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Background: Multifunctional nanocarriers based on tumor targeting and intracellular monitoring have received much attention and
been a subject of intensive study by researchers in recent years. In this study, we report multifunctional glyconanoparticles with
activatable near-infrared probes for tumor imaging and targeted drug delivery.

Methods: Disulfide-functionalized dicyanomethylene-4H-pyran (DCM-SS-NH,) and amino-functionalized lactose were modified and
loaded onto the surfaces of polydopamine nanoparticles (NPs) by Michael addition or Schiff-base reaction as GSH stimulation—
responsive fluorescent probes and tumor-targeting moieties, respectively. Doxorubicin (DOX), a model anticancer drug, was loaded
onto polydopamine through n—x interactions directly to prepare multifunctional PLDD (PDA@Lac/DCM/DOX) NPs.

Results: Experimental results showed that PLDD NPs had been successfully prepared. DCM, the fluorescence of which was quenched
in PLDD NPs, was able to restore red fluorescence in a solution with a GSH concentration of 5 mM. The amount of DOX released
from PLDD NPs was 44% over 72 hours in a weak-acid environment (pH 5). The results of CLSM and flow cytometry indicated that
the PLDD NPs had good HepG2-targeting ability due to the special recognition between lactose derivative of NPs and overexpressed
asialoglycoprotein receptors on HepG2 cell membrane. More importantly, the disulfide bond of DCM-SS-NH, was broken by the high
concentration of GSH inside cancer cells, activating the near-infrared fluorescence probe DCM for cancer-cell imaging. MTT assays
indicated that PLDD NPs exhibited higher anticancer efficiency for HepG2 cells and had reduced side effects on normal cells
compared with free DOX.

Conclusion: The fluorescence of modified DCM loaded onto PLDD NPs is able to be restored in the high-concentration GSH
environment within cancer cells, while improving the effectiveness of chemotherapy with reduced side effects. It provides a good
example of integration of tumor imaging and targeted drug delivery.
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Introduction

Multifunctional nanocarriers based on tumor targeting and intracellular monitoring have received much attention and
been a subject of intensive study by researchers in recent years. Imaging-guided nanomedicine driven by precision
medicine makes it possible to observe processes by microscopy at nanometer scale for widespread application in the
diagnosis and treatment of cancer.' ® At present, near-infrared (NIR) fluorescent dyes are paving the way for the
development of bioimaging technology because of their NIR absorption/emission wavelength, high sensitivity, and
low biotoxicity.” ' Many NIR fluorescent probes for cancer-cell monitoring and tumor-tissue localization have been
reported to successful.''*'> However, although probes using small molecules are easy to synthesize and are taken up
readily by cells, their development is limited by such disadvantages as low signal amplification and short residence time
at the target site.'>"'* Nanotechnology-based nanoprobes have obvious advantages over small-molecule probes, such as
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larger specific surface area for modification of probe molecules, and the enhanced permeability and longer retention
effect on tumors.'>'¢ Consequently, the development of intelligent nanocarriers that integrate diagnosis and treatment is
of great significance for cancer treatment.

Dicyanomethylene-4H-pyran (DCM), a hydrophobic NIR dye, has its fluorescence quenched when the -NH, terminal
is occupied and restored when the -NH, terminal is free.'” ' As such, the disulfide bond modifies thye DCM. DCM is
released and activated when the disulfide bond is reduced and broken by the high concentration of GSH in tumor tissue.
Disulfide-modified DCM can be used as a fluorescent probe to construct GSH stimulation—responsive tumor-imaging
systems. Polydopamine (PDA) has been widely used in the construction of multifunctional nanocarriers because of its
good biocompatibility, material stability, loading capability, and biodegradability.>"** The pyrocatechol group of PDA
can be oxidized to pyroquinone, which can react with the nucleophilic group (such as amino or mercapto) in the form of
Michael addition or Schiff-base reaction, making it valuable for further modification like loading anchors for specific
recognition by the targeted receptor or a starting point for other covalent bonds.>> >’ It has been demonstrated that PDA-
derived nanoparticles (NPs) display high drug-loading capability and good application prospects in the area of che-

motherapy materials.®2’

Targeted drug delivery can be realized with the help of specific recognition like sugar—lectin interaction.”**’
Carbohydrates, excellent biocompatible hydrophilic blocks, have received much attention for tumor-cell targeting on
account of the fact that malignant cells are often accompanied by abnormal glycoprotein (lectin) content on cell surfaces,
such as overexpressed asialoglycoprotein receptors (ASGP-Rs) on liver cancer cells.>* % Saccharides, such as N-acetyl
galactosamine, B-D-galactose, and lactose derivatives can be modified for NP transport as active targeting ligands to
enhance cellular uptake essay, thus improving the anticancer efficiency of multifunctional nanocarriers.*> ¢

Herein, we report a multifunctional glyco-NP PLDD (PDA@Lac/DCM/DOX) with activatable NIR probes for tumor
imaging and targeted drug delivery. Disulfide-functionalized DCM (DCM-SS-NH,) and amino-functionalized lactose
(Lac-NH,) were modified and loaded onto the surfaces of PDA NPs by Michael addition or Schiff-base reaction as GSH
stimulation—responsive fluorescent probes and tumor-targeting moieties, respectively. Doxorubicin (DOX), a model
anticancer drug, was loaded onto PLD NPs to obtain DOX-loaded PLD NPs (PLDD NPs) through n—n interactions
directly (Scheme 1). The NIR probe DCM-SS-NH, can respond to the high concentration of GSH inside cancer tissue.

We expected that these PLDD NPs would be able to achieve tumor imaging and targeted drug delivery.

Methods

All chemicals from commercial sources were used as received. Sodium methoxide, 4-acetamidobenzaldehyde, sodium
azide, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, D-lactose monohydrate, dopamine hydrochloride,
and 2-[2-(2-chloroethoxy)ethoxy]ethanol were provided by Aladdin Reagent, 2’-hydroxyacetophenone and malononitrile
were provided by Macklin Biotech, trifluoroacetic acid was provided by Dingxian Biotech, 3,3’-thiodipropionic acid and
1,1’-carbonyldiimidazole were provided by Energy Chemical Technology, and bis(trichloromethyl) carbonate,
N-hydroxysuccinimide, and DOX hydrochloride were provided by Heowns Biotech. Normal liver cells (HL7702) and
human hepatoma cells (HepG2) were supplied by Keygem Biotech (Nanjing, China) and cultured at 37°C and 5% CO, in
1640 medium (Gibco, USA) containing 10% FBS (Procell, China) and 100 U/mL penicillin—streptomycin (Solarbio,
China).

A nuclear magnetic resonance spectrometer was given by Bruker (Karlsruhe, Germany) in deuterium reagents. The
morphology of different kinds of PDA NPs was observed via a FEI S450 scanning electron microscopy (SEM).
Ultraviolet-visible (UV-vis) spectra were obtained using a PerkinElmer Lambda 25 spectrophotometer and fluorescence
spectra using a PerkinElmer LS-55. Imaging and targeting ability of cell lines were analyzed by a laser-scanning confocal
microscope (Leica TCS SP8) and a flow cytometer (BD FACSAria III). MTT assays were used for the measurement of
cell viability with a microplate reader (Tecan Infinite M1000 Pro, Switzerland).

Preparation and Characterization of PLD NPs
Synthesis of Lac-NH, (5), DCM-SS-NH, (13) and PDA is illustrated in Scheme S1-S4. Synthesis of PLD was conducted
as follows. In a standard fabrication, 40 mg Lac-NH, (5) dispersed in 4 mL Tris-HCI (pH 8.5, 10 mM) was mixed with 1
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Scheme | Schematic illustration of the construction of PLDD NPs and the application for tumor imaging and targeted drug delivery.

mL PDA NP dispersion (10 mg/mL) under mild stirring, and the loading reaction proceeded at room temperature for 8
hours. Then, PDA-Lac NPs were collected via centrifugation (16,000 rpm, 10 minutes) and washed with 3 mL distilled
water twice. The supernatant was collected, and dried to obtain the mass of Lac-NH, that had not reacted to the PDA.
The precipitate was dispersed in Tris-HCI (pH 8.5, 10 mM, 9 mL) for the following application. DCM-SS-NH, (13) 55
mg was dissolved in a small amount of DMSO solution and then dispersed in 1 mL Tris-HCI (pH 8.5, 10 mM). The
DMSO-Tris-HCI system was added dropwise to the PDA-Lac dispersion (9 mL) and stirred for 8 hours at room
temperature. PLD NPs were obtained via centrifugation (16,000 rpm, 15 minutes) and washed with DMSO-Tris-HCI
three times. A standard curve for DCM-SS-NH, was obtained (Supplementary Figure S14). The loading ratio of the Lac-
NH, and DCM-SS-NH, was calculated according to the following equations. PLD NPs were resuspended in PBS (pH
7.4, 10 mM) for further use.
Loading ratio (%) = (mLac-NH, loaded/mPLD) x 100% (Eq. 1)

where mLac-NH, loaded and mPLD refer to the mass of Lac-NH, encapsulated in PLD and the mass of PLD,

respectively.
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Loading ratio (%) = (mDCM-SS-NH, loaded/mPLD) x 100% (Eq. 2)
where mDCM-SS-NH, loaded and mPLD refer to the mass of DCM-SS-NH, encapsulated in PLD and the mass of
PLD, respectively.

Loading Capacity and Release Profiles of PLDD NPs

Drug-loaded PDA NPs were prepared by incubating the prepared PLD NPs (5 mg) and DOX (25 mg) in 5 mL PBS (pH
7.4) for 12 hours at room temperature. The PLD NPs were separated by centrifugation (16,000 rpm, 15 minutes), then
washed with PBS three times. The final product of PLD NPs was suspended in 5 mL PBS for further use (1 mg/mL).
After the reaction between PLD and DOX, PLDD NPs were washed with PBS (pH 7.4, 10 mM) several times. The
concentration of unloaded DOX in the supernatant was measured with UV-vis spectrophotometry at /=490 nm. The
interaction between PLD NPs and DOX was confirmed via FT-IR, UV-vis, and fluorescence spectra.

For measurements of drug release, 10 mg PLD NPs was dispersed by ultrasound in 1 mL PBS (pH 7.4, 10 mM), then
distributed to three dialysis bags (molecular weight cut off 8,000 Da) and stirred in 10 mL PBS (pH 7.4, 10 mM). Testing
medium (0.1 mL) was used to measure the amount of DOX released at /=490 nm every 8 hours. Drug release at pH 5
was tested with the same method. The concentration of DOX was calculated:

Mt — Mg

CDOX(%) = m x 100%

where M7 is the total amount of DOX, My the content of free DOX in the supernatant, and Mp the quantity of
PLD NPs.
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Figure | (A) TEM image of PDA NPs; (B) SEM image of PLDD NPs; (C) the size distribution of PLDD NPs by DLS; and (D) Zeta potential of PDA, PDA-Lac, PLD and
PLDD NPs, respectively.
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Free-Dye Release of PLD Mediated by Extra GSH

PLD NPs (DCM 2 mM) were dispersed in S mL DMSO-PBS (v:v 1:1), then 3 mL DMSO-PBS solution containing GSH
(5 mM) was added and stirred for 2 hours (37°C). Fluorescence intensity of the medium at A=650 nm was measured
every half an hour.

Intracellular Monitoring and Fluorescence Recovery of PLD NPs

Fluorescein sodium (NaFL), a green hydrophilic fluorescent molecule, was chosen to take the place of DOX to avoid
fluorescence overlap with DCM. HepG2 and HL7702 cells were cultured for 24 hours (37°C, 5% CO,) in laser confocal
dishes. Then, the original medium was replaced with medium containing PLD-NaFL (PLDN) NPs (1 mg/mL). HepG2
cells and HL7702 cells were cultured for another 24 hours after one group of HepG?2 cells had been incubated with LBA
for 4 hours in advance. The intracellular monitoring ability of PLD NPs was measured with CLSM.

Cell Culture and Cell Viability

HepG2 and HL7702 cells were selected to evaluate anticancer efficacy and cytotoxicity. RPMI 1640 medium was used to
culture the HL7702 cells. FBS and penicillin—streptomycin were used in all culture media at concentrations of 10% and
1%, respectively.
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Figure 2 (A) The absorption spectra of DCM-SS-NH2 and DCM-SS-NH2 incubated with GSH (5 mM, 2 h); Emission spectra of DCM from DCM-SS-NH2 (B) and PLD
NPs (C) incubated with GSH in DMSO/PBS solution (v/v, I/1, DCM 20 pM) at 37°C during 2 h, Aex= 490 nm, Aem= 650 nm; (D) The cumulative drug release (%) of PLDD
NPs during 72 h in phosphate buffer solution (pH 5.0, 7.4), respectively.
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Results and Discussion

Synthesis and characterization details of Lac-NH, and DCM-SS-NH, can be seen in Supplementary Figure S1-S13.
Using the aforementioned methods, we successfully prepared PLDD NPs. As shown in Figure 1, the spherical
morphology of PDA and PLDD NPs was captureded by TEM and SEM. The average diameter of PDA and PLDD
was 160+2.8 nm and 200+2.1 nm, respectively. The obvious Tyndall effect proved the existence of PLDD NPs
(Supplementary Figure S15A). The size distribution and {-potential of PDA NPs were measured with dynamic light
scattering (DLS). Supplementary Figures S15B and 1C show DLS curves for PLDD and PDA NPs: the average size of
PDA and PLDD NPs was 260 and 340 nm, respectively, displaying good dispersibility. The different experimental
conditions likely resulted in discrepancies in NP diameter measured by DLS vs SEM/TEM (an aqueous solution for DLS
as opposed to a solid state under vacuum for SEM/TEM). In addition, the {-potentials of PDA, PDA-Lac, PLD, and
PLDD NPs were —16.06, —24.2, —29.4, and —4.4 mV, respectively (Figure 1D). The negative potential of PDA, PDA-Lac,
and PLD NPs was associated with the -OH, —CN, and catechol groups, and the decrease of negative potential of PLDD
NPs was associated with the cationic molecule of DOX demonstrating the step-by-step synthesis of PLDD NPs. The load
ratios for Lac-NH, and DCM-SS-NH, on the PLD NPs were 21.5% and 13.2%, respectively.
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Figure 3 (A) CLSM images of HL7702 cells, HepG2 cells pre-treated with LBA and HepG2 cells cultured with PLD NPs (I mg mL-1) for 4 h, respectively. The scale bar is

20 um; (B) The average fluorescence intensity of different groups of cells; The cell uptake in HL7702 cells (C) and HepG2 cells (D) under different conditions measured by
flow cytometry.
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Figure 4 (A-B) HL7702 cells incubated with different concentrations of PLDD NPs and free DOX for 24 h, 48 h, respectively. (C-D) HepG2 cells incubated with different
concentrations of PLDD NPs and free DOX for 24, 48 h, respectively.

NIR fluorescence of DCM probe was investigated with fluorescence spectrophotometry. For the NIR probe DCM-SS-NH,,
the colour of solution containing DCM-SS-NH, changed from yellow to red (Figure 2A) after incubation with extra GSH (5
mM), indicating the release of DCM through the reduction of disulfide bonds. NIR restoration and absorption spectra of DCM are

shown in Figure 2B and Supplementary Figure S16. There were strong emission peaks at 650 nm with increased fluorescence

intensity and strong absorption peaks at 490 nm and increased absorption intensity during the 2-hour incubation with GSH (5
mM), confirming the release of DCM via the cleavage of disulfide bonds by reaction with GSH. Strong emission peaks of DCM
released from PLD NPs were detected (Figure 2C), indicating that PLD NPs could be used as nanoprobes for intracellular
imaging. DOX loading was confirmed by fluorescence measurement, and was 49.57%. As shown in Supplementary Figure S17,

the fluorescence of DOX on PDA NPs was quenched completely due to the photoinduced electron-transfer effect between DOX
and PDA. As shown in Figure 2D, there was only a small amount of DOX released in the neutral environment (pH 7.4), while the
amount released in the weak-acid environment (pH 5) was 44% after 72 hours, thus reducing cytotoxicity to normal cells.

CLSM indicated that the PLD NPs entered HepG2 cells easily. Meanwhile, the quenched fluorescence of DCM was
restored in the cytoplasm, due to cracking of the disulfide bond exposed to the high concentration of GSH (Figure 3A).
Merging of the red NIR fluorescence of DCM (/.,=650 nm) and the green signal of NaFL (1.,=512 nm) and then
colocalization was indicated by the yellow areas. There was significant fluorescence enhancement in HepG2 cells
compared with HL7702 cells, with the former preincubated with lactobionic acid (LBA, 2 mg/mL, Figure 3B),
confirming the targeting ability of PLD NPs to HepG2 cells. The prepared NPs entered cells via galectin-mediated
endocytosis.

International Journal of Nanomedicine 2022:17 hetps: 1573
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=337082.docx
https://www.dovepress.com/get_supplementary_file.php?f=337082.docx
https://www.dovepress.com
https://www.dovepress.com

Chi et al Dove

The overexpressed ASGP-Rs existed in cell membrane of HepG2 cells, which can be specifically recognized by Lac-NH,,
a derivative of D-(+)-lactose. As shown in Figure 3C-D, there was an apparent decrease in cellular uptake efficiency in HepG2
cells on account of preincubation with LBA (2 mg/mL), thus indicating that Lac-NH, works as an active targeting ligand to
specifically interact with ASGP-Rs via a lactose-mediated active process, and that LBA led to occupation of the lactose
receptor, which subsequently inhibited lactose-mediated endocytosis. As a result, HL7702 cell group and LBA-treated HepG2
cell group showed only aspecific endocytosis of NPs.

In order to demonstrate anticancer activity, the cytotoxicity of PLDD NPs was studied using MTT assays. As shown
in Supplementary Figure S18, PLD NPs showed negligible cytotoxicity to HL7702 cells after 48 hours, indicating that
PLD NPs had good biocompatibility. The relative viability of HL7702 cells after being cultured with PLDD NPs for 24
and 48 hours was higher than cells cultured with free DOX (Figure 4A and B). On the contrary, HepG2 cells under the
same treatments displayed lower viability after cocultured with PLDD NPs than with free DOX (Figure 4C and D). These
results indicated that PLDD NPs enhanced drug uptake via specific recognition of ASGP-Rs and improve anticancer

efficacy in HepG2 cells, as well as reducing the side effects on normal cells.

Conclusion

In this work, we successfully constructed multifunctional nanocarriers, PLDD NPs, composed of a DCM-SS-NH, moiety
as an active NIR probe, lactose derivative Lac-NH, as a hepatoma-targeting ligand, and drug carrier PDA NPs. PLD NPs
displayed good biocompatibility and HepG2-targeting ability due to the special recognition between the lactose
derivative of NPs and overexpressed ASGP-Rs on HepG2 cell membrane. More importantly, the disulfide bond of
DCM-SS-NH, was broken by the high concentration of GSH inside cancer cells, activating the NIR fluorescence probe
DCM for cancer-cell imaging. PLDD NPs also exhibited higher anticancer efficiency on HepG2 cells and reduced side
effects on normal cells compared with free DOX. Therefore, this PLDD nanocarrier has provided a great example for
both tumor imaging and targeted drug delivery.
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