed that the average hydrodynamic sizes of
the AuNPs, AuNPs@PDA, ICG-AuNPs@PDA, and LA-
LAPNHs were 24.36 + 6.91 nm, 68.06 + 9.43 nm, 141.8 +
8.38 nm, and 220.2 + 10.32 nm, respectively (Figure 3d). The
dramatic increase of the hydrodynamic size after each
incorporation step might due to the surface coating induced
aggregation; meanwhile, the blackness of the PDA coating also
affects the readout of the DLS instrument. The polydispersity
index (PDI) of the LA-LAPNHs was 0.143, indicating a
relatively uniform size distribution. However, the particle size
measured by TEM was smaller than that measured by DLS,
most likely due to the nanoparticles under different dry and
solution conditions, as well as the small aggregation in
solution.”> After the self-assembly of Gd-DOTA-PEG-DSPE
and LA-PEG-DSPE, the zeta potential of the nanocomposite
(&) switched from —2.53 + 3.52 mV to 25.1 & 2.91 mV (Figure
3c). Furthermore, the galactose residues on the surface of the
LA-LAPNHs are expected to enable the nanoprobes to
specifically target HCC cells via ligand—receptor interactions.
Thermogravimetric analysis (TGA) was used to directly
measure the weight loss of the AuNPs and AuNPs@PDA to
determine the amount of PDA in the AuNPs@PDA
(Supporting Information, Figure S1). Compared with the
native AuNPs (approximately 27.5% weight loss), the AuNPs@
PDA showed a weight loss of approximately 55.5% from 100 to
600 °C, which means the PDA content should be 28%
(Supporting Information, Figure S1). Therefore, the ratio
between Au and PDA should be 18:7. However, TGA is not
suitable for measuring either the weight loss of ICG in ICG-
AuNPs@PDA, because very little amount of ICG was adsorbed,
or the weight loss of lipids in LA-LAPNHs due to the
incorporation of Gd that could not lose weight from 100 to 600
°C. Therefore, the contents of Au and Gd were determined by
inductively coupled plasma—atomic emission spectroscopy
(ICP-AES), which were 60.62% and 3% respectively; the
content of ICG was determined by measuring the absorbance
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Figure 3. (a) vis—NIR spectra of AuNPs (red), PDA (green), and AuNPs@PDA (black). (b) FT-IR spectra of AuNPs, PDA, AuNPs@PDA, ICG-
AuNPs@PDA, and LA-LANPHS. (c) Surface zeta potential of AuNPs, AuNPs@PDA, ICG-AuNPs@PDA, and LA-LAPNHs. (d) Hydrodynamic size

of AuNPs, AuNPs@PDA, ICG-AuNPs@PDA, and LA-LAPNH:s.

and was 0.62% in LA-LAPNHs. On the basis of the above
calculated ratio between Au and PDA, the content of PDA
could be calculated to be 23.57%; therefore, the remaining part
should be the content of lipids (12.19%).

Confocal Microscopy Studies of the LA-LAPNH
Uptake. To examine the characteristics of the LA-LAPNHs
as an HCC targeting probe, confocal microscopy imaging was
performed. HepG2 cells, an ASGP receptor-positive HCC cell
line that could be specifically targeted by LA due to specific
recognition between LA and ASGP receptor, were incubated
with 0.4 mM of LAPNHs, LA-LAPNHs, and ICG for different
durations, whereas HeLa cells without ASGP receptor
expression were used as a negative control; since there were
no targets available for LA, the LA-LAPNHs would not be
specifically internalized. As shown in Figure 4, the red
fluorescence from internalized ICG in LA-LAPNH-treated

14269

HepG2 cells clearly showed that LA-modified LAPNHs could
be effectively internalized into HepG2 cells, and this red
fluorescence intensity was much higher than that of LAPNH-
treated HepG2 cells after 5 h of incubation. In contrast,
following the S h incubation period, there was no apparent red
fluorescence in HeLa cells treated with the equivalent
concentration of LA-LAPNHs, and similar results were
obtained for LAPNH-treated cells due to the lack of ASGP-r
expression in HeLa cells. However, the free ICG was almost
equivalently internalized by both cell types through passive
diffusion mechanisms (Figure 4d). These results suggest that
the increased amount of LA-LAPNHs was taken up by the
HepG2 cells due to ASGP-r-mediated endocytosis.
Furthermore, a competition experiment comparing the
uptake efficacy of LA-LAPNHs in the presence and absence
of free LA (referred to LA + LA-LAPNHs) was performed to
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Figure 4. Specific uptake of LA-LAPNHs by the hepatocellular carcinoma cell line HepG2. (a) Control group (cells only); (b) LAPNH-treated
group; (c) LA-LAPNH-treated group in the presence of excess free LA; (d) free ICG-treated group; and (e) LA-LAPNH-treated group. Scale bar: 50
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Figure S. Fluorescence-activated cell sorting (FACS) analysis for HepG2 treated with free ICG, LAPNHs, LA-LAPNHs in the presence or absence
of free LA. The representative fluorescence intensity distribution of each group was shown in the left panel. The mean fluorescence intensity (MFI)
of each group was shown in the right panel; the experiments were independently repeated three times, and the data was presented by mean =+
standard deviation (SD). Statistical analysis was performed with the two-tailed unpaired Student’s ¢ test, p < 0.05 was taken as significantly different,
w45 < 0,001,

demonstrate that LA-modified nanocomposites engage in for surface receptor binding. These data suggest that the

specific interactions with HepG2 via the recognition between increased cellular uptake of LA-LAPNHs may be attributed to
the ligand (LA) and receptor (ASGP). As shown in Figure 4c,

the uptake of LA-LAPNHS was significantly blocked in HepG2 the specific interaction between the LA moieties and ASGP-r
cells due to the presence of excessive free LA, which competes on HepG2 cells.
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Figure 6. (a) vis-NIR spectra of the prepared LA-LAPNHs and ICG. (b) Temperature elevation curves of LA-LAPNHE at different concentrations.
(c) Temperature elevation curves of AuNPs (0.125 mM), free ICG (2.5 ug/mL), and LA-LAPNHs (containing 0.125 mM AuNPs and 2.5 pug/mL
ICG). (d) Temperature elevation curves of LA-LAPNHs and free ICG over three rounds of on/off cycling with the 808 nm NIR laser.

Evaluation of Cellular Uptake of LA-LAPNHs by Flow Temperature Elevation Induced by NIR Laser Irradi-
Cytometry. The flow cytometry experiment was carried out to ation and Photothermal Stability Study. The vis-NIR
quantitatively study the specific internalization of LA-LAPNHs absorbance spectrum of LA-LAPNHs shown in Figure 6a

in HepG2 cells. The cellular uptake efficiency could be indicates strong absorption in the wavelength range of 400—
900 nm. The absorption of LA-LAPNHs in the range of 400—

650 nm is mostly attributed to AuNPs@PDA. However, the
distinct absorption peak of AuNPs at 520 nm was not apparent,
which may due to the additive effect of multicomposite
) absorption in this range. Because the LA-LAPNHs showed
comparable with the free ICG-treated group), because of the strong absorption in the NIR region from 600 to 850 nm with a
specific HCC targeting ability of LA. Meanwhile, the specific maximum absorption peak at 785 nm due to ICG incorporation
internalization of LA-LAPNHs could be blocked in the (Figure 6a), the particles may be further used for PTT. As
presence of free LA (LA + LA-LAPNHs, MFI 290, p < 0.01) shown in Figure 6b, following exposure to laser irradiation (808
due to their competition. These results were well-consistent nm, 2 W/cm?) for 5 min, the temperature of LA-LAPNH
with the confocal microscopy results. dispersions containing 1.25 pug/mL, 2.5 ug/mL, and S pg/mL

indicated by the fluorescence intensities of the cells. As
shown in Figure S, the LAPNHs-treated group had significantly
lower internalization of nanoparticles (MFI 280) than the LA-
LAPNHs-treated group (p < 0.01, MFI 690, which is almost
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ICG increased by 16.5, 25.4, and 35.5 °C, respectively. For the
S ug/mL concentration, the temperature increased to above 60
°C, which is sufficient to kill cancer cells. As the control, the
temperature of the deionized water showed no significant
changes when exposed to the laser irradiation. As shown in
Figure 6c, the temperature elevation of the LA-LAPNHs
containing 1.25 ug/mL ICG and 0.125 mM AuNPs@PDA was
much higher than that of the same concentration of ICG (1.25
ug/mL) and the same concentration of AuNPs@PDA (0.125
mM) due to the combined photothermal effect of ICG and
PDA contained in the LA-LAPNHSs.*®> These results suggest
that our prepared LA-LAPNHs could act as efficient NIR light
absorbers for PTT. In addition, the photothermal stability of
the nanoprobe also plays a significant role in PTT during NIR
laser irradiation. To investigate the photothermal stability of the
LA-LAPNHs under NIR irradiation, the nanoprobes were
subjected to three rounds of repeated irradiation using laser
on/off cycling in 1000 s intervals. As shown in Figure 6d, the
LA-LAPNHs maintained excellent photothermal stability
during repeated irradiation without experiencing any decrease
in their temperature elevation ability due to the lipid layer of
the LA-LAPNHs, which protected the entrapped ICG from
being destroyed by the surrounding environment.>**> In
contrast, the photothermal stability of the free ICG was
reducing during repeated irradiation due to the destruction of
ICG.

In Vitro Cytotoxicity and Photothermal-Induced Cell
Death. Nontoxicity or low toxicity is a key criterion of any
nanomaterial designed for biomedical applications. Cell viability
assays (CCK-8) were performed to investigate the cytotoxicity
of LA-LAPNHs. HepG2 liver cancer cells and HL-7702 normal
liver cells were incubated with LA-LAPNHs of gradient
concentrations for 24 h. As shown in Figure 7a, in the absence
of laser irradiation, these two cell lines treated with LA-
LAPNHs remained more than 93% viable at concentrations up
to 0.6 mM. These results clearly demonstrated that the LA-
LAPNHs did not cause noticeable cell death in either the
cancer or noncancer cell line without laser irradiation, which
suggests that our nanoprobes exhibit low cytotoxicity. In
contrast, cell viability was significantly reduced when the
HepG2 cells were exposed to LA-LAPNHs and irradiated with
a NIR laser (Figure 7b). At a concentration of 0.6 mM, cell
viability was reduced to 13%, which demonstrated the excellent
photothermal killing effect of our nanoprobes. To further
evaluate the localized tumor photothermal killing effect of LA-
LAPNHs, HepG2 cells were incubated with 0.4 mM LA-
LAPNHEs for S h, then irradiated with a NIR laser (808 nm, 2
W/cm?) for 5 min. Next, the cells were stained with
calceinacetoxymethyl ester (calcein AM), which is only
incorporated into live cells. As shown in Figure 8d, confocal
microscopy revealed that LA-LAPNHs caused marked cell
death only via the photothermal cytotoxicity induced by NIR
irradiation. Most of the cells outside of the illumination zone
showed the green fluorescence of calcein AM, which indicated
the survival of HepG2 cells, whereas a small number of cells
that were close to the outside edge of the illumination zone also
died because of the spread of heat outside of the laser
irradiation area. Nevertheless, neither the LA-LAPNHs nor
laser irradiation alone induced cell death. These experimental
findings demonstrate the significant photothermal therapeutic
effect of the LA-LAPNHs and thus clearly suggest that the LA-
LAPNHs may act as a potential NIR photoabsorber for the
PTT treatment of HCC.
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Figure 7. (a) Cell viability of HepG2 and HL-7702 cells treated with
different concentrations of LA-LAPNHs without laser irradiation. Bars:
mean SD (n = 6). (b) Cell viability of HepG2 cells treated with
different concentrations of LA-LAPNHs followed by irradiation with
the 808 nm laser (2 W/cm? § min). Statistical analysis was performed
with the two-tailed unpaired Student’s ¢ test, p < 0.05 was taken as
significantly different, *** p < 0.001.

In Vitro MRI and CT. To examine the MR imaging function
of the LA-LAPNHs, an in vitro T)-weighted MR imaging
experiment was conducted on a 9.4 T (Siemens Magnetom)
Trio system.”® Tubes containing the LA-LAPNH solution were
arrayed by increasing concentration, and water was placed as
the control. As shown in Figure 9a, positive enhancement of the
MRI signal in the LA-LAPNHs was observed compared to
water, and the T,-weighted MR images became brighter,
corresponding to the increase in the LA-LAPNH concentration.
The T relaxation time for each sample at 20 °C is shown in
Table 1, and the results indicate that the LA-LAPNHSs
shortened the T, relaxation time. Further analysis of the
observed longitudinal rates revealed a linear dependence on the
concentration of dispersed LA-LAPNHs in all measurements
(Supporting Information, Figure SS5a). The longitudinal
coeflicient relaxivity value, r;, which was determined from the
slope of the plot of 1/T; versus the sample concentration, was
512.52 mM™"' s7". In contrast, the r, value of commercially
available injected dimeglumine gadopentetate was only 69.85
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Figure 8. Photothermal destruction of HepG2 cells (a) without LA-
LAPNHSs or laser irradiation; (b) with LA-LAPNHs but without laser
irradiation; (c) with laser irradiation for S min but without NPs; and
(d) LA-LAPNHs combined with NIR laser irradiation (808 nm, 2 W/
cm?) for 5 min.

(a)
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Figure 9. (a) T;-weighted MR images of LA-LAPNHs at various
concentrations. Signal strength is indicated by the brightness of the
images. (b) Micro-CT images of LA-LAPNHs of different
concentrations. Signal strength is indicated by the brightness of the
images.

mM™" s7! (see Table and Supporting Information, Figure
SSa). The high molecular relaxivity of LA-LAPNHs may result
from both the additive effect of all of the Gd*" paramagnetic
centers and the reduction of the molecular tumbling rate, which
increases the r| value of each Gd-chelate in the confined space
of LA-LAPNHs.* In addition, because Au exhibits high X-ray
attenuation due to its high atomic number and electron density,
the CT imaging enhancement ability of LA-LAPNHs was also
confirmed by applying a micro-CT imaging system. To
determine the feasibility of using LA-LAPNHs as an X-ray
CT contrast agent, the X-ray CT images of a phantom were
obtained at different concentrations (0.01, 0.02, 0.04 0.06, 0.08,
0.1, and 0.2 mM). As shown in Figure 8b, the brightness of the
CT images increased with the LA-LAPNH concentration.
Supporting Information, Figure SSb shows that the Hounsfield
unit of the LA-LAPNHs increased linearly with concentration
(R* = 0.998). These results clearly suggest that our LA-
LAPNHs have great potential for application in MRI/CT dual-
mode imaging.

B CONCLUSION

In conclusion, we successfully developed a nanohybrid (LA-
LAPNHs) for targeted MRI/CT dual-mode imaging and PTT
of HCC. The gold core of LA-LAPNHs could function as a CT
imaging contrast agent, and the presence of Gd-DOTA coupled
at the terminus of PEG-DSPE could function as an MR imaging
contrast-enhancement agent. The prepared LA-LAPNHs could
specifically target the HCC cell line HepG2 rather than HeLa
cells, due to the specificity of the ligand—receptor recognition
between LA and ASGP-receptor, and act as a photothermal
therapeutic agent following NIR laser irradiation. Furthermore,
the incorporated ICG inside the lipid bilayer has much higher
photothermal stability than free ICG, which should further
facilitate the clinical usage of our LA-LAPNHs. Therefore, as
mentioned above, the prepared LA-LAPNHs may be a
promising dual-mode MRI/CT imaging theranostic agent for
further treatment and early diagnosis of hepatocellular
carcinoma.

B EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate (HAuCl,, CAS: 27988-77-
8), N-hydroxysuccinimide ester (NHS, CAS: 106627-54-7), and N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC,
CAS: 25952-53-8) were purchased from Sigma-Aldrich. Gadolinium
chloride (GdCly, CAS: 10138-52-0), sodium citrate tribasic dehydrates
(CAS: 6132-04-3), hydrogenated soybean phospholipids (HSPC,
CAS: 92128-87-S), and lactobionic acid (LA, CAS: 96-82-2) were
purchased from J&K Scientific. The compound 2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (H,N-
PEG-DSPE, CAS: 474922-26-4) was purchased from Nanocs. The
compounds 1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide
ester and B-280 (DOTA-NHS,CAS: 170908-81-3) were purchased
from Macrocyclics. Injected dimeglumine gadopentetate (a commer-
cial MRI contrast agent) was purchased from BEILU Pharmaceutical
Co., Ltd. (Beijing, PRC). 4',6-Diamidino-2-phenylindole dihydro-
chloride (DAPI) (CAS: 28718-90-3) and ICG (CAS: 3599-32-4) were
purchased from Dojindo Molecular Technologies. Deionized water
with a resistivity of 18.2 MQ-cm was obtained from a Milli-Q Gradient
System (Millipore, Bedford, MA, U.S.) and was used for all
experiments. Unless specified, all other chemicals were commercially
available and used as received.

Cell Culture. The human HCC cancer cell line HepG2, the normal
human hepatocyte cell line HL-7702, and the human cervical cancer
cell line HeLa were maintained as monolayer cultures in RPMI-1640
medium supplemented with 10% fetal bovine serum (Atlanta
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Table 1. Results of T; Time of LA-LAPNH Dispersion at Various Concentrations

sample H,0 0.0015625 mM  0.003 135 mM  0.00625 mM 0.0125 mM 0.025 mM 0.05 mM 0.1 mM
T, time (ms) 2565.70 + 596.738 + 489.03 + 470233 + 462.552 + 112.281 + 71.358 + 1432 20.0772 + 5.37
17.77 100.54 105.21 97.05 139.76 34.12

Table 2. Results of T; Time of Commercial “Injected Dimeglumine Gadopentetate” Dispersion at Various Concentrations

sample H,O0 0.001 5625 mM 0.003 135 mM

0.006 25 mM

0.0125 mM 0.025 mM 0.05 mM 0.1 mM

T, time (ms) 2746.96 + 1823 730.131 + 19028 672.26 + 13247 567.8 + 79.83 454.1S + 12627 3312 + 4432 205.56 + 19.88 121.195 + 4.69

Biologicals, Lawrenceville, GA, USA) and 1% penicillin—streptomycin
(Gibco BRL, Grand Island, NY, USA) at 37 °C in a humidified
atmosphere (5% CO,).

Synthesis of the LA-LAPNHs. AuNPs were prepared as
previously described.*® Briefly, 1 mL of HAuCl, (20 mg/mL) was
dissolved in deionized water (49 mL) under vigorous stirring at 130
°C, followed by the addition of trisodium citrate solution, causing the
color of the mixture to change from blue to burgundy. After it was
stirred for another 20 min, the solution was cooled to room
temperature and then mixed with S0 mL of DA solution (0.4 mg/
mL in 10 mM Tris-HCl, pH 8.5) with slight stirring for 4 h. PDA-
coated AuNPs (AuNPs@PDA) were collected by centrifugation at
9000g for 15 min and washed three times with deionized water. Next,
ICG was adsorbed onto the AuNPs@PDA by the simple mixing of the
ICG aqueous solution (20 pg/mL) with 1 mM AuNPs@PDA. The
ICG-AuNPs@PDA were collected by centrifugation at 10 000g for 15
min and then washed three times with deionized water. The amount of
adsorbed ICG was determined by measuring the absorbance at 780
nm.
Next, H,N-PEG-DSPE (2.1 mM) and DOTA-NHS (4.2 mM) were
added to a centrifugation tube and shaken for 12 h at 4 °C. The crude
product was dialyzed against deionized water for 48 h molecular
weight cut off (MWCO) (MWCO = 3500 Da) to remove free DOTA-
NHS. Subsequently, the obtained product was resuspended in water,
and its concentration was adjusted to 1 mM; then, an excess volume of
GdCl,; aqueous solution (10 mM) was added to the above-mentioned
solution, and the mixture was further shaken for 24 h at room
temperature. This mixture was then further dialyzed against deionized
water for 48 h (MWCO = 3500 Da) to obtain Gd-DOTA-PEG-DSPE.
The amount of Gd bound to DOTA-PEG-DSPE was determined
through XSERIES 2 inductively coupled plasma mass spectrometry
(ICP-MS) (Thermo, USA). To obtain the LA-PEG-DSPE, LA-NHS
(10 mM) that was obtained from the activation by EDC/NHS (molar
ratio, LA/EDC/NHS = 1:4:2) was added to the 2.1 mM PEG-DSPE
aqueous solution. Next, the mixture was shaken for 24 h at 4 °C. The
crude product was dialyzed against deionized water for 48 h (MWCO
= 3500 Da) to remove excess LA, EDC, and NHS. The obtained
product was resuspended in water, and its concentration was adjusted
to 1 mM. The presence of galactose residues on LA-PEG-DSPE was
determined by the phenol—vitriol method.*”

Finally, Gd-DOTA-PEG-DSPE, LA-PEG-DSPE, and HSPC were
self-assembled on the ICG-AuNPs@PDA as follows: HSPC, Gd-
DOTA-PEG-DSPE, and LA-PEG-DSPE were dissolved in 10 mL of
CHCI; in a molar ratio of 25:3:3 and transferred into a round-bottom
flask. Then, 10 mL of the ICG-AuNPs@PDA solution (containing $
ug/mL ICG) was added to the above-mentioned mixture. Next, the
CHCI, in the mixture was evaporated under vigorous stirring for 1 h at
65 °C. Subsequently, the prepared LA-LAPNHs were purified by
dialysis (MWCO = 10 kDa) in deionized water for 3 d. To serve as a
control, an analogous nanohybrid, but one without the LA
modification (referred to LAPNHs), was also prepared and
characterized. The synthesis procedure of LAPNHs was similar to
that of LA-LAPNHs, but LA-PEG-DSPE was replaced by PEG-DSPE.

Characterization of the LA-LAPNHSs. The vis—NIR absorbance
of LA-LAPNHs was measured by a vis—NIR spectrometer (Beijing
Perkinje General Instrument Co. China). TEM and EDS analyses
were performed using a JEM-2010 (JEOL, Japan) electron microscope
to characterize the overall morphology and the chemical composition

of the samples. Electron diffraction patterns were obtained using a
JEM-2100 electron microscope. FT-IR spectra were recorded on a
Nicolet 6700 FT-IR spectrometer. The DLS experiments were
performed at 25 °C on a NanoZS (Malvern Instruments, Malvern
UK) with a detection angle of 173° and a 3 mW He—Ne laser
operating at a wavelength of 633 nm. The Z-average particle diameter
and the PDI values were obtained by analyzing the correlation
functions through cumulants analysis. Zeta potential measurements
were performed at 25 °C on the NanoZS, using M3-PALS technology.
The Au and Gd content in the LA-LAPNHs and the Gd content in the
injected dimeglumine gadopentetate were determined by an ICP-AES
system (Thermo Electron, U.S.). TGA was conducted using a
diamond DSC/TG/GTA Instruments (PerkinElmer USA) at a
heating rate of 10 °C min~' under a nitrogen purge of 40 mL
min~" from 50 to 600 °C.

Temperature Elevation Induced by NIR Laser Irradiation. To
study the photothermal effect of LA-LAPNHs, 2 mL of aqueous
solution with various concentrations of LA-LAPNHs were irradiated
by an NIR laser (808 nm, 2 W/cm?) for 6 min. The temperature of the
solutions was monitored by a thermocouple microprobe (® = 0.5
mm) (STPC-510P, Xiamen Baidewo Technology Co., China)
submerged in the solution every 10 s.

Confocal Microscopy Studies of LA-LAPNHs Uptake. The
uptake of LA-LAPNHs and LAPNHs by HepG2 or HeLa cells was
investigated using confocal microscopy. HepG2 or HeLa cells (5 X
10*) were seeded onto 35 mm glass-bottom Petri dishes and cultured
for 24 h at 37 °C in the incubator. Then, the LA-LAPNHs or LAPNHs
were added to the cells and incubated for 5 or 24 h. Subsequently, the
HepG2 or HeLa cells were washed three times with PBS (pH 7.4) and
fixed with 4% paraformaldehyde for 15 min; the nuclei were then
stained with 2.0 M DAPL Finally, the cells were imaged by confocal
microscopy (Nikon AIR-AI Confocal Microscope System) with 633
nm laser excitation for ICG and 40S nm laser excitation for DAPL

Evaluation of Cellular Uptake of LA-LAPNHs by Flow
Cytometry. The nanoparticle uptake capability of the HepG2 and
HelLa cell lines was quantitatively analyzed using flow cytometry (BD
FACSverse) at an excitation wavelength of 648 nm. In a typical
experiment, cells (HepG2 or HeLa) were seeded onto a six-well plate
at a density of 2.0 X 10° cells per well in 2 mL of RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS) and cultured for 24
h at 37 °C in a 5% CO, atmosphere. The cells were then incubated
with LA-LAPNHs or LAPNHs in Dulbecco’s modified Eagle’s medium
(DMEM) at a final ICG concentration of 2.5 ug/mL for S h at 37 °C.
Next, the culture medium was removed, and cells were washed twice
with PBS to remove free particles that had not been uptaken by the
cells. Subsequently, the cells were detached from their substrate by
incubation with trypsin for 1 min and then were terminated by the
addition of complete RPMI-1640 medium containing 10% FBS.
Afterward, approximately 4 mL of PBS was added to each well, and the
cell suspensions were centrifuged at 1000 rpm for S min. After removal
of the supernatant, the cells were resuspended in 4 mL of PBS
followed once more by centrifugation. Finally, the cells were
resuspended in 1 mL of PBS and then filtered through a 40 mm
nylon mesh to remove cell aggregates before fluorescence-activated
cell sorting (FACS) analysis.

Cytotoxicity Assay and Photothermal-Induced Cell Death.
The localized photothermal cell toxicity of LA-LAPNHs was evaluated
on HepG2 cells. For qualitative analysis, HepG2 cells (5 X 10*) were
seeded onto a 35 mm glass-bottom Petri dish and cultured for 24 h at
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37 °C in the incubator. The cells were then incubated with LA-
LAPNHE for S h at 37 °C. Subsequently, the cells were washed three
times with PBS to remove free NPs. Then, fresh culture medium was
added, and the cells were exposed to NIR laser radiation (2 W/cm?)
for S min. After laser irradiation, the cells were washed with PBS and
stained with 2.0 yM calcein AM for the visualization of living cells.

To further quantitatively evaluate the cell survival rate after laser
irradiation, a Cell Counting Kit-8 (CCK-8) was used to study the
photothermal cell toxicity of LA-LAPNHs. In a typical experiment,
HepG2 cells were first seeded onto a 96-well plate at a density of 1 X
10* cells per well at 37 °C in a 5% CO, atmosphere for 24 h. Then, the
cell culture medium was discarded, and the cells were washed three
times with PBS to remove dead cells, followed by incubation with
different concentrations of LA-LAPNHs dispersed in RPMI-1640
medium at 37 °C for S h. Next, the cells were washed three times with
PBS to remove free NPs. Then, fresh culture medium was added, and
the cells were exposed to NIR laser radiation (2 W/cm?) for § min.
Following laser irradiation, the cells were incubated with fresh RPMI-
1640 culture medium containing 10% fetal bovine serum at 37 °C for
24 h. Then, a CCK-8 was used to measure the cell survival rate
according to the manufacturer’s protocol. The proliferation of cells was
determined by measuring the absorption intensity at 450 nm. Cell
viability was expressed as follows: cell viability (%) = (ODsample -
ODblank)/(ODcontrol - ODblank) X 100. The ODsample and ODcontrol are
the absorbance values of the treated cells (as indicated) and the
untreated control cells (without both nanoparticles and laser
radiation), respectively. The ODy,, was the absorbance of CCK8
reagent itself at 450 nm. All experiments were performed in
quadruplicate.

In Vitro MRI and CT. Aqueous dispersions of LA-LAPNHs of
different concentrations were investigated using T,/T,-weighted MRI
on a 94 T small animal MRI scanner (Bruker Avance II SO0 WB
spectrometer) to evaluate the contrast-enhancement effect. T,/T),-
weighted imaging was performed using an inversion recovery gradient
echo sequence with TE = 4 ms, a slice thickness of 0.5 mm, an field of
view (FOV) of 3.0 X 3.0 cm, and a matrix size of 128 X 128. Injected
dimeglumine gadopentetate (a commercial MRI contrast agent) was
used as a control.

CT scans were performed using a GE Light Speed VCT imaging
system (GE Medical Systems) operated at 100 kV and 80 mA, with a
slice thickness of 0.625 mm. Solutions of LA-LAPNHs (0.2 mL) with
different Au concentrations were prepared in 2.0 mL Eppendorf tubes
and placed in a self-designed scanning holder. Contrast enhancement
was determined in Hounsfield units for each sample.

B ASSOCIATED CONTENT

© Supporting Information

Additional vis—NIR spectroscopy data, the photograph of LA-
LAPNHs, the energy dispersive spectrometry, the thermal
decomposition curve, the proton T, relaxation rate, and
Hounsfield units plot of LA-LAPNHSs. This material is available
free of charge via the Internet at http://pubs.acs.org.
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