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ABSTRACT 

In this work, a novel layered double hydroxide (LDH)-based multifunctional 

nanoplatform was built for synergistic temperature photothermal therapy 

(PTT)/chemotherapy. The platform was modified using the peptide B3int to target 

cancer cells with overexpression of integrin αvβ3. Indocyanine green (ICG) and 

doxorubicin (DOX) were loaded into the nanocarrier (LDH-PEG-B3int NPs) to form 

a system having a high DOX drug loading (18.62%) and a remarkable photothermal 

conversion efficiency of 25.38%.  It also showed pH-responsive and near-infrared 

(NIR)-triggered DOX release.  In vitro and in vivo studies indicated that the 

anti-tumor activity of the combined delivery system was significantly higher than that 

of a single delivery system. This co-delivery nanosystem may be helpful for future 

application in the clinical treatment of cancer. 
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1. Introduction 

Cancer is the leading cause of human death and it is also one of the most 

common diseases with high mobility and high mortality in the world [1]. Successful 

treatment of cancer has faced many challenges and in recent years efforts have been 

made to develop more effective drug delivery systems, with the aim of reducing side 

effects while ensuring excellent efficacy [2, 3]. With the maturity of nanotechnology, 

the advantages of nanodrug delivery systems (NDDSs) have revealed that such 

systems have high selectivity for tumors and can slowly release active anticancer 

agents [4-6]. 

NDDSs integrate small drug molecules into nanomaterials by means of 

encapsulation or adsorption to form nanodrug which afford effective drug delivery 

systems [7, 8]. Contrary to the use of small molecular drugs, NDDSs can enter tumor 

tissue through tumor loose vascular pores and achieve high permeability and retention 

therein. Therefore, it has special advantages such as high drug loading passive 

targeting function, and controlled drug release [9-11]. NDDSs include 

two-dimensional nanomaterials, polymer nanoparticles, micelles, liposomes, 

dendrimers, metal nanoparticles and solid lipid nanoparticles [12-14]. 

Two-dimensional nanomaterials (2D NMs) are ultra-thin nanomaterials with 

dimensions less than 100 nm [15] which  have unique advantages in precise cancer 

treatment [16]. Firstly, the extremely large specific surface area of 2D NMs can 

effectively increase the drug loading capacity and tumor precision targeted therapy 

efficiency. Secondly, the excellent photothermal conversion efficiency of 2D NMs 

behaves as a therapeutic reagent for precision light therapy. Lastly, the optical 

properties of 2D NMs can enhance the resolution of biological imaging and improve 

accurate diagnostic accuracy [17-19]. 2D NMs are superior to other nanomaterials in 

terms of tumor identification drug delivery, and clinical treatment, providing a 
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powerful platform for enhanced medical precision. Common 2D NMs , such as 

ultra-thin graphene oxide[20], black phosphorus [21] and transition metal dihalides[22] 

have been used as drug carriers. However, these 2D NMs usually have some 

disadvantages, such as difficultsynthesis, limited loading capacity or poor 

biocompatibility, which limits their application in tumor targeted therapy [23]. 

Therefore, it is a challenge to find a material with high biocompatibility, easy 

modification and high drug loading capacity [24].  

In the past few decades, layered double hydroxide (LDH) nanoparticles (NPs) 

have aroused great interest as a family of 2D-NMs[25]. LDH has the chemical 

formula [M2+
1-xM3+

x(OH)2][An-]x/n·mH2O, where a divalent metal (M2+) and a trivalent 

metal (M3+) coordinate with the octahedron formed by hydroxyl groups to produce a 

positively charged laminate, and An- is an interlayer exchangeable anion [26-29].  

LDH NPsare widely used in therapeutic and diagnostic techniques, including drug and 

gene delivery, phototherapy and even immunotherapy [30-32]. In addition, LDH NPs 

can be easily degraded into biosafe ions and molecules after they play a therapeutic 

role at the disease site, and consequently decrease long-term side effects [33]. More 

importantly, LDH NPs are usually positively charged under physiological conditions 

and can adhere to the cell membrane at any time to promote cell absorption of loaded 

therapeutics through endosome escape pathways [31, 34, 35].  Unfortunately, the 

short circulation time and rapid clearance by the reticuloendothelial system (RES) of 

inorganic NDDSs hinder their translation into clinical use. Thus in order to enhance 

biocompatibility, sensitivity and specificity, surface modification is usually adopted. 

Polyethylene glycol (PEG) is the most common surface functionalization moiety [36]. 

PEG is used to functionalize nanomaterials and has been widely used to solve the 

biocompatibility and stability problems of nanomaterials, and can extend the blood 

circulation time of nanoparticles [37]. Tumor-specific ligands are also used to enhance 

the accumulation of NDDSs in tumor sites. 

Arginine-tryptophan-(D-arginine)-asparagine-arginine (B3int) interacts specifically 

with integrin αvβ3, which is the peptide ligand, expressed on the surface of a variety 
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of malignant tumor cells, but it is not expressed on normal cells [27]. Therefore, B3int 

can target cancer cells, and the connection of B3int and nanomaterials can promote 

the entry of NDDSs into tumor cells. 

In addition to chemotherapy, photothermal therapy (PTT) is also a widely used 

clinical treatment of cancer and is a novel and promising developing method for 

cancer treatment [22, 38, 39]. Compared with other cancer treatments, PTT is 

noninvasive and highly efficient, [40]. More importantly, the heat generated by PTT 

in combination with chemotherapy can enhance the permeability of cell membranes, 

promote the uptake of drugs by cancer cells, and improve the effectiveness of cancer 

treatment [41]. To achieve successful PTT, photothermalagents (PTAs) are critical. 

Ideal PTAs should be with high photothermal conversion efficiency to absorb 

near-infrared (NIR) irradiation and convert it into heat energy, raising the local 

temperature to promote tumor cell apoptosis  without causing damage to neighboring 

healthy cells and tissues[42, 43]. Indocyanine green (ICG) is a cationic cyanine dye 

which is a water-soluble and with NIR irradiation and emission characteristics, ICG 

has the advantages of weak self-luminescence, low interference, low toxicity, and 

easily combines with proteins to form non-covalent fluorescent complexes [44, 45]. 

As a result, it is also approved by the US Food and Drug Administration (FDA) for 

clinical use. However, free ICG has strong lipophilicity and serum protein affinityand 

is easily removed from the body, which seriously limits its application in tumor 

targeted therapy. In order to solve this problem, various NDDSs have been developed 

to deliver ICG[56-59]. Among these NDDSs, LDH shows great prospects due to their 

advantages such as easy preparation, high drug loading capacity and good 

biocompatibility further improving the performance of ICG [46-49]. 

In the current work, a LDH-based multifunctional NDDS co-delivery 

doxorubicin (DOX) and ICG was designed and prepared, which can be used as a 

nanoplatform for synergistic chemotherapy and PTT (Scheme 1). First, the LDH NPs 

were prepared by a hydrothermal method[50], and then the surface of the LDH NPs 

was modified with H2N-PEG-NH2. Next, the targeting peptide B3int was introduced 
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through an amide condensation reaction and finally, DOX and ICG were loaded using 

a physical adsorption method. The prepared DOX-ICG@LDH-PEG-B3int NPs can be 

used as a nanoplatform which has the following attributes: (1) αvβ3 high expression 

of B16 cells; (2) accelerated drug release in a slightly acidic environment and by 

utilization of NIR  irradiation; (3) provides efficient tumor treatment while reducing 

the non-targeted side effects of chemotherapy. DOX-ICG@LDH-PEG-B3int is 

considered to be a nanoplatform with high potential for precise cancer therapy.  

 

Scheme 1 (A) Schematic illustration of the synthesis of DOX-ICG@LDH-PEG-B3int NPs. (B) 

Cartoon representation of how DOX-ICG@LDH-PEG-B3int NPs remain in the tumor site through 

the targeting effect. (C) The release of DOX and ICG from the DOX-ICG@LDH-PEG-B3int NPs 

in the tumor microenvironment. 

 

2. Materials and methods 

2.1. Materials 

Aluminum nitrate (Al(NO3)3·9H2O), magnesium nitrate (Mg(NO3)2·6H2O) and 

sodium hydroxide (NaOH) and ethanol were purchased from Sinopharm Chemical 

Reagent Co., Ltd. H2N-PEG-NH2 (Mw= 2000) was provided by Yare Biotech, Inc. 
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(Shanghai, China). N-[3-(dimethylamino)propyl]-N'-ethyl-carbodiimide.HCl (EDC), 

N-hydroxysuccinimide (NHS), dimethyl sulfoxide (DMSO), doxorubicin (DOX), 

indocyanine green (ICG) and glutaraldehyde were obtained from Aladdin Industrial 

Inc. (Shanghai, China). The B3int peptide was aquired from DG peptides Co. Ltd.  

Phosphate buffered saline (PBS), Dulbecco’s modified Eagle medium (DMEM), 

RPMI 1640 medium, 3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bromide 

(MTT), fetal bovine serum (FBS), 0.05% trypsin-EDTA, 0.25% trypsin (without 

EDTA), 4′,6-diamidino-2-phenylindole (DAPI), Annexin V-FITC/PI cell apoptosis 

analysis kit, calcein-AM and propidium iodide (PI) were sourced from the Beyotime 

Institute of Biotechnology (Shanghai, China). All chemicals were of analytical grade 

and had no additional purification. 

Murine melanoma cell lines (B16) and murine fibroblast cell lines (3T3) were 

kindly provided by the Chinese Academy of Sciences (CAS, Shanghai, China).  

Animals were supplied by Shanghai Jihui Experimental Animal Feeding Co., Ltd 

(Shanghai, China) and raised in the Laboratory Animal Center of Donghua University 

(Shanghai, China). All animal experiment operations were conducted in accordance 

with the Guidelines for the Care and Use Animals of Donghua University, and 

approved by the Experimental Animal Ethics Committee of Donghua University. 

2.2. Synthesis of LDH NPs 

The hydrothermal method was used to synthesize LDH NPs as previously 

described in reference[50]. Solution A: NaOH (44 g) was dissolved in deionized water 

(ddH2O; 60 mL) by vigorously stirring at 400 rpm under N2 atmosphere. Solution B: a 

mixture of Mg(NO3)2·6H2O (1.538 g) and Al(NO3)3·9H2O (0.75 g) in ddH2O (40 mL) 

was added dropwise to the NaOH solution. After 30 min stirring, the product was 

washed 3 times with ddH2O, centrifuged and dispersed in ddH2O (70 mL). The 

suspension was then transferred into a 100 mL Teflonlined stainless-steel autoclave 

and maintained at 100 °C for 16 h. The white precipitates were collected by 

centrifugation (13000 rpm for 20 min) and washed with water for 3 times. The solid 

product was then freeze-dried for 3 d to get the LDH NPs. 
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2.3. Functionalization of LDH NPs 

LDH NPs (2 mg) were dissolved in distilled water (10 mL) and H2N-PEG-NH2 

(10 mg) was added to the LDH/H2O suspension, followed by 12 h stirring at ambient  

temperature. The resulting mixture was centrifuged at 13000 rpm for 15 min to 

remove unreacted H2N-PEG-NH2 , and the solid product was washed 3 times with 

water, followed by freeze-drying for 3 d to produce the LDH-PEG NPs. Then, a 

portion of 11.4 mg EDC and 6.9 mg NHS were dissolved in 10 mL LDH-PEG 

dispersion and allowed to stir for 24 h to activate the LDH-PEG sample. Next, the 

solution was mixed with 5 mL B3int (1.86 mg/ mL) aqueous dispersion, followed by 

24 h stirring at ambient temperature to couple LDH-PEG with B3int via amide bond. 

The product was then dialyzed against ultrapure water with a 3500 Da molecular 

weight cutoff (MWCO) membrane for 3 d to remove unreacted B3int. Finally, the 

resultant LDH-PEG-B3intNPs were isolated by lyophilization. 

2.4. Synthesis of DOX-ICG@LDH-PEG-B3int NPs 

A portion of 10 mg LDH-PEG-B3intwas dissolved in PBS (pH=7.4) and DOX 

(10 mg ) was dissolved in DMSO. The two solutions were mixed quickly and stirred 

at ambient temperature for 24 h protected from light. The resultant precipitates were 

then dialyzed (MWCO = 3500 Da) for 3 d to obtain DOX@LDH-PEG-B3int NPs. 

The solid product was then mixed with ICG (10 mg) at a concentration of 1 mg/mL 

and stirred at ambient temperature overnight, producing DOX-ICG@LDH-PEG-B3int 

NPs. The preparation of DOX@LDH-PEG NPs was similar with 

DOX@LDH-PEG-B3int NPs except that 10 mg LDH-PEG NPs instead of 

LDH-PEG-B3int NPs were added in DOX solution (1 mg/mL). Moreover, 

ICG@LDH-PEG-B3int was prepared using the similar way of 

DOX@LDH-PEG-B3int except that 10 ml ICG suspension (1 mg/mL) instead of 

DOX suspension was mixed with LDH-PEG-B3int.  

2.5. Material characterization 

The morphologies and sizes of the varying nanoparticles were measured using a 

scanning electron microscope (SEM; Nova TM Nano SEM, FEI, Hillsboro, OR, USA) 
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and a transmission electron microscope (TEM; JEM 1200EX, JOEL, Tokyo, Japan).  

Atomic force microscopy (AFM) was performed using a NanoScopeIIIa from 

VeecoInstruments.The chemical composition of the LDH NPs was measured by X-ray 

photoelectron (XPS) spectroscopy (Escalab 250Xiinstrument). X-ray diffraction 

(XRD) patterns were obtained on a Bruker D8 Advance diffractometer using Cu Kα 

radiation (λ=1.5418 Å). Fourier transform infrared (FT-IR) spectra were recorded 

using a Nicolet-Nexus 670 spectrometer (Thermo Fisher, USA.) over the range 

4000−500 cm−1 with a resolution of 2 cm−1. UV–vis absorption spectra were obtained 

from 200 to 1000 nm using a UV 3600 spectrophotometer (Shimadzu, Kyoto, Japan) 

at ambient temperature. The mean diameters, polydispersity indices (PDI) and zeta 

potentials (ZP) of LDH NPs, LDH-PEG NPs, LDH-PEG-B3int NPs, 

DOX@LDH-PEG-B3int NPsandDOX-ICG@LDH-PEG-B3int NPs were determined 

on a Zetasizer Nano ZS90 instrument (Malvern Instruments, Westborough, MA, USA) 

using a dynamic light scattering (DLS) method.The thermogravimetric analysis (TGA) 

of the samples were recorded from 50 °C to 500 °C using a thermogravimetric 

analyzer (Netzsch TG 209 F1 Libra, Germany). 

A small amount of DOX-ICG@LDH-PEG-B3int (10 mg) powder was dissolved 

in ultra-pure water (10 mL) and then centrifuged (11,000 r/min) for15 min.The 

supernatant was collected and the amount of unencapsulated drugs were determined 

by UV–vis spectrophotometry (UNICO, China) using previously prepared standard 

curves（y= 0.0416x+0.0358，R2= 0.9997）. The encapsulation efficiency (EE) and drug 

loading (DL) of DOX were calculated using Eqs. (1) and (2), respectively:  

%EE = (DOXt–DOXf)/DOXt×100%                                    (1) 

%DL = (DOXt–DOXf)/Total weight of NPs × 100%                        (2) 

DOXt is the total mass (mg) of DOX to synthesis the nanocomposite;DOXf is the 

mass (mg) of unencapsulated DOX in the supernatant. 

2.6. Photothermal effects 

To explore the photothermal effects, DOX-ICG@LDH-PEG-B3int NPs at 

varyingconcentration (0.2, 0.4, 0.6, 0.8 mg/mL)were dispersed in pure water and then 
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exposed to 808 nm NIR treatment at 2.0 W/cm2 for 5 min. The effect of laser power 

density was determined by exposing a suspension of DOX-ICG@LDH-PEG-B3int 

NPs (0.8 mg/mL) to different densities from 1.0 to 2.50 W/cm2. PBS was used as a 

control and exposed to the same conditions. The photostability of 

DOX-ICG@LDH-PEG-B3int NPs was measured following irradiation for 5 min (2.0 

W/cm2) with five laser on−off cycles. The infraredthermographic datas were obtained 

by an infrared thermal imaging system (FLIR A300, Shanghai Spectrum Electronics 

Technology Co). The volume of the dispersion used for each experiment was 200μL, 

and therefore, the temperature of the suspension can be assumed to be constant 

throughout. The photothermalconversion efficiency was calculated use of previously 

reported methodology[51] by using the equation as shown in equations (3) : 

η = ℎ𝑆𝑆(𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚)−𝑄𝑄0
𝐼𝐼(1−10−𝐴𝐴808)

(3) 

where S is the surface area, h is the heat transfer coefficient, Tmaxis the 

equilibrium temperature, Tam is the ambient temperature, Q0 is the heat absorption of 

the quartz container; I is the laser power density (2000mW) and A is the absorbency 

of the samples at 808 nm. 

2.7. In vitro drug release 

DOX-ICG@LDH-PEG-B3int NPs (2 mL; 1 mg/mL) dissolved in a PBS solution 

(pH 7.4 or pH 5.0) were put in a dialysis bag (MWCO=3500 Da) and dialyzed in a 

centrifuge tube of PBS solution (18 mL) at pH 7.4 or 5.0 with or without 808 nm 

irradiation (2 W/cm2). A portion of 1 mL solution was removed at different time 

points and the amount of DOX released was determined by UV−vis 

spectrophotometry. An equal amount of fresh PBS solution was added after each 

sample. 

2.8. Cell culture  

B16 cells were cultured in RPMI 1640 medium supplemented with 10% (v/v) 

FBS and 1% (v/v) penicillin-streptomycin. 3T3 cells were incubated in Dulbecco's 

Modified Eagle's Medium containing 10% (v/v) FBS and 1% (v/v) 

penicillin-streptomycin. All the cells were incubated at 37 °C under a humidified 5% 
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CO2 atmosphere. The control cells treated with an equal volume of PBS (pH 7.4). 

2.9. Cell uptake 

Cellular uptake behavior was investigated through laser scanning confocal 

microscopy (LSCM; FV1000 microscope; Olympus, Tokyo, Japan). B16 cells and 

3T3 cells were seeded in glass bottom cell culture dishes with a density of 2×105 cells 

per dish in 2 mL of culture medium and then cultured for 24 h. After discarding the 

medium, 2 ml PBS, free DOX, DOX@LDH-PEG NPsand DOX@LDH-PEG-B3int 

NPs (DOX=5 µg/mL) dispersion were added and incubated for another 4 h following 

by washing 3 times with PBS. Next, the cells were fixed for 15 min with aqueous 

glutaraldehyde solution (1 mL, 2.5% v/v). Finally, 500 µL DAPI (5 µg/mL) solution 

was added to each dish and incubated for 3 min to stain the nucleus in the dark. The 

free dye liquor was removed and the cells were washed thrice with PBS. Cell images 

were recorded by LSCM. 

2.10. In vitro cytotoxicity and antitumor effect  

An MTT assay was performed to detect the toxicity of 

DOX-ICG@LDH-PEG-B3int NPs against B16 cells. 3T3 cells were employed to 

assess the biocompatibility of the different nanomaterials. B16 cells and 3T3 cells 

were seeded in 96-well plates with a density of 1×104 cells per well in 200 µL 

medium and incubated for 24 h. After culture medium was disposed,  the B16 cells 

were treated with four different formulations: free DOX, free ICG+INR, 

DOX-ICG@LDH-PEG-B3int and DOX-ICG@LDH-PEG-B3int+NIR. The 3T3 cells 

were treated with free DOX, LDH-PEG-B3int and DOX-ICG@LDH-PEG-B3int. The 

cells of the NIR-treated groups were irradiated with the laser at a power density of 2.0 

W/cm2 for 5 min and then washed twice with PBS. After that, the MTT reagent was 

added to each well and incubated for 4 h. Then, the supernatant was removed and the 

MTT-formazan produced in the cells was dissolved in DMSO (150 μL) for 15 min. 

Finally, the optical density of the solutionwas measured at 570 nm using a microplate 

reader (MULTSIKAN MK3, Thermo Fisher). 

The calcein-AM/PI double-staining method was conducted to visually detect the 
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in vitro antitumor effect. B16 cells were seeded into 6-well plates with a density of 

2×105 cells per well in 1 mL medium and then incubated for 24 h until the cells 

reached 80% confluency. The cells were then exposed to various treatments: PBS, 

free DOX, free ICG+NIR,ICG@LDH-PEG-B3int+NIR, 

DOX-ICG@LDH-PEG-B3int, DOX-ICG@LDH-PEG-B3int+NIR (the concentration 

of each formulation is determined by the final LD50 of DOX). After culture medium 

was discarded, cells were washed 3 times with PBS and then stained with a mixture of 

500 µL calcein-AM (2 μmol/L) and PI (8 μmol/L). 30 min later, the cells were washed 

with 3 times with PBS and then the dead cells (red) and live cells (green) were 

distinguished under an inverted fluorescent microscope (DMi8, Leica, Germany). 

The Annexin V-FITC and propidium iodide (PI) double staining method was 

utilized for quantitative analysis. A total of 6 experimental groups were set including：

(Ⅰ) PBS; (Ⅱ) free DOX; (Ⅲ) free ICG+NIR, (Ⅳ) ICG@LDH-PEG-B3int+NIR, (Ⅴ) 

DOX-ICG@LDH-PEG-B3int; (Ⅵ) DOX-ICG@LDH-PEG-B3int+NIR. B16 cells 

were seeded in a 6-well plate with a density of 1×106 cells per well in 1 mL of culture 

medium. After culture medium was replaced with the corresponding solutions in the 

given treatment groups, the cells were incubated for another 12 h. Subsequently, these 

cells were collected after being trypsinized and then the cells were washed twice with 

PBS (pH=7.4) and re-suspended in binding buffer (500 µL). The cells were stained 

using an apoptosis analysis kit. In detail, Annexin V-FITC (5 μL) and PI (5 μL) were 

added to each well and then cultured for 15 min protected from light. All the samples 

were quantified within 1 h by flow cytometry (Becton Dickinson, CA, USA). 

2.11. In vivo antitumor efficacy 

The 4~6 week-old mice were subcutaneously injected with 1×106 B16 cells on 

the right flank area. When the volume of the tumors reached about 0.15 cm3, the 

different formulations were injected into the veins in the following groups ( five mice 

per group): (1) control group (mice treated with saline), (2) free DOX (5.0 mg/kg), (3) 

for chemotherapy without targeting peptide (DOX@LDH-PEG), (4) for 

chemotherapy,DOX-loaded DOX@LDH-PEG-B3int, (5) for photothermal therapy, 
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ICG@LDH-PEG-B3int+NIR, (6) for combined chemo-photothermal therapy, 

DOX-ICG@LDH-PEG-B3int+NIR(5.0 mg/kg DOX equiv.). The mice in groups (5) 

and (6) were exposed to a 808 NIR irradiation (2 W/cm2, 15 min) every two days. A 

digital caliper was used to measure the tumor sizes in each the mice and the tumor 

volume could be calculated via the formula (width2×length)/2. The weight of each 

mouse was monitored after each injection and the survival curves 

wereassessedbyKaplane-Meier analysis. 

2.12. In vivo infrared thermal imaging 

As ICG shows strong absorption in the NIR region, the PTT imaging in vivo in 

tumor-bearing mice were also examined. The mice were injected with saline (control 

group), free ICG and DOX-ICG@LDH-PEG-B3int NPs. Next, the tumor sites were 

irradiated with an 808 nm NIR laser (1 W/cm2, 8 min) for in vivo thermography. 

During irradiation, the temperature and thermal images were recorded using FLIR 

Automated & Scientific Camera at multiple time points.  

2.13. Pathological evaluation 

Two weeks later, the mice were sacrificed and the tumors and main organs (heart, 

liver, spleen, lung and kidney) were excised. A 4% paraformaldehyde solution was 

used as a fixative to make paraffin sections of the tumor and main organs and the 

main organs were stained with hematoxylin and eosin (H&E). Terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining and H&E 

staining were employed in the histopathology analysis of the tumors.  

2.14. Statistical analysis 

All experiments were performed at least three times and the data are shown as 

the mean SE ± SD. Origin 9.1 software was utilized to carry out statistical analysis 

and statistical significance was evaluated employing Student’s t-test where * indicates 

a significant difference (P < 0.05). 

3. Results and discussion 

3.1. Synthesis and characterization of the nanocomposites 
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The preparation process of DOX-ICG@LDH-PEG-B3int NPs is shown in 

Schem.1. LDH NPs were prepared by hydrothermal method. Then, H2N-PEG-NH2 

was bound to the surface of LDH to form LDH-PFG, which not only endowed LDH 

NPs with more biocompatibility and hydrophilicity, but served as a linker through 

amide coupling reaction to link B3int. Finally,  anticarcinogen DOX and 

photo-absorbing agent ICGwere loaded onto the LDH-PEG-B3int to obtain 

DOX-ICG@LDH-PEG-B3int having a DOX loading and encapsulation  

efficiency of 18.62% and 89.62 %, respectively. The morphology of LDH NPs was 

observed by SEM and TEM; typical hexagonal morphology with a size around 80 nm 

can be observed (Figure 1a and b). AFM imaging indicated that the LDH NPs have a  

thickness of approximately 1.2 nm (Figure 1c and d). When the LDH NPs were 

treated with PBS ( pH=7.4) at 37 ℃ for 5 days, it was observed that the particle size 

almost remained the original size, indicating they are relatively stable (Figure 

1e).Since lysosome has an acidic pH environment, the stability of 

DOX-ICG@LDH-PEG-B3int NPs in acidic conditions was also be investigated. As 

shown in Figure S1, they havegood chemical stability. The structure of the LDH NPs 

was characterized using XRD which indicated typical layered features with a 

rhombohedral symmetry, as reflected by (003) and (006) peaks (Figure 1f). 
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Figure 1.(a) SEM image of LDH NPs. (b)TEM image of LDH NPs. (c) AFM image and (d) 

thickness of LDH NPs. (e) the dynamic change of LDH NPs incubated in PBS( pH=7.4) for 5 

days. (f) XRD pattern of the LDH NPs.  

 

The FT-IR spectra of LDH NPs, LDH-PEG NPs, LDH-PEG-B3int NPs and 

DOX-ICG@LDH-PEG-B3int NPs were shown in Figure 2a. The wide absorption 

band near 3481.43 cm-1 is attributed to the hydroxide layer and interlayer water and 

the peak near 1646.12 cm-1 is due to deformation vibration of water molecules. Due to 

the presence of nitrate anions between the layers, a sharp and strong band 

corresponding to the vibration of NO3- is present at 1359.92 cm-1. Compared with the 

original LDH, the peak appearing at 1578.63 cm-1 for the 

DOX-ICG@LDH-PEG-B3int NPs may be due to the N-H bending mode of B3int, 

manifesting that B3int was successfully incorporated into the LDH NPs. In the 

DOX-ICG@LDH-PEG-B3int NPs spectra, the weaken peak of the NO3− band at 

1351.93 cm-1 indicated that DOX and ICG were successfully loaded onto the LDH. It 

can be seen from Figure 2b that a new absorption peak of DOX at 480 nm and a new 

peak of ICG at 795 nm appeared in the absorption spectrum of 

DOX-ICG@LDH-PEG-B3int NPs, indicating that DOX and ICG were successfully 

bound to LDH-PEG-B3int NPs. As shown in Figure 2c, the Zeta potential (ZP) of 

LDH NPs, LDH-PEG NPs, LDH-PEG-B3int NPs, DOX@LDH-PEG-B3int NPs and 

DOX-ICG@LDH-PEG-B3int NPs are 39.5, 28.5, -12.7, 24.1 and 12.6 mV, 

respectively.  The ZP of LDH NPs decreased from 39.5 mV to 28.5 mV after PEG 

modification, indicating the successful preparation of LDH-PEG NPs. The ZP 

declines to -12.7 mV after synthesis of the LDH-PEG-B3int NPs, because the B3int is 

negatively charged and after loading with DOX, the ZP reached a value of 24.1 mV. 

Successful functionalization with ICG was confirmed by further changes in the ZP, 

which decreases to 12.6 mV. The TGA curves revealed weight losses of LDH NPs, 

LDH-PEG NPs and LDH-PEG-B3int NPs of 40.63%, 42.54% and 77.23%, 

respectively, when the temperature was raised from 50 ℃ to 500 ℃ in a N2 
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atmosphere. The weight loss after each modification increased, indicating that PEG or 

B3int was successfully introduced and the grafting rates were 1.91% and 34.69%, 

respectively. All these results further demonstrated the successful preparation of 

DOX-ICG@LDH-PEG-B3int NPs. 

 

 

Figure 2. (a) FT-IR spectra of LDH NPs, LDH-PEG NPs and LDH-PEG-B3int NPs. (b) UV–vis 

absorption spectra of DOX, ICG, LDH NPs and DOX-ICG@LDH-PEG-B3int NPs. (c) The zeta 

potentials of LDH NPs, LDH-PEG NPs, LDH-PEG-B3int NPs, DOX@LDH-PEG-B3int NPs and 

DOX-ICG@LDH-PEG-B3intNPs. (d) TGA curves of LDH NPs, LDH-PEG NPs, 

LDH-PEG-B3int NPs.  

3.2. Photothermal effects 

An infrared thermal imaging camera was used to detect the temperature change 

of DOX-ICG@LDH-PEG-B3int NPs under NIR irradiation (808 nm; 2 W/cm2) for 5 

min to evaluate its photothermal efficiency. As shown in Fig. 3a, 

DOX-ICG@LDH-PEG-B3int NPs showed dose-dependent temperature elevation 
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under 808 nm NIR irradiation. A 0.8 mg/mL suspension can reach 73.5 °C within 5 

min, demonstratingthat the DOX-ICG@LDH-PEG-B3int NPshave very good 

photothermalefficiency. By comparison, the temperature of water was only increased 

by 12.7 °C under the same conditions. Besides, it was also found that the temperature 

increase of DOX-ICG@LDH-PEG-B3int NPs suspension was directly related to the 

laser power density. As shown in Figure 3b, the temperature of the samples increased 

with higher laser power density. In order to prove the photostability of the 

DOX-ICG@LDH-PEG-B3int NPs (0.8 mg/mL), theywere treated over 5 on/off cycles 

of 808 nm NIR irradiation (Figure 3c). The results showed that the 

DOX-ICG@LDH-PEG-B3int NPs have excellent photostability and are suitable for 

tumor photothermal ablation. In addition, the photothermal conversion efficiency (η) 

of DOX-ICG@LDH-PEG-B3int NPs was calculated to be 25.38% according to 

equation 3 and the method reported in the literature (Supporting Information).The 

photothermal conversion efficiency of DOX-ICG@LDH-PEG-B3int NPs is 

comparable to Au nanorods[52], nano graphene oxide[53], and other ICG encapsulated 

polymeric nanoparticles, such as mPEG-ACA-ICG (20.81%) and BSA@ICG（31.2%）

[54, 55].Thus, the DOX-ICG@LDH-PEG-B3int NPs possessed a photothermal effect 

and could serve as ananoplatform for cancer therapeutics. 

 

mailto:BSA@ICG%EF%BC%8831.2%25
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Figure 3.(a)Temperature increase profiles for DOX-ICG@LDH-PEG-B3int NPs suspensions at 

different concentrations upon NIR irradiation (808 nm, 2.0 W/cm2). (b) Temperature increase 

profiles for DOX-ICG@LDH-PEG-B3int NPs (0.8 mg/mL) upon NIR irradiation with different 

power densities. (c) Photothermal stability of DOX-ICG@LDH-PEG-B3int NPs over five on/off 

cycles of NIR irradiation. (d) Photothermal activity of DOX-ICG@LDH-PEG-B3int NPs (0.8 

mg/mL) with laser irradiation (1.5 W/cm2) for 5 min, showing the cooling period. (e) The linear 

regression between cooling time and −lnθ. (f) Cumulative drug release curves of DOX from 

DOX-ICG@LDH-PEG-B3int NPs at different pH values with or without NIR irradiation. 

3.3. Drug release 

The release of DOX from DOX-ICG@LDH-PEG-B3int NPswas carefully 

investigated using a dialysis method. As can be seen in Figure 3f, in normal 

physiological condition (pH 7.4 PBS) and without 808 nm NIR irradiation, the 

cumulative release of DOX was about 28 % after 24 h. This result was much lower 

than the cumulative release at pH 5.0 (40.4%), demonstrating that 

DOX-ICG@LDH-PEG-B3int NPs are pH responsive and can be attributed to the fact 

that the amino group of DOX is ionized under acidic conditions, increasing its 

solubility and promoting the release of the drug. More strikingly, the release of DOX 

from the nanodrug system was found to be greatly improved by NIR stimulation 
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which can be synergistically boosted in pH 5.5 condition. These effects may be due to 

the local heating caused by 808 nm irradiation decreasing the intensity of interaction 

between LDH and DOX. These findings clearly illustrated a pH/NIR dual-responsive 

drug release behavior well suited to the tumor microenvironment (TME), therefore 

complying with our design concept.  

3.4. Cell uptake 

The targeted uptake by tumor cells (B16) were characterized by LSCM. To 

verify the targeting specificity, αvβ3 integrin negative 3T3 cells were used as control. 

Clearly, both B16 cells and 3T3 cells treated with free DOX showed red fluorescence 

(Figure 4), indicating that small molecules were more likely to be internalized by cells. 

B16 cells treated with DOX@LDH-PEG NPs showed stronger fluorescence than that 

of 3T3 cells, because DOX@LDH-PEG NPs were taken up by B16 cells through the 

enhanced permeability and retention (EPR) effect[1]. Furthermore, for cells treated 

with DOX@LDH-PEG-B3int NPs, the red fluorescence in B16 cells was greater than 

that in the control 3T3 cells. This can be ascribed to the B3int receptors being 

overexpressed on tumor cells rather than normal cells. For tumor cells incubated with 

the two NPs, the strongest the red fluorescence appeared in the group of cells cultured 

with DOX@LDH-PEG-B3in NPs, showing that the prepared nanomaterials have 

good targeting properties and can selectively kill cancer cells, whilst reducing damage 

to normal cells.  
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Figure 4. LSCM images of B16 cells and 3T3 cells after incubation with (I) PBS; (II)free DOX; 

(III) DOX@LDH-PEG NPs; and (Ⅳ) DOX@LDH-PEG-B3int NPs. Scale bar: 50 μm. 

 

3.5. In vitro cytotoxicity 

The in vitro antitumor effects of free DOX, free ICG+INR, 

DOX-ICG@LDH-PEG-B3int and DOX-ICG@LDH-PEG-B3int+NIR wereassessed 

in B16 cells. Figure 5a indicated that all samples containing DOX showed 

dose-dependent cytotoxicity to B16 cells. Compared to free DOX, 

DOX-ICG@LDH-PEG-B3int NPs displayed greater toxicity to B16 cells after 24h 

incubation in the entire concentration range studied (0~15 μg/mL). These results can 

be explained by the B3int-loaded NPs actively targeting tumors and showing an 

accelerated drug release of DOX in tumor acid microenvironments. In addition, cell 

viability decreased with the increasing ICG concentration. Furthermore, 3T3 cells 

were used to evaluate the biocompatibility of materials and as can be seen in Figure 

5b, the survival rates of 3T3 cells treated by LDH-PEG-B3int NPs and 
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DOX-ICG@LDH-PEG-B3int NPs were above 90%, indicating that the carrier 

materials are indeed biocompatible. 

To further assess the in vitro antitumor efficacy, calcein-AM/PI double staining 

was used to distinguish live cells (green) and dead cells (red). As shown in Figure 5c, 

3T3 cells treated with PBS showed little cell death, while the apoptosis of cells 

exposed to other treatments increased. Cells treated with 

DOX-ICG@LDH-PEG-B3int NPs under NIR irradiation exhibited the greatest extent 

of cell death due to the NIR laser causing temperature rise through photothermal 

conversion as well as weakening the interaction between DOX and LDH.  

Based on the above results, flow cytometry was performed to evaluate the rates 

of apoptosis (Figure 5d). The survival rate of B16 cells treated with PBS was the 

highest (84.39 %), while the survival rate of B16 cells treated with DOX decreased to 

40.53% (the early apoptosis rate was 0.02%, and the late apoptosis rate was 16.12%). 

The DOX-ICG@LDH-PEG-B3int+NIR treatment group showed the highest 

apoptosis rate (18.05%) while thefree ICG+NIR, ICG@LDH-PEG-B3int+NIR, 

DOX-ICG@LDH-PEG-B3intgroups showed 9.15%, 9.51%, 10.18% total apoptosis, 

respectively. In summary, these results indicated that the efficacy of the synergistic 

treatment of chemotherapy/PTT is significantly better than that of single treatment. 

Taken together, the photoinduced synergistic antitumor chemotherapy by the designed 

DOX-ICG@LDH-PEG-B3int nanodrug was well authenticated.   
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Figure 5. Cell viability of (a) B16 cells after incubation for 24 h with free DOX, free ICG+NIR, 

DOX-ICG@LDH-PEG-B3int and DOX-ICG@LDH-PEG-B3int+NIR. (b) 3T3 cells after 

incubation for 24 h with free DOX, LDH-PEG-B3int NPs and DOX-ICG@LDH-PEG-B3int NPs.  

Data are expressed as mean ± SD (n = 3); * p< 0.05, ** p< 0.01. (c) Live (green) / dead (red) cell 

assay of SKOV3 cells treated with the above formulations: (Ⅰ) PBS; (Ⅱ) free DOX; (Ⅲ) free 
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ICG+NIR; (Ⅳ): ICG@LDH-PEG-B3int+NIR; (Ⅴ) DOX-ICG@LDH-PEG-B3int; (Ⅵ) 

DOX-ICG@LDH-PEG-B3int+NIR (scale bars=100 μm). (d) Flow cytometry analysis of B16 cells 

apoptosis induced by PBS, free DOX, free ICG+NIR, ICG@LDH-PEG-B3int+NIR,  

DOX-ICG@LDH-PEG-B3int and DOX-ICG@LDH-PEG-B3int+NIR.  

 

3.6. Antitumor effect in vivo 

The anti-cancer potential of DOX-ICG@LDH-PEG-B3int NPsin vivo was also 

evaluated. Under NIR irradiation, the mice tumor temperature treated with free ICG 

increased rapidly by about 15.3°C, reaching more than 48.1°C. For the 

DOX-ICG@LDH-PEG-B3int NPs treated mice, the temperature of the tumor reached 

50.2 °C within 8 min with 808 nm irradiation. Compared with the above two groups, 

the temperature of the tumor in the mice injected with saline was negligible (Figure 

6a). It can be seen from the photos of the resected tumors infrom the experimental 

mice (Figure 6b) that under NIR irradiation, the tumors injected with 

DOX-ICG@LDH-PEG-B3int NPs were significantly smaller than those in the other 

treatment groups. DOX-ICG@LDH-PEG-B3int NPs combined with NIR irradiation 

had the most significant inhibitory effect on tumor growth and the tumor volume did 

not increase during the entire experiment (Figure 6c). Meanwhile, the body weight 

was recorded every 2 days (Figure 6d) and, notably, except for the free DOX group, 

no significant weight losses were seen in the other treatment groups, confirming that 

the nanoplatform has good biocompatibility. The survival curve showed that the 

survival time of the DOX-ICG@LDH-PEG-B3int+NIR group was longer than that of 

the other groups and no mouse died during the observation period (Figure 6e). All 

evidence supported the high biocompatibility and safety of 

DOX-ICG@LDH-PEG-B3int as a chemotherapy nanodrug combined with 

photothermal therapy.  
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Figure 6. (a) Thermal images of B16 tumor-bearing mice after different treatments (Ⅰ: Saline; Ⅱ: 

Free ICG; Ⅲ: DOX-ICG@LDH-PEG-B3int NPs). (b) The images of tumors isolated after 

treatment for 14 days. (c) B16 tumor growth curves of different groups after intravenous injection 

of the formulations. (d) Body weight changes over the 14 days of the experiments. (e) 

Kaplan-Meier survival curves (n = 8). 

 

3.7. Histology analysis 

Histological analysis of tumor tissues included hematoxylin-eosin (H&E) 

staining and terminal deoxynucleotidyl transferase-mediated dUTP nickel end 
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labeling (TUNEL) were carried out. The H&E staining results showed that the 

DOX-ICG@LDH-PEG-B3int NPs caused severe apoptosis compared with other 

groups (Figure 7a). The TUNEL staining showed that large areas of necrotic cells and 

apoptotic cells (green spots) were seen in the tumors of the synergistic 

chemo-photothermal group. 

To determine if DOX-ICG@LDH-PEG-B3int NPs showed any toxicity to the 

heart, liver, spleen, lungs and kidneys, these organs were taken out after the treatment 

and analyzed by HE staining. It can be seen from Figure 7b that the main organs are 

not damaged, confirming that DOX-ICG@LDH-PEG-B3int NPs haved good 

biocompatibility and its toxicity to organisms was negligible.   
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Figure 7. (a) H&E staining and TUNEL staining of tumor sections after various treatments. (b) 

Representative H&E sections of major organs (heart, liver, spleen, lung and kidney) of B16 

tumor-bearing mice after various treatments (I: Saline; II: ICG@LDH-PEG-B3int+NIR; III: Free 

DOX; IV: DOX@LDH-PEG; V: DOX-ICG@LDH-PEG-B3int; Ⅵ: 
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DOX-ICG@LDH-PEG-B3int+NIR. Scale bars of H&E staining are 100 µm, scale bars of TUNEL 

staining are 50 µm). 

 
4. Conclusions 

A multifunctional nanoplatform based on LDH NPs has been developed for 

synergistic PTT/chemotherapy of cancer. DOX-ICG@LDH-PEG-B3int NPsshowed a 

high photothermal conversion efficiency (25.38%) and both NIR irradiation and pH 

value had positive effects on the release of drugs from DOX-ICG@LDH-PEG-B3int 

NPs. The cumulative release of DOX was highest when the nanocomposite was 

exposed to acidic pH and NIR irradiation. LSCM proved that 

DOX-ICG@LDH-PEG-B3int NPs have the ability to target cancer cells but not 

normal cells and can selectively kill cancer cells. In vivo and in vitro experiments 

displayed that the nanoplatform can target cancer cells and inhibit tumor growth due 

to the combination of chemotherapy and PTT. Therefore, 

DOX-ICG@LDH-PEG-B3int has a great potential in the clinical application of tumor 

therapy. 
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