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Purpose: Lymphadenectomy with lymph node (LN) mapping is essential for surgical removal of solid tumors. Existing agents do not
provide accurate multimodal mapping and antitumor therapy for metastatic LNs; therefore, we fabricated a polydopamine (PDA)
nanoparticle (NP)-based tumor-targeted LN mapping agent capable of multimodal mapping and guided photothermal therapy (PTT)
for metastatic LNs.

Materials and Methods: PDA NPs modified with polyethylene glycol (PEG) were obtained by polymerization under alkaline
conditions. The PEG-PDA NPs were loaded with the circular tripeptide Arg-Gly-Asp (cRGD) to achieve tumor-targeting capacity and
with the fluorescent dye IR820 and magnetic resonance imaging (MRI) contrast Gd(NH,), for in situ detection. The resulting cRGD-
PEG-PDA@IR820/Gd(NH,), (cRGD-PPIG) NPs were tested for their biosafety and metastatic LN mapping ability. They were drained
specifically into LNs and selectively taken up by gastric MKN45 cells via o,f3 integrin-mediated endocytosis.

Results: This phenomenon enabled MR/optical/near-infrared fluorescence multimodal metastatic LN mapping, guiding the creation of
accurate and highly efficient PTT for gastric cancer metastatic LNs in mice.

Conclusion: In summary, we fabricated tumor-targeted cRGD-PPIG NPs with MR/optical/near-infrared fluorescence multimodal
metastatic LN mapping capacity for surgery and efficient PTT guidance post-surgery.
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Introduction

Cancer is one of the main global public health issues, with 24.5 billion cases and 9.6 million deaths reported worldwide in
2017." Radical lymphadenectomy is essential for solid tumor removal, but to succeed, it requires perioperative visualization
and identification of lymph nodes (LNs).>> LN mapping is important for gastrointestinal tumors, owing to the complex
lymphatic drainage system of the digestive tract.® Patient prognosis is improved if more LNs, especially metastatic LN, are
resected.””® Thus, targeted metastatic LN mapping and treatment should be more accurate and efficient.

Several methods have been applied to map LNs. Magnetic resonance imaging (MRI) has been widely used to
diagnose LNs before surgery due to the sensitivity of the technique to soft tissue lesions.'®!'" Primary and metastatic
lesions show an increase in signal intensity on diffusion-weighted imaging compared to normal structures.'? Dyes such as
nanocarbon particles and indocyanine green are used during surgery to visualize LNs. Nanocarbon particles enable
convenient optical imaging of LNs, whereas indocyanine green can stain both LNs and the lymphatic route.'*'®
Nevertheless, existing LN mapping agents have intrinsic defects, which limit their clinical application. First, the lack
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of a multimodal LN mapping ability lowers the accuracy.'” Second, the lack of tumor-targeting ability prevents their use
in precision medicine.'® Finally, the lack of therapeutic effects hinders their clinical application.'® Thus, a tumor-targeted
multimodal LN mapping agent is required to successfully integrate the diagnosis and treatment of solid tumors.

The clinical requirements of LN mapping agents may be met through nanotechnology, as suggested by the numerous
nanoprobes designed for multimodal LN mapping and treatment. Yang et al** designed perylene diimide probes of different

1'? designed tumor-targeted CuS nanoparticles

sizes for LN positron emission tomography and photoacoustic imaging. Shi et a
(NPs) for LN fluorescence/computed tomography imaging and guided photothermal therapy (PTT). Ideally, to facilitate
greater convenience in clinical applications, multimodal imaging should include optical imaging, for which NPs with a natural
black color may be good candidates. Polydopamine (PDA) NPs, with their non-toxic semiconducting dopamine molecules,
have emerged as a promising and powerful nanoplatform with broad biological application prospects.”' Owing to their
relevant physicochemical properties, such as coloration,”? easy functionalization,” elevated drug loading efficacy,** high
metal-chelation ability,”® and ultrafast thermal relaxation,”® PDA NPs have been widely applied in tumor imaging.
Furthermore, PDA NPs of different sizes can be easily obtained by adjusting the pH during dopamine self-assembly.?’~®

In this study, we aimed to produce multimodal NPs that can meet the requirements for accuracy, efficacy, and ease of use
necessary in clinical tumor imaging. We synthesized PDA-based NPs containing polyethylene glycol (PEG), a tumor-
targeted ligand consisting of a circular-arginine-glycine-aspartic acid sequence (cCRGD), a near-infrared (NIR) organic dye
(IR820) and clinical MRI contrast Gd(NH,),. The size of the resulting cRGD- PEG-PDA@IR820/Gd(NH;), (cRGD-PPIG)
NPs (50-250 nm) aided specific draining into lymph vessels rather than the bloodstream, as reported previously.”®** Owing
to their coloration and good photothermal conversion efficiency, PDA NPs were employed as probes for the optical
diagnosis of metastatic LNs and PTT. In addition, PDA NPs loaded with Gd(NH,), and IR820 were used for metastatic LN
MR and fluorescence imaging. Essentially, this study demonstrates the application of PDA NPs for MR/optical/NIR

fluorescence multimodal tumor-targeted LN mapping and PTT.

Materials and Methods

Chemistry
Reagents and Instrumentation
Dopamine hydrochloride (98%; Aladdin, Shanghai, China), gadodiamide (Gd(NH,),, OMNISCAN, GE Healthcare, Cork,
Ireland), and IR820 (C46H50CIN2NaO6S2, 80%; Macklin, Shanghai, China) were purchased from Casmart and Rjmart
platforms. The cRGD ligand and PEG (NH,-mPEG-COOH, MW 5000, 98%) were purchased from Guangzhou Tanshui Co.,
Ltd. (Guangzhou, China). Fetal bovine serum (FBS), Dulbecco’s modified Eagle medium (DMEM), penicillin-streptomycin
solution, and trypsin-EDTA were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Phosphate-buffered saline
(PBS), 5-ethynyl-2” DNA nucleoside uracil (EdU), 4',6-diamidino-2-phenylindole (DAPI), reactive oxygen species (ROS)
test kit, and Cell Counting Kit-8 (CCK-8) were purchased from Beyotime (Shanghai, China). Transmission electron
microscopy (TEM) images were acquired using a JEM-2100F microscope (JEOL, Japan). Dynamic light scattering (DLS)
and zeta potential were measured on a Zetasizer Nano ZS (Malvern, UK). A UV-2600 spectrophotometer (Shimadzu, Japan)
was used to acquire UV-vis absorption spectra. Semiconductor lasers at 808 nm were purchased from Shanghai Xilong
Optoelectronics Technology Co., Ltd. (Shanghai, China). Optical and NIR fluorescence imaging of nude mouse LNs were
performed using white (380—-665 nm) and NIR (810-1200 nm) light via a dual-channel image-guided device. An infrared
thermal camera (E50; FLIR, USA) was used to acquire thermal images.

'"H NMR spectra were recorded using a 500 MHz Bruker Avance III spectrometer (Bruker, Billerica, MA, USA).

Synthesis of PDA NPs

Briefly, 432 mg dopamine hydrochloride (2.28 mmol) was dissolved in 216 mL deionized water. PDA NPs were obtained
upon addition of 2280 pLL. NaOH (1 N) and vigorous stirring at 50 °C for 10 h. The solution was then centrifuged at
14000 rpm and 26 °C for 10 min, followed by three washes with deionized water.
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Surface Modification of PDA NPs with NH,-PEG5q0,-COOH

We adjusted the pH of a 10 mL PDA aqueous solution (2 mg/mL in water) to 9, and added 30 mg NH,-PEG5p0o-COOH. PEG-
modified PDA was retrieved via centrifugation at 14,000 rpm after vigorous stirring, and was then washed several times with
deionized water. After freeze-drying, the aqueous solvent was removed and powdered PEG-PDA NPs were obtained.

Loading of the cRGD Ligand

We mixed 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide
sodium salt (sulfo-NHS) with PEG-PDA NPs. The mixture was stirred at 26 °C for 4 h and then washed several
times. NH,-cRGD (4 mg) was added to the suspension at room temperature. Finally, the unreacted cRGD was removed,
and the solution was washed several times with PBS.

Loading of PEG-PDA NPs with IR820 and Gd(NH,),

We mixed the IR820 solution with a PEG-PDA NP aqueous solution or cRGD-PEG-PDA NP aqueous solution and
allowed it to react for 6 h in the dark. The IR820:PEG-PDA NP weight ratio was 0.04:1, the same as the IR820:cRGD-
PEG-PDA NP weight ratio. The formed NPs were centrifuged at 14,000 rpm and 26 °C for 10 min and then washed
several times with deionized water. The loading efficiency (weight of loaded IR820/weight of added IR820 x 100%) and
loading content (weight of loaded IR820/[weight of loaded IR820 + weight of NPs] x 100%) of IR820 on NPs were
calculated by measuring unloaded and free IR820 in a UV-vis-NIR spectrophotometer. Thereafter, GA(NH,), was loaded
onto PEG-PDA@IR820 NPs. Briefly, freshly prepared Gd(NH,), solution was mixed with PEG-PDA@IR820 NPs at a
Gd(NH,),/PEG-PDA@IR820 NP weight ratio of 0.04:1. After 6 h of reaction, the mixture was centrifuged at 14,000 rpm
and 26 °C for 10 min to remove free Gd(NH,),. We analyzed the amount of Gd(NH,), loaded onto the NPs using
inductively coupled plasma mass spectrometry. The photothermal properties of NPs of different sizes were measured in
200 pL PBS inside Eppendorf tubes after irradiation with a NIR laser at 808 nm (FC-808-10W-MM; Xilong Company,
China) and a power density of 0.25-1 W/cm? for 5 min. Real-time thermal images were recorded with an IR thermal
camera (225-1; Fotric, China) and the corresponding temperature was determined. The generated NPs were denoted as
PEG-PDA@IR820/ Gd(NH,), NPs (PPIG NPs) and cRGD-PEG-PDA@IR820/ Gd(NH,), NPs (cRGD-PPIG NPs).

In vitro Experiments

Cell Culture

Mouse axillary lymph node/vascular epithelial cells (SVEC4-10), human normal gastric epithelial cells (GES-1), and
gastric cancer cells (MKN45) were purchased from the American Type Culture Collection (USA). All three cell lines
were cultured and maintained in DMEM supplemented with 10% FBS and antibiotics (100 U/mL) at 37 °C in 5% CO..
Cells were seeded in 6- or 96-well plates.

Confocal Laser Scanning Microscopy

MKN45 cells were seeded in confocal laser scanning microscopy (CLSM) dishes and cultured for 24 h in DMEM
supplemented with 10% FBS. To determine whether integrin alpha V beta 3 (a,3) was expressed on the cell surface,
MKN45 cells were washed, fixed with 4% paraformaldehyde, and incubated with 5% bovine serum albumin (Gibco,
USA). The cells were then incubated with anti-integrin a3 antibody (LM609; Abcam, China) overnight at 4 °C. After
incubation with secondary antibodies, the cells were stained with DAPI (Beyotime) and observed using CLSM
(Olympus, Japan). To assess cRGD-PPIG NP absorption, MKN45 cells were incubated with PPIG NPs or ¢cRGD-
PPIG NPs for 24 h, washed, fixed with 4% paraformaldehyde, stained with DAPI, and observed using CLSM.

Flow Cytometry
MKN45 cells were seeded in 6-well plates (1 X 10° cells) and cultured for 24 h. The cells were then incubated with PPIG
NPs (100 ug/mL) or cRGD-PPIG NPs (100 ug/mL) for 24 h, harvested, suspended, and analyzed using flow cytometry.

CCK-8 Assay
SVEC4-10 cells were seeded in 96 well plates at 5x10° cells/well and cultured for 24 h, and then incubated with cRGD-PPIG
NPs at varying concentrations (range from 0—100 ug/mL) for an other 24 h. Thereafter, the biosafety of cRGD-PPIG NPs was
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assayed using a CCK-8 detection kit following the manufacturer’s instructions. Biosafety was determined based on the cell
viability ratio of exposed cells relative to the blank control.

To detect the antitumor effect of cRGD-PPIG NPs, MNK45 cells were seeded in 96-well plates at 5x10° cells/well and
cultured for 24 h. Subsequently, the cells were divided into equal groups and exposed to one of the six following treatments:
the control treatment (DMEM with 10% FBS), PPIG treatment (free PPIG NPs at varying concentrations (ranging from 0-100
pg/mL)), cRGD-PPIG treatment (free cRGD-PPIG NPs at varying concentrations (ranging from 0-100 pg/mL)), NIR
treatment (DMEM with 10% FBS, and irradiation at 1 W/cm? for 5 min), PPIG at varying concentrations (ranging from
0-100 ug/mL) + NIR treatment (1 W/cm?, 5 min), and cRGD-PPIG at varying concentrations (ranging from 0—100 pg/mL) +
NIR treatment (1 W/em? for 5 min). After treatment, we used the CCK-8 assay to determine cell viability.

EdU Assay

The antitumor effect of cRGD-PPIG NPs with and without NIR was assessed using an EdU assay (KeyGen, China).
Briefly, 6x10° MKN45 cells were seeded in 12-well plates and cultured overnight. Thereafter, the cells were incubated
with the same concentrations of PPIG NPs (100 pg/mL) and cRGD-PPIG NPs (100 pg/mL), and subjected or not
subjected to NIR irradiation (1 W/cmz, 5 min). Based on the manufacturer’s instructions, treated cells were labeled, fixed,
stained, and finally monitored using CLSM.

ROS Assay

MKN45 cells were seeded in 6-well plates (1 X 10° cells) and cultured for 24 h. The cells were treated with PPIG NPs
(100 pg/mL) or cRGD-PPIG NPs (100 pg/mL) for 24 h, with or without NIR irradiation (1 W/cm?, 5 min). Finally, the
cells were incubated with ROS Assay Kit reagents (Beyotime) and analyzed using flow cytometry.

In vivo Experiments
Animals

Nude mice and Sprague-Dawley rats were obtained from the Biomedical Research Institute of Southern Medical
University. Animal experiments and euthanasia were performed following approval by the Institutional Animal Care
and Use Committee of Southern Medical University (Certification No. K2020015). All procedures conducted in animals
complied with the Animal Welfare Act, the Guide for the Care and Use of Laboratory Animals, and the Office of
Laboratory Animal Welfare.

In vivo PTT Effect

To clarify the therapeutic effect of cRGD-PPIG NPs, we first established tumor-bearing mice by injecting MKN45 cells
(50 pL, 2x107 cells/mL) into the left hind foot sole of nude mice (n =30). After 28 days, the left popliteal LNs were
swollen, indicating the presence of metastatic LNs. PBS (in the control group), PPIG NPs, or cRGD-PPIG NPs were
injected peritumorally once, with or without NIR irradiation, into the metastatic LNs (I W /cm?® 5 min, once). An
infrared 225-1 thermal camera was used to record real-time temperature changes in vivo. Ten days after NIR irradiation,
metastatic LNs were excised for immunofluorescence staining using terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL; Abcam, USA).

In vivo Biodistribution and Biosafety

For in vivo biodistribution analysis, we injected the left rear footpad of nude mice (n = 3/group) with 50 uL. PBS
containing 50 pg of cRGD-PPIG NPs or PPIG NPs. One hour after injection, the mice were sacrificed using an overdose
of pentobarbital. Thereafter, the major organs were excised and imaged. To quantitatively evaluate and compare the
toxicity of cRGD-PPIG NPs, Sprague-Dawley rats (n = 3/group) were injected with 100 uL PBS containing 350 pg
cRGD-PPIG NPs or PPIG NPs. Thereafter, biochemical blood indices, including alanine transaminase, aspartate

transaminase, blood urea nitrogen, and creatinine, were measured using enzyme-linked immunosorbent assay Kits.
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Statistical Analysis

Data are expressed as the mean =+ standard deviation. All experiments were repeated at least thrice. We used the unpaired
Student’s f-test or analysis of variance followed by Scheffe’s post-hoc test to evaluate the data. Differences were
considered statistically significant at p < 0.05.

Results and Discussion
Design of cRGD-PPIG MR/NPs for Optical/NIR Fluorescence Multimodal Tumor-

Targeted LN Mapping and PTT

Scheme 1 shows the design and polymerization of PDA NPs, their functionalization with PEG, and cRGD ligand, MRI
contrast (Gd(NH,),), and NIR dye (IR820) loading. PDA NPs were selected as optical imaging agents because of their
black coloration, easy functionalization, and low systemic toxicity.?! Hydrophilic PEGsgoo Was introduced into the outer
shell of PDA NPs to improve biocompatibility,’® the cRGD ligand conferred tumor-targeting capability, and Gd(NH,),
and IR820 facilitated sensitive LN MR/fluorescence imaging in vivo.’' The generated cRGD-PPIG NPs were injected
locally and specifically mapped to the left metastatic popliteal LN to aid MR, optical and NIR fluorescence imaging,
and PTT.
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Abbreviations: LN, lymph node; MRI, magnetic resonance imaging; FL, fluorescent; PTT, photothermal therapy.
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Preparation and Characterization of cRGD-PPIG NPs

First, PDA NPs were synthesized via oxidation polymerization in an alkaline environment. To improve their solubility in
PBS, PDA NPs were modified with PEG. Measurements of particle stability using PDA NPs, PPIG NPs, and ¢cRGD-
PPIG NPs of different sizes at 0, 1, 6, 12, and 24 h are summarized in Supplementary Figure S1. PPIG NPs and cRGD-
PPIG NPs remained stable in PBS after 24 h, whereas PDA NPs had precipitated. These results confirmed the improved
stability of PDA NPs upon PEG modification. To load cRGD on PEG-PDA NPs, EDC (50 mg) and sulfo-NHS (30 mg)
were added to a solution containing PEG-PDA NPs (15 mg) and the mixture was stirred at room temperature for 4 h. The
mixture was then washed with PBS to remove excess EDC and sulfo-NHS. Next, NH,-cRGD (2 mg) was added to the
mixture, and the reaction was proceeded at 4 °C for 10 h with continuous stirring. After washing and centrifugation, the
MRI contrast (Gd(NH,),) and NIR dye (IR820) were loaded on cRGD-PEG-PDA NPs. The resulting cRGD-PPIG NPs
were characterized using TEM, DLS, zeta potential measurement, nuclear magnetic resonance (NMR) spectroscopy, and
UV-vis spectral analysis. TEM and DLS confirmed that the synthesized cRGD-PPIG NPs were 79.2 = 31.6 nm in
diameter (Figure 1A and B) and had a zeta potential of —42.5 + 8.3 eV (Figure 1C). Evaluation by "H NMR revealed a
specific peak for cRGD peptides (Figure 1D, blue box).** Together, these results indicated the successful loading of
cRGD peptides on the NPs.
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Figure | In vitro characterization of multi-sized PDA NPs, PPIG NPs, and cRGD-PPIG NPs. (A) TEM images. (B) DLS results. (C) Zeta potentials. (D) 'H NMR

spectroscopy results.
Abbreviations: PPIG, PEG-PDA@IR820/Gd(NH,),; TEM, transmission electron microscope; DLS, dynamic light scattering; NMR, nuclear magnetic resonance.

4664 e International Journal of Nanomedicine 2022:17
Dove


https://www.dovepress.com/get_supplementary_file.php?f=367975.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Liang et al

NIR imaging and photothermal performance of cRGD-PPIG NPs were evaluated. The broadband UV-vis absorption
spectra of cRGD-PPIG NPs are shown in Figure 2A. A distinctive absorbance peak was detected at ~820 nm owing to
IR820 loading. In the MRI performance evaluation, the cRGD-PPIG NPs became brighter with increasing NP concen-
tration. A linear relationship can be identified in Figure 2B. The temperature of laser-exposed cRGD-PPI NP solutions
increased with increasing NP concentration and laser power density (Figure 2C—F). The temperature of the cRGD-PPIG
NP solution (400 pg/mL) reached 38.6 °C + 2.3 °C rapidly at a power density of 1 W/cm? after which the temperature
increased further. The thermal image became brighter as the NP concentration or laser power density increased. The
photothermal effect of cRGD-PPIG NPs was stable over five irradiation cycles (Figure 2E). These results indicate that
cRGD-PPIG NPs are effective PTT agents.
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Figure 2 In vitro characterization of cRGD-PPIG NPs. (A) UV-vis-NIR spectra of PPIG NPs and cRGD-PPIG NPs. (B) Relative MR signal intensities of cRGD-PPIG NPs at
various concentrations. (C) Temperature changes and thermal images of solutions containing PPIG NPs and cRGD-PPIG NPs (200 pg/mL) in PBS under 808 nm laser
irradiation (I W/cm?) for 5 min. PBS alone was used as the negative control. (D) Temperature changes and thermal images of solutions containing different concentrations of
cRGD-PPIG NPs (0, 25, 50, 100, 200, and 400 pig/mL) in PBS under 808 nm laser irradiation (I W/cm?) for 5 min. (E) Temperature changes and thermal images of solutions
containing cRGD-PPIG and PPIG NPs (200 pg/mL) under 808 nm laser irradiation at various power densities (0.0.25, 0.375, 0.5, and | W/cm?). (F) Temperature pattern of a
solution containing cRGD-PPIG NPs (400 pg/mL) in PBS over five cycles of NIR laser irradiation (808 nm, | W/cm?).
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Biosafety and Cellular Uptake of cRGD-PPIG NPs in vitro
Melanin and its analogs have been shown to possess strong biocompatibility, making them widely used as drug delivery
platforms.?' Previously, we identified PDA as another highly biocompatible molecule.* To assess the biocompatibility of
the cRGD-PPIG NPs generated in the present study, we used the CCK-8 assay. Biosafety measurements of PPIG NPs and
cRGD-PPIG NPs in normal SVEC4-10 cells revealed viability above 85% (Figure 3A). Therefore, we hypothesized that
both PPIG NPs and cRGD-PPIG NPs were safe for use as drug delivery systems in biomedical applications.
Integrin a,f3 is specifically overexpressed on cancer cell membranes. Because the cRGD peptide targets integrin o3
cRGD-conjugated NPs were expected to have a higher affinity for tumor cells. For this purpose, MKN45 cells were selected as in
vitro models because the integrin o,3 was significantly upregulated in these cells compared with GES-1 cells (Supplementary
Figure S2). To confirm the synergistic uptake of cRGD-PPIG NPs, MKN45 cells were exposed separately to PPIG NPs and
cRGD-PPIG NPs for 4 h and then analyzed using flow cytometry and CLSM. Using flow cytometry to assess the accumulation of
IR820 in MKN45 cells, we found that the uptake of IR820 at 24 h was three times higher following treatment with cRGD-PPIG
NPs compared to PPIG NPs (Figure 3B). Consequently, according to the CLSM results, the red fluorescence intensity of IR820
increased in both PPIG and cRGD-PPIG groups (Figure 3C), although it was stronger in the latter (Figure 3D), indicating that
cRGD helped increase the cell uptake ratio after binding to the highly expressed integrin o, 33 receptor in MKN45 cells.
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Figure 3 In vitro biosafety and cell uptake of cRGD-PPIG NPs. (A) Viability of SVEC4-10 cells incubated with PBS (control), PPIG NPs, and cRGD-PPIG NPs at different
concentrations (0, 25, 50, 75 and 100 pg/mL). (B) Flow cytometry analysis of MKN45 cells incubated with PBS (blank), PPIG NPs, and cRGD-PPIG NPs. (C) CLSM of
MKN45 cells incubated with PPIG NPs and cRGD-PPIG NPs. Images were acquired in the Cy5.5 channel (670 nm) and DAPI channel (358 nm). (D) Relative fluorescence
intensity of MKN45 cells incubated with PPIG NPs and cRGD-PPIG NPs. *p < 0.05.
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cRGD-PPIG NPs Have a Combined PTT/Photodynamic Therapy (PDT) Effect on

Gastric Cancer Cells

PDA NPs are potential PTT/PDT agents with intrinsic NIR-responsive properties.®’ IR820 was previously reported to be
a promising NIR dye for PTT and PDT.?’ Here, we hypothesized that combining cRGD-PPIG NPs with NIR irradiation
could cause oxidative stress with combined PTT and PDT effects. To test the synergistic PTT/PDT effect of these NPs,
MKN45 cells were incubated with cRGD-PPIG NPs at different concentrations. The MKN45 cells were then subjected or
not to NIR irradiation (1 W/cm?, 5 min). After culturing for 24 h, treated MKN45 cells were analyzed using CCK-8 and
EdU staining kits. No significant change in cell viability was observed with increasing concentrations of PPIG NPs,
cRGD-PPIG NPs, or NIR irradiation alone compared to the control (Figure 4A). However, combinations of PPIG NPs +
NIR irradiation and cRGD-PPIG NPs + NIR irradiation achieved a desirable therapeutic effect, with the latter causing the
highest rate of gastric cancer cell death. NIR-irradiated and either PPIG NP-treated or cRGD-PPIG NP-treated cells
showed fewer EdU-positive cells than the control or cells treated with only PPIG NPs, cRGD-PPIG NPs, and NIR
(Figure 4B and D).

High levels of intracellular ROS can damage mitochondria and cause apoptosis. Emerging evidence indicates that the NIR-
mediated phototherapeutic effect can activate the endogenous oxidative stress signaling pathway, promoting intracellular ROS
production.®** To clarify whether cRGD-PPIG NPs could exert a PDT effect, treated MKN45 cells were analyzed using a
dichloro-dihydro-fluorescein diacetate probe to quantify intracellular ROS. CLSM revealed no significant ROS changes in the
PPIG, cRGD-PPIG, or NIR-only irradiation groups compared to the control. Interestingly, ROS generation was significantly
increased in cells treated with PPIG NPs + NIR. Overall, MKN45 cells treated with cRGD-PPIG NPs + NIR exhibited the
highest ROS production and, hence, cytotoxic effect (Figure 4C and E). Collectively, these findings suggest that cRGD-PPIG
NPs promote PTT and PDT effects against MKN45 cells.

In vivo Tumor-Targeted Multimodal LN Mapping Using cRGD-PPIG NPs

MRI has proven valuable in the preoperative GC Tumour Node Metastasis classification.* However, its low accuracy for
N staging, ranging from 52.17% to 71%, hampers its clinical application in GC diagnoses.*' ** Intravenous MRI contrast
agents may not be suitable for MRI detection of LNs because of their relatively small size. However, indirect magnetic
resonance lymphangiography (MR-LAG), in which MRI contrast agents are injected peritumorally, might be valuable for
identifying nodal micrometastases or high-risk nodal regions. Indirect MR-LAG explains local lymphatic drainage with a
high-resolution MRI. Thus, this technique has been used to characterize cervical LNs in patients with head and neck
cancer.*” Current MRI agents cannot differentiate metastatic LNs because of their lack of tumor-targeting ability.*° In the
present study, we investigated the tumor-targeted metastatic LN mapping ability of cRGD-PPIG NPs in a mouse model
bearing an MKN-45 tumor using indirect MR-LAG. Proper volume samples (50 pL containing 50 pg of cRGD-PPIG or
PPIG NPs per mouse) were injected into the left rear footpad of nude mice bearing MKN45 tumors (n = 3/group).
Thereafter, mice were anesthetized, and cRGD-PPIG and PPIG NP accumulation in the metastatic LN and normal LN
were investigated using MRI before and at 1, 2, and 4 h after injection (Figure 5). The relative intensity of the MR signal
in LN is shown in Supplementary Figure S3. At 1 h post-injection, popliteal LN was visualized in all groups. The cRGD-

PPIG NP metastatic LN group displayed the highest MR signal intensity and remained high for 4 h after injection. For
the PPIG NP metastatic LN group, lower signal intensity was observed relative to that of the cRGD-PPIG NP metastatic
LN group. For the cRGD-PPIG NPs and PPIG NP normal LN groups, the lowest MR signal intensity was observed after
injection. Therefore, by using cRGD-PPIG NPs, we might achieve targeted indirect MR-LAG.

Optical LN mapping is convenient because of its ease of use and reliance on readily accessible equipment. Nanocarbon NPs
have been applied in clinical settings owing to their natural black color, which is easy to detect. If properly sized, nanocarbon NPs
could specifically enter lymphatic vessels and stain LNs rather than traverse blood endothelial cell junctions.*”*° However, the
lack of multimodal LN mapping and targeting of specific pathological outcomes, including inflammation, fibrosis, and
tumorigenesis, has limited the application of nanocarbon NPs in clinical diagnosis and therapy.>® In the present study, we used
cRGD-PPIG NPs to overcome the limitations of nanocarbon NPs. After cRGD-PPIG NPs and PPIG NPs were injected locally
into mice, the animals were sacrificed for optical imaging (Figure 6). In the cRGD-PPIG group, metastatic LNs were stained 1 h
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Figure 4 In vitro PTT and PDT effect of cRGD-PPIG NPs on gastric cancer cells. (A) Viability of MKN45 cells incubated with PBS (control), PPIG NPs, and cRGD-PPIG NPs
at various concentrations and subjected or not to 808 nm irradiation (I Wi/cm?). The values were calculated using a CCK-8 kit. (B) Relative fluorescence intensity of
MKN45 cells incubated with PBS, PPIG NPs, and cRGD-PPIG NPs at various concentrations and subjected or not to NIR irradiation. Values were calculated based on EdU
staining. (C) Relative fluorescence intensity of MKN45 cells incubated with PBS, PPIG NPs, and cRGD-PPIG NPs at various concentrations and subjected or not to NIR
irradiation. Values were calculated based on ROS staining. *p < 0.05. (D) Representative images of EdU-stained MKN45 cells incubated with PBS, PPIG NPs, and cRGD-PPIG
NPs at various concentrations and subjected or not to NIR irradiation. (E) Representative images of ROS-stained MKN45 cells incubated with PBS, PPIG NPs, and cRGD-
PPIG NPs and subjected or not to NIR irradiation (I W/cm?).
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after injection and the staining persisted for 4 h. A relatively weaker coloration of LNs was observed when metastatic LNs were
stained with PPIG NPs or when non-metastatic LNs were stained with cRGD-PPIG NPs and PPIG NPs. These results show that
cRGD-PPIG NPs aided tumor-targeted LN optical imaging.
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Figure 5 In vivo mouse LN MR imaging using cRGD-PPIG NPs and PPIG NPs. In vivo MR images of mouse LNs before and at |, 2, and 4 h after injection of the cRGD-PPIG
NPs and PPIG NPs. The red boxes indicate the LNs.

Recent scientific and technological developments have brought increasing attention to NIR fluorescent dyes because
of their optimal tissue penetration in biological samples, low light scattering, and ability to stain both LNs and the
lymphatic route.'* Despite these advantages, the actual application of NIR fluorescent dyes in clinical practice remains
limited. Some clinical studies have associated LN detection using indocyanine green with a high rate of false-negative
results.®>' > This could be attributed to the lack of multimodal LN mapping ability of this dye. Moreover, nonspecific
NIR fluorescence dyes may not accurately map metastatic LNs during surgery. Here, we used cRGD-PPIG NPs to
achieve tumor-targeted LN NIR fluorescence imaging. The LN mapping ability of cRGD-PPIG NPs and PPIG NPs in
LNs was also explored. Briefly, equal amounts of cRGD-PPIG NPs and PPIG NPs were injected locally followed by NIR
fluorescence LN imaging before and 1, 2, and 4 h after injection (Figure 7). The NIR fluorescence intensity of LNs was
also measured (Supplementary Figure S4). Similar to the optical imaging results, the cRGD-PPIG metastatic LN group
attained the highest NIR fluorescence intensity 1 h after injection, and the signal intensity lasted for 4 h. In the other

groups, NIR fluorescence intensities were relatively weak. Multimodal LN mapping agents such as cRGD-PPIG NPs
show strong clinical application potential as tumor-targeting therapeutics.

cRGD-PPIG NPs Could Inhibit the Growth of Metastatic LNs in vivo

PTT has emerged as an effective therapeutic method against solid tumors. By using NIR light-absorbing agents under
808 nm laser irradiation, PTT can raise the local tumor temperature, causing irreversible cell death to neoplastic tissues
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Figure 6 In vivo mouse LN optical imaging using PPIG NPs and cRGD-PPIG NPs. Red boxes indicate metastatic or non-metastatic LNs. Higher-magnification images of the
boxed areas and the LN after resection are presented to the right of each mouse image.

while sparing healthy tissues from unnecessary damage.>*>> Therefore, PTT has been investigated as an alternative to
surgical resection of metastatic LNs.>®>’

The in vivo biodistribution of cRGD-PPIG NPs revealed good fluorescence and optical imaging, as well as thermal
capacity toward metastatic LNs. Guided by multimodal LN imaging, the phototherapeutic efficacy of cRGD-PPIG NPs
was further evaluated in MKN45 tumor-bearing mice. One hour after peritumoral PBS injection (control group), PPIG
NPs, or cRGD-PPIG NPs, metastatic LNs were irradiated at 1 W/cm? with an 808 nm laser for 5 min. Subsequently, in
vivo images were captured with an infrared thermal camera. As shown in Figure 8A, the tumor temperature of the
metastatic LNs in the cRGD-PPIG + NIR group increased from ~32 °C to ~55 °C within 3 min and was then maintained
at ~55 °C to 57 °C for the next 2 min to ensure sufficient PTT effect. This temperature was markedly higher than that
observed in the PPIG + NIR group (approximately 51 °C) and the control group (approximately 39 °C) (Figure 8B).
Therefore, our results demonstrate that cRGD-PPIG NPs can remarkably raise the temperature during PTT.

To further analyze the antitumor effect of cRGD-PPIG NPs on metastatic LNs in vivo, we randomly divided the mice
into six groups and treated them with PBS (negative control), PBS + NIR, PPIG NPs, PPIG NPs + NIR, cRGD-PPIG
NPs, or cRGD-PPIG NPs + NIR. Ten days after treatment, the morphology of metastatic LNs was similar among the
PBS, PBS + NIR, PPIG, and cRGD-PPIG groups. In contrast, the tumor growth rates in the PPIG + NIR and cRGD-PPIG
+ NIR groups were approximately 60% and 80% lower, respectively, compared to the control group (Figure 8C). The
cRGD-PPIG + NIR group showed the most significant weight loss, whereas no significant differences were observed
among the PBS, PBS + NIR, PPIG, and cRGD-PPIG groups (Figure 8D).
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Figure 7 In vivo mouse LN NIR fluorescence imaging of PPIG NPs and cRGD-PPIG NPs. Images were taken before and at |, 2, and 4 h after local injection of PPIG NPs and
cRGD-PPIG NPs. Red boxes indicate the LNs. Higher-magnification images of the boxed areas are presented as upper right inserts, whereas black and white images of the
fluorescence signal are presented as lower right inserts.

Isolated metastatic LNs were subjected to immunofluorescence staining. TUNEL is a classic marker of DNA
fragmentation in apoptotic tumor cells. Immunofluorescence revealed significantly stronger TUNEL staining in the
cRGD-PPIG + NIR group (Figure 8E). Consequently, in vivo PTT consistently highlighted the superiority of cRGD-
PPIG NPs in inhibiting metastatic LN growth through PTT and PDT effects.

In vivo Biodistribution and Biosafety of cRGD-PPIG NPs

Finally, we injected cRGD-PPIG and PPIG NPs locally into nude mice to evaluate their biodistribution during LN
mapping. At | h after injection (corresponding to the highest NIR fluorescence signal), mice were sacrificed via an
overdose of pentobarbital, and the major organs, including the heart, liver, spleen, lungs, kidneys, brain, and LNs, were
excised for imaging (Supplementary Figure S5A). NIR fluorescence images indicate that cRGD-PPIG NPs accumulated
mainly in LNs, whereas only a small amount of NIR fluorescence was observed in the liver and kidneys. Histological
examination revealed no apparent histopathological damage in the major organs of animals treated with PPIG NPs
(Supplementary Figure S5B). Furthermore, brown-yellow NPs were observed in the metastatic LNs. These findings
demonstrate that cRGD-PPIG NPs are retained in LNs.

To evaluate the biosafety of cRGD-PPIG NPs in vivo, we measured blood biochemical indices, including blood urea
56,58

nitrogen and creatinine for kidney function, and alanine transaminase and aspartate transaminase for liver function.

International Journal of Nanomedicine 2022:17 https: 4671
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=367975.docx
https://www.dovepress.com/get_supplementary_file.php?f=367975.docx
https://www.dovepress.com
https://www.dovepress.com

Liang et al

Dove

>

Cc

Irradiation time

Omin 1min 2min 3min 4min 5min

o L [ L [
oo
\Z
8+ A A A 2}
e
[&)
O] 4
&f ~ N 1)
nX
mz
oy

cRGD-PPIG
+NIR

PPIG + NIR
PBS + NIR
cRGD-PPIG
PPIG

PBS

cRGD-PPIG

-

B

Temperature (°C)

O

Weight of LNs (mg)

70+

60+

50

40

30

-o- cRGD-PPIG metastatic LN
- PPIG metastatic LN
- PBS metastatic LN

n 4
r 'y L

p <0.05

-
(&)}
]

N
o
1

()]
1

0 1 2 3 4 5
Irradiation time (min)
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No significant differences were observed in the indices in treated versus untreated rats over 1 month (Supplementary
Figure S6). These findings suggest that PPIG NPs exert no noticeable toxicity on liver and kidney function.

Conclusion

In this study, a cRGD-PPIG NP tumor-targeted LN mapping agent was successfully developed. The generated cRGD-
PPIG NPs facilitated MR/optical/NIR fluorescence multimodal targeted mapping of gastric cancer metastatic LNs.
Furthermore, accurate guided PTT was achieved by locally injecting cRGD-PPIG NPs. The loaded cRGD ligand on
the surface of NPs was selectively taken up by cancerous MKN45 cells overexpressing integrin a,f3. Importantly,
cRGD-PPIG NPs specifically targeted metastatic MKN45 LNs, enabling MR/optical/NIR fluorescence multimodal
gastric cancer metastatic LN mapping and PTT in vivo. Accordingly, the proposed NPs represent an alternative to
surgical resection of LN metastases. Future studies on the long-term toxicology of cRGD-PPIG NPs in vivo would
explain the potential clinical applications of these antitumor agents.
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