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Purpose: Folic acid and cyclic arginylglycylaspartic acid peptides were introduced to the 
surface of negatively charged lipid-coated hybrid polydopamine-cysteine cores for the 
delivery of epirubicin (EPI) (E/PCF-NPs). The combined chemo-photothermal therapy 
using E/PCF-NPs for triple-negative breast cancer was evaluated.
Materials and Methods: The temperature elevation and thermal toxicity of nanoparticles 
were studied. The morphology and properties of E/PCF-NPs were characterized by transmission 
electron microscopy, scanning electron microscopy, and atomic force microscopy. 
Physicochemical properties, including particle size, zeta potential, drug loading, entrapment 
efficiency (EE%), stability and in vitro release, were determined. The cell viability, reactive 
oxygen species (ROS) levels, ratios of oxidized nicotinamide adenine dinucleotide to its reduced 
form (NAD+/NADH), apoptosis assays, and cellular uptake of E/PCF-NPs were determined on 
4T1 cells. Pharmacokinetic studies and tissue distributions were performed and detected by an 
ultra-high performance liquid chromatography/mass spectrometry system. The antitumor effects 
of E/PCF-NPs under near-infrared (NIR) laser irradiation were also evaluated.
Results: The sphere-like morphology of E/PCF-NPs showed a high EE%, uniform size of 106.7 
nm, remarkable stability, and highly improved cytotoxicity under NIR laser, when compared to 
that of photothermal treatment alone. In vitro release of EPI from E/PCF-NPs was pH sensitive, 
and a greater response was achieved under NIR laser irradiation. Compared to chemotherapy or 
photothermal treatment alone, the combined treatment in vitro significantly inhibited the survival 
rate of 4T1 cells to 17.7%, induced ROS generation, and reduced NAD+/NADH significantly. 
Treatment with E/PCF-NPs under irradiation induced 4T1 cell apoptosis in approximately 93.6% 
cells. In vitro cellular uptake of E/PCF-NPs was time-dependent. The long-circulating and higher 
tumor accumulation of E/PCF-NPs resulted in complete ablation of breast tumor tissue through 
the enhanced photothermal effect by NIR laser irradiation-mediated cell apoptosis.
Conclusion: E/PCF-NPs show enhanced anti-cancer effects due to synergistic effects of che-
motherapy with photothermal therapy and may be potential therapeutic agents for cancer 
treatment.
Keywords: polydopamine nanoparticles, L-cysteine, epirubicin, pharmacokinetics, triple- 
negative breast cancer

Introduction
Triple-negative breast cancer (TNBC) is characterized by a lack of immunohistochemical 
expression of the estrogen and progesterone receptors and human epidermal growth 
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factor receptor 2, and accounts for 15–20% of all breast cancer 
(BC) cases.1 The TNBC subtype is associated with higher 
aggression, poorer prognosis, higher visceral and central ner-
vous system metastases, and rates of recurrence despite treat-
ment compared to other subtypes.2 The median survival of 
patients with advanced TNBC is, at best, 12 months, which is 
significantly shorter than the survival for other subtypes of 
advanced BC. Unlike other BC cases, patients with TNBC 
have little opportunity to choose targeted therapy; thus, che-
motherapy remains the core treatment option.3,4 Generally, 
systemic chemotherapy has inevitable adverse effects and 
patients eventually show poor response due to rapidly acquired 
drug resistance and distant metastasis.5–7 Therefore, the devel-
opment of specifically targeted and effective therapies to 
reduce the side effects in patients with TNBC remains an 
important clinical challenge. An innovative approach devel-
oped to overcome non-specificity in conventional cancer che-
moprevention involves nanodrug delivery systems, which 
include liposomes, micelles, emulsions, and dendrimers, with 
passive or active targeting strategies.8–11

The cyclic arginylglycylaspartic acid (RGD) sequence, 
cyclo(Arg-Gly-Asp-d-Phe-Cys) (cRGD), is a “tumor- 
homing” cyclic peptide that binds directly to αβ integrins.12 

Among these integrins, αvβ3 is highly expressed on the 
surfaces of tumor and tumor-vessel cells in BC but not on 
healthy vessel cells.13,14 Surface conjugation of cRGD to 
nanoparticles (NPs) leads to the accumulation of the NPs in 
cancerous tissue, thus, sparing normal healthy cells to reduce 
adverse effects and improve therapeutic efficacy.15 The 
expression of the folate receptor alpha (FRα) is significantly 
increased in patients with TNBC at both mRNA and protein 
levels and is considered a promising therapeutic target.16 

FRα overexpression on cancer cell membranes may confer 
a growth advantage to tumors by satisfying the folate require-
ments of DNA synthesis in the rapidly-growing cells, while 
generally lower expression of folate receptor (FR) is found in 
most normal tissues. Folic acid (FA) is widely used as an 
active targeting ligand for functionalizing NPs.17–19

Monotherapy treatment is generally ineffective to com-
pletely destroy tumors due to heterogeneous distribution of 
drug and heterogeneity of cellular composition of certain 
cancer tissues.20–23 Thus, combination therapy, which targets 
and inhibits multiple essential pathways of tumor growth, 
invasiveness, and/or metastasis, holds great potential for 
enhancing therapeutic efficacy, lowering drug toxicity, and 
overcoming drug resistance.24,25 A rapid temperature 
increase above the threshold value of 42–45°C for 15–60 
min (or >50°C for 4–6 min) at local tumor sites can kill 

cancer cells.26 The selection of the external light source 
determines the effectiveness of the phototherapy. The pro-
cess of light-sensitive materials absorbing NIR light and 
converting it to heat refers to photothermal therapy 
(PTT).27 NIR light does not affect the delivery system ser-
iously with its low excitation energy, and can penetrate 10 cm 
deep for tumor excisional biopsies, which is much deeper 
than what can be achieved using ultraviolet (UV). 
Additionally, NIR is safer for humans than UV.28,29

Due to its high selectivity, low invasiveness, short 
recovery time, and safety for normal tissues, PTT is emer-
ging as a powerful technique for the thermal destruction of 
cancerous cells.30 Therefore, the combination of che-
motherapy and PTT in one system is considered a more 
effective approach for killing cancer cells.

Dopamine is a catecholamine that acts as an important 
neurotransmitter in the nervous system and has attracted 
considerable interest as a monomer of polydopamine 
(PDA), which self-assembles by oxypolymerization under 
alkaline conditions.31 PDA-based materials have been bio-
medically applied to biosensing, bioimaging, drug delivery, 
tissue engineering, and theragnostic and cancer photothermal 
treatment, particularly in the NIR-mediated PTT in vivo.32–35 

Benefiting from the wide distribution of its monomer in 
humans, synthesized PDA is a biodegradable polymer that 
shows no obvious cytotoxicity in vivo or in vitro.32 In addi-
tion, the functional groups (catechol and amine groups) on 
the surface of PDA make it easy to modify. The abundant 
active groups on the surface of the PDA layer can graft some 
biomolecules with -SH, -NH2 and other groups through the 
Michael addition reaction or Schiff base reaction, to further 
functionalize the surface of the material and expand its 
application scope.36,37 As a result, PDA is an exceptional 
and particularly suitable PTT platform. PDA also exhibits 
broad absorption ranging from UV to NIR wavelengths. Due 
to its NIR region absorption and 40% photothermal conver-
sion efficiency, which is much higher than those of pre-
viously reported for organic PTT agents, PDA is considered 
a highly effective and safe photothermal therapeutic agent for 
cancer treatment.33,38

A combination of chemotherapy drugs, including an 
anthracycline (such as epirubicin (EPI)), is recommended by 
the National Institute for Health and Care Excellence 
Guidelines (NICE, 2018).39 EPI-HCl, a 4′-epimer of doxoru-
bicin, acts via DNA intercalation and inhibiting topoisomerase 
II, which further interferes with DNA, RNA, and protein 
synthesis. Compared with doxorubicin at equimolar doses, 
EPI shows similar efficacy and lower toxicity, and can be 
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successfully incorporated into most standard chemotherapies 
for BC treatment.40 However, EPI shows cardiotoxicity when 
its cumulative dose exceeds 900 mg/m2.41–43 Therefore, the 
main objective of this study was to deliver and achieve the 
desired drug concentration at the intended site to minimize its 
toxicity.

In this study, we combined the photothermal- 
chemotherapy effects of hybrid PDA and EPI by forming self- 
assembled NPs under electrostatic forces. First, L-cysteine 
was added to dopamine to form hybrid PDA-cysteine cores 
(PDAC cores) with reduced core sizes. Next, taking advantage 
of the positive charge of EPI at pH 7.0, the electrostatic 
interactions of the negatively charged dimyristoyl phosphati-
dylglycerol (DMPG) and N-(methoxypolyethylene oxycarbo-
nyl)-1,2-distearoryl-sn-glycero-3-phosphoethanolamine (DS 
PE-PEG)-coated PDAC cores and positively charged EPI 
were used to form EPI-loaded PDAC NPs (E/P-NPs). The E/ 
P-NPs were then further modified with lipid-PEG-cRGD and 
lipid-PEG-FA (E/PCF-NPs). The obtained E/PCF-NPs 
showed selective distribution in cancer cells rather than in 
normal cells. Under NIR laser irradiation, the EPI was released 
and combined with PDA photothermal treatment in the ortho-
topic mouse breast tumor model (Figure 1). The physicochem-
ical properties, stability, and in vitro release of the developed 
NPs were characterized. In vitro cell studies were carried out 
to evaluate the combination of PTT and chemotherapeutic 
effects. Further, we evaluated toxicity, pharmacokinetic, and 
tissue distribution in vivo. Finally, the anti-tumor effects were 
evaluated in an orthotopic BC model.

Materials and Methods
Materials
Dopamine hydrochloride (purity >98%) was obtained from 
Shanghai Aladdin Biochemical Technology Co., Ltd. 
(Shanghai, China). EPI (purity >99%) was obtained from 
Zhejiang Haizheng Pharmaceutical Co., Ltd. (Zhejiang, 
China). L-cysteine acid (purity >98%) was obtained from 
Sigma-Aldrich (Shanghai) Trading Co., Ltd. (Shanghai, 
China). DMPG (purity >98%), DSPE-PEG2000, and highly 
purified cholesterol were obtained from Shanghai Advanced 
Vehicle Technology Co., Ltd. (Shanghai, China). DSPE- 
PEG2000-cRGD and DSPE-PEG2000-FA were from Xi’an 
Ruixi Biological Technology Co., Ltd. (Xi’an, China). 
Calcein AM and propidium iodide (PI) were purchased 
from Shanghai Shengsheng Biological Technology Co., 
Ltd. (Shanghai, China). Daunorubicin (purity>98%) was 
obtained from Shanghai Yuanye Bio-Technology Co., Ltd. 

(Shanghai, China). Antifade Mounting Medium with 
40,6-diamidino-2-phenylindole (DAPI) was obtained from 
Vector Laboratories (CA, USA). All other chemicals were 
of analytical grade and were used as received.

Cells
Murine BC 4T1 cells were obtained from Beijing Dingguo 
Changsheng Biotechnology Co., Ltd. (Beijing, China). The 
4T1 cells were cultured in RPMI 1640 (Beijing Suo Laibao 
Technology Co., Ltd., Beijing, China) containing 10% fetal 
bovine serum (FBS; Thermo Fisher Scientific Co., Ltd. 
China), and penicillin-streptomycin solution (100 U/mL 
each; Guangzhou Fansi Biotechnology Co., Ltd. 
Guangzhou, China). Cells were cultivated in a humidified 
incubator at 37°C and 5% CO2 and harvested with 0.25% 
trypsin-EDTA before subculture.

Animals
Six-week-old female BALB/c mice were obtained from 
Beijing Weitong Lihua Experimental Animal Technology 
Co., Ltd. (Beijing, China). Female Sprague-Dawley rats 

Figure 1 Schematic diagram of the structure and action mechanism of E/PCF-NPs.
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(200 ± 20 g) were provided by the Hunan SJA Laboratory 
Animals (Hunan, China). The animals were cared for at 
the animal experimental center at Jiangxi University of 
Traditional Chinese Medicine. The animal room was well 
ventilated and had a regular 12 h light-dark cycle through-
out the experimental period. The animal experiments were 
performed according to study protocols approved by the 
Institutional Animal Care and Use Committee and the 
Laboratory Animal Welfare Ethics Committee of Jiangxi 
University of Traditional Chinese Medicine (Nanchang, 
China). Jiangxi University of Traditional Chinese 
Medicine Policy on Humane Care and Use of Laboratory 
Animals was strictly followed throughout the animal 
study.

Preparation of the PDAC Cores
PDA cores were prepared by oxidative self-polymerization 
in alkaline and aerobic environments. First, dopamine 
hydrochloride and L-cysteine amino acid (0.5 wt.%, 3:2, 
w/w) were dissolved in distilled water at concentrations of 
0.3 wt.% and 0.2%, respectively, to form Solution 
A. Second, a mixture of 30% ethanol solution: 25% aqueous 
ammonia (26:1, v/v, pH 11.6) was prepared after stirring for 
0.5 h, to form Solution B. Solution A was added to Solution 
B drop wisely (1:13.5 v/v). Subsequently, the mixture was 
stirred under dark for 24 h before dialyzing for 6 h using 
dialysis membrane (MWCO; 300 kDa) to obtain the PDAC 
cores. The PDAC cores were stored at 4ºC in dark for 
further investigations. Their hydrodynamic diameter and 
zeta potential (ζ) were measured using a Zetasizer Nano 
ZS (ZS ZEN3690, Malvern, UK).

Preparation of E/PCF-NPs
DSPE-PEG2000-cRGD (74 nM) and DSPE-PEG2000-FA 
(78 nM) methanol solutions were mixed with 42 µM 
DMPG and 3.4 µM DSPE-PEG2000 methanol solution 
at a ratio of 1:1000 (v/v), and 7.8 µM EPI was dissolved 
in the mixture. The lipid and EPI solution were then added 
dropwise to the previously obtained PDAC core suspen-
sions at a volume ratio of 1:3 with stirring, before dialyz-
ing for 12 h to obtain E/PCF-NPs. PDAC cores modified 
with DMPG, DSPE-PEG2000, and DSPE-PEG2000- 
cRGD loaded with EPI (E/PC-NPs) were prepared using 
the same protocol, without the addition of DSPE-PEG2000 
-FA. PDAC cores modified with DMPG, DSPE-PEG2000, 
and DSPE-PEG2000-FA loaded with EPI (E/PF-NPs) 
were prepared using the same protocol, without the addi-
tion of DSPE-PEG2000-cRGD.

Solutions of DMPG (42 µM) and DSPE-PEG2000 
methanol solution (3.4 µM) were prepared. The lipid solution 
was then added drop-wise to the previously obtained PDAC 
core suspensions at a volume ratio of 1:3 with stirring, 
followed by dialysis for 12 h. The PDAC cores modified 
with DMPG and DSPE-PEG2000, without the addition of 
EPI and modification of DSPE-PEG2000-cRGD and DSPE- 
PEG2000-FA, were named as PDA-NPs. PDAC cores mod-
ified with DMPG and DSPE-PEG2000 loaded with EPI (E/ 
P-NPs) were prepared using the same protocol, except that 
the lipid solution without DSPE-PEG2000-cRGD and 
DSPE-PEG2000-FA, was used to dissolve EPI to achieve 
the concentration of 7.8 µM before adding to PDAC core 
suspensions. The obtained NPs were stored at 4°C until 
further analysis. The abbreviations and full names of all 
preparations are listed in Table S1.

The Contents of cRGD and FA on the 
Surface of Nanoparticles
The contents of cRGD on the surfaces of E/PC-NPs and E/ 
PCF-NPs were determined by an enzyme-linked immunosor-
bent assay (ELISA) kit as recommended by the manufac-
turer’s instructions (JL49363, Jiangsu Jianglai Biotechnology 
Co., Ltd, Jiangsu, China). The contents of FA on the surfaces 
of E/PF-NPs and E/PCF-NPs were determined by 
a chemiluminescence kit as recommended by the manufac-
turer’s instructions (2012–2,400,059, Bioscience (Tianjin) 
Bio-technology Co., Ltd, Tianjin, China).

Temperature Elevation Induced by Laser 
Irradiation
First, 1 mL samples of different concentrations of PDA-NPs 
(50, 100, 200, and 300 µg/mL) were irradiated with an 808 
nm laser with a power density of 2.15 W/cm2. The tempera-
ture of the solutions was monitored using a TES-1310 
thermocouple thermometer (Suzhou Runqi Electronic 
Technology, Suzhou, China) submerged in the solution 
every 30 s.

Thermal Toxicity
4T1 cells were seeded in 35 mm cell culture dishes with 
glass bottoms at a density of 1×104 per dish and incubated 
for 24 h before treatment. The cell culture medium was 
removed and replenished with culture medium containing 
PDA-NPs (200 µg/mL) for 2 h. Cells were exposed to 
a NIR laser (808 nm, 2.15 W/cm2) for 10 min then washed 
with phosphate-buffered saline (PBS) three times and 
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stained with calcein AM and PI according to the manu-
facturer’s instructions (Beijing Solarbio Science & 
Technology Co., Ltd, Beijing, China). Finally, the alive 
cells (green) and dead cells (red) were visualized using an 
Eclipse Ti-U Inverted Fluorescence Microscope at 10× 
magnification (Nikon, Japan).

The viability of cells treated with PDA-NPs with or 
without irradiation was also determined using 
a (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) (MTT) assay. Murine 4T1 cells were seeded in 96- 
well plates at a density of 10,000 cells per well in RPMI- 
1640 complete medium and incubated at 37°C in 5% CO2 

overnight. Complete medium with and without cells was 
used as the control and blank groups, respectively. To eval-
uate the cytotoxicity of the PDA-NPs, the culture media 
were replaced with 100 μL of media with 10% FBS contain-
ing a series of PDA concentrations (30, 60, 120, 240, 480, 
and 960 µg/mL) or free EPI (25 and 200 µg/mL). The cells 
were cultured for 2 h and exposed to NIR laser irradiation 
(808 nm, 2.15 W/cm2) for 3 min. Subsequently, 20 µL of 
MTT solution (5.0 mg/mL) was added to each well, and the 
cells were further incubated for 4 h at 37°C. Next, the 
culture medium was removed, and replaced with 150 µL 
of dimethyl sulfoxide to dissolve the formazan crystals 
formed by the living cells. The absorption was recorded at 
490 nm using an i3x microplate reader (SpectraMax, 
Molecular Devices, CA, USA). The cell viability for each 
group was calculated and normalized to the untreated con-
trol cells (n=6).

Characterization of E/PCF-NPs
The morphology of the PDA-NPs and E/PCF-NPs was 
examined using transmission electron microscopy (TEM) 
(Tecnai G 2 Spirit TWIN 120 kV, FEI, USA), atomic force 
microscopy (AFM) (SPM9700, SHIMADZU, Japan), and 
scanning electron microscopy (SEM) (Quanta250, FEI, 
USA). Their hydrodynamic diameter and zeta potential 
(ζ) were measured using a Zetasizer Nano ZS (ZS 
ZEN3690, Malvern, UK).

The drug loading (DLwt.%) and entrapment efficiency 
(EE%) of EPI were determined using an ultrafiltration 
method for separating the non-entrapped drug from the 
NPs.44 Briefly, 300 µL of NPs were placed in an ultrafil-
tration tube (Nanosep MF; Pall Corporation, Port 
Washington, NY, USA) fitted with a filter membrane 
(MWCO: 30 kDa). Free drug in the solution was collected 
by centrifugation at 10,000 rpm for 15 min using a high- 
speed refrigerated centrifuge (HC-3018R; Anhui USTC 

Zonkia Scientific Instruments Co., Ltd, Anhui, China). 
The EPI content of the ultrafiltrate (Cfree) was determined 
using high-performance liquid chromatography (HPLC) 
on a Diamonsil C18 column (250 × 4.6 mm, 5 µm; 
Beijing Dikma Technologies Co, Ltd., Beijing, China) at 
254 nm. The mobile phase was a mixture of phase A and 
B (57:43, v/v). Phase A was a mixture of acetonitrile and 
methanol (6:1, v/v). Phase B was 0.02 M phosphoric acid 
solution containing 0.29% sodium dodecyl sulfate, and the 
flow rate was 1.0 mL/min. The column temperature was 
maintained at 30°C, and the injection volume was 10 µL. 
The NP samples (0.1 mL) were diluted with 2.0 mL of 
methanol and filtered using a 0.22 µm film to determine 
the total drug concentration (Ctotal) by HPLC. The pre-
parations were lyophilized for 48 h and the mass of the 
NPs was determined.45 EE% and DLwt.% were deter-
mined using Equations (1) and (2):

EE% ¼ Ctotal� Cfreeð Þ=Ctotal�100 (1) 

DLwt:% ¼ Ctotal� Cfreeð Þ=dried nanoparticles� 100 (2) 

Stability
The size and distribution of the NPs were measured at 
various time intervals (0, 24, 48, 96, 120, and 168 h) to 
evaluate storage stability at 4°C.

Meanwhile, the size distribution of NPs was deter-
mined after incubation with RPMI-1640 complete medium 
containing 10% FBS to mimic their stability in vivo. NPs 
and culture medium were mixed at a ratio of 1:6.4 (v/v),46 

and the samples were withdrawn and analyzed at sched-
uled time points.

In vitro Release Under NIR Excitation
Investigation of the EPI release profile was conducted 
using a SOTAX AT7 smart dissolution apparatus (Sotax, 
Horsham, PA, USA) packed with glass beads (1 mm) in 
closed-system mode at 37°C. The NPs were placed in cells 
using 100 mL of PBS at pH 7.4, 6.5, and 5.0 (without or 
after irradiation at 808 nm and 2.15 W/cm2 for 5 min) at 
a flow rate of 4 mL/min to mimic the pH environment in 
the blood, tumor microenvironment, and lysate.47 Samples 
(1 mL) were withdrawn and replenished with an equal 
volume of fresh blank medium. Samples were filtered 
through a 0.22 µm film and the EPI content of the medium 
was determined using the HPLC conditions described 
previously.
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Cell Viability Assay
The chemo-cytotoxicity effect of the E/PCF-NPs was ana-
lyzed using an MTT assay as described previously. The 
cells were incubated with different concentrations of free 
EPI (Free EPI), E/PC-NPs, E/PF-NPs, and E/PCF-NPs for 
24 h. The cell viability for each group was calculated and 
normalized to the untreated cell control (n=6). The mean 
drug concentration for 50% inhibition of cell growth 
(IC50) was calculated.

The effect of E/PCF-NPs combined with NIR laser on 
4T1 cells was also determined as previously described.9 

The cells were treated with the E/PCF-NPs (PDA: 200 µg/ 
mL; EPI: 25 µg/mL) for 2 h and exposed to a NIR laser 
(808 nm, 2.15 W/cm2) for 3 min. The cell viability was 
measured by MTT assay and normalized to the untreated 
control cells (n=6).

Detection of Reactive Oxygen Species 
(ROS)
Fluorescent probe 2′,7′-dichlorofluorescein diacetate 
(DCFH-DA) was used for active oxygen detection. DCFH- 
DA has no fluorescence per se; after entering the cell, it is 
hydrolyzed by intracellular esterase to generate DCFH. 
ROS in the cells oxidize non-fluorescent DCFH to gener-
ate fluorescent dichlorofluorescein (DCF). The fluores-
cence indicates the level of ROS in the cell.48 4T1 cells 
(1 × 106 per well) were seeded on a 6-well cell culture 
plate and incubated at 37°C in a 5% CO2 cell incubator for 
24 h. Then, the medium was removed, and the cells were 
washed three times with PBS. DCFH-DA probe (2 mL) 
was added to each well and the samples were incubated in 
an incubator at 37°C for 20 min. Following incubation, the 
cells were washed three times with RPMI 1640 medium 
for 2 min each to completely remove the DCFH-DA that 
had not entered the cells. After washing, 2 mL of EPI 
solution, PDA-NPs, and E/PCF-NPs (PDA: 200 µg/mL; 
EPI: 25 µg/mL) suspensions were added to each well. 
After incubation for 1 h, each group was subjected to 
photothermal treatment (NIR laser, 808 nm, 2.15 W/cm2) 
for 10 min. After washing with medium three times, the 
fluorescence was measured using a fluorescence micro-
plate reader at an excitation wavelength of 488 nm and 
emission wavelength of 525 nm following the manufac-
turer’s instructions (Beyotime Biotechnology Co., Ltd, 
Shanghai, China).

Detection of Oxidized Nicotinamide 
Adenine Dinucleotide/Reduced 
Nicotinamide Adenine Dinucleotide 
(NAD+/NADH)
NAD is a coenzyme found in all cells as either the 
oxidized (NAD+) or reduced (NADH) form. NAD+ 

plays an important role in cells both in vitro and 
in vivo, and the reduction of NAD+ is one of the main 
factors contributing toward cell death.49 Cells (1 × 106 

per well) were inoculated in 6-well plates, and the Free 
EPI, PDA-NPs and E/PCF-NPs (PDA: 200 µg/mL; EPI: 
25µg/mL) were added and incubated for 1 h; blank con-
trols were maintained simultaneously. Next, each group 
was subjected to photothermal treatment (NIR laser, 808 
nm, 2.15 W/cm2) for 10 min. The culture solution was 
aspirated, and the cells were washed three times with PBS 
before 2 mL of NAD+/NADH extract was added, and the 
solution was gently mixed to promote cell lysis. The 
extract was centrifuged at 12,000 × g and 4°C for 10 
min, and the supernatant was collected for testing. First, 
20 µL of the sample to be tested was added to a 96-well 
plate, and three replicates were established in each group. 
Next, 90 µL of ethanol dehydrogenase solution was 
added to each well, and samples were incubated at 37°C 
for 10 min in dark. Then, 10 µL of coloring solution was 
added to the samples and mixed well. The solution was 
incubated for 30 min in dark at 37°C, and the absorbance 
was measured at 450 nm as recommended by the manu-
facturer (Beyotime Biotechnology Co., Ltd., Shanghai, 
China).

Apoptosis Assays
Based on the results of the MTT assays, 4T1 cells (1× 106 

per well) were divided into eight groups: control, Free 
EPI, PDA-NPs, E/P-NPs, E/PC-NPs, E/PF-NPs, and E/ 
PCF-NPs with or without NIR laser irradiation (PDA: 
200 μg/mL; EPI: 25 μg/mL). After incubation for 1 h, 
cells were exposed to the NIR laser (808 nm, 2.15 W/ 
cm2) according to the experimental design, for 10 min. 
Next, the cells were collected, washed with PBS, and 
resuspended in 200 μL of staining buffer. All samples 
were stained using annexin V/PI according to the manu-
facturer’s protocol (Beijing Ruibang Xingye Technology 
Co., Ltd., Beijing, China) and subjected to flow cytometry 
within 1 h (BD Gallios, BD Biosciences, CA, US). Data 
were analyzed using FlowJo 8.6 software (TreeStar).

Li et al                                                                                                                                                                 Dovepress

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2020:15 6796

Powered by TCPDF (www.tcpdf.org)

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


Cellular Uptake
4T1 cells were seeded in 35 mm cell culture dishes with 
glass bottoms at a density of 1 × 106 per dish and incu-
bated for 24 h before treatment. Free EPI, PDA-NPs, E/ 
P-NPs, E/PC-NPs, E/PF-NPs, and E/PCF-NPs (EPI con-
centration 1 µg/mL) were added to the dishes. The cells 
were then cultured for another 4 or 12 h at 37°C. After 
washing three times, the cells were fixed with 4% paraf-
ormaldehyde. After fixation, DAPI mounting medium was 
added for nuclear staining. The cellular uptake of the NPs 
was observed using an SP8 confocal microscope (Leica, 
Germany) and quantified using ImageJ software (National 
Institute of Health).

The extent of cellular uptake was further investigated 
by flow cytometry. The cells were seeded into six-well 
plates at a density of 1 × 106 cells/well. Culture media 
containing Free EPI, PDA-NPs, E/P-NPs, E/PC-NPs, E/ 
PF-NPs, and E/PCF-NPs (EPI 1 µg/mL) were used to 
incubate cells for 4 and 12 h. Next, the cells were col-
lected, washed, and resuspended in 0.5 mL cold PBS on 
ice for measurements using a flow cytometer (BD Gallios, 
BD Biosciences, CA, USA). Data were analyzed using 
FlowJo 8.6 software (TreeStar).

Pharmacokinetic Study
First, 15 healthy Sprague-Dawley rats were randomly 
divided into five groups and fasted overnight before the 
experiment. Free EPI, E/P-NPs, E/PC-NPs, E/PF-NPs, and 
E/PCF-NPs were intravenously administered at a dose of 
10 mg/kg. Blood samples (500 µL) were withdrawn from 
the retro-orbital plexus at scheduled time points after 
injection (0.017, 0.05, 0.083, 0.25, 0.5, 1, 2, 4, 8, 12, 24, 
48, and 72 h). The blood samples were centrifuged at 2300 
× g for 5 min at 25°C. Then, 100 µL of the separated 
plasma was mixed with 100 µL of the internal standard 
daunorubicin (1 μg/mL) before the addition of methanol 
(600 µL) to precipitate proteins. After centrifugation 
(10,000 rpm, 5 min), the supernatant was dried under N2 

and the EPI was dissolved in methanol and determined 
using an ultra-high performance liquid chromatography/ 
mass spectrometry system (UHPLC/MS).

The measurement was carried out on a UHPLC/MS 
system using a TRIPLE QUDA 4500 liquid chromato-
graph triple quadrupole mass spectrometer equipped with 
an electrospray ion source in positive mode (AB SCIEX, 
Framingham, MA, USA). Chromatographic separation 
was achieved on a Welch Ultimate UHPLC C18 column 

(50 × 2.1 mm, 1.8 μm). The column and autosampler tray 
were maintained at 25°C and 4°C, respectively. The 
mobile phase used was a mixture of solvent A (0.3% 
formic acid in water) and B (acetonitrile). The gradient 
program used was as follows: initial Phase 0–1.0 min, 
a linear change to A:B (95:5, v:v); 1.0–1.8 min, a linear 
change to A:B (40:60, v:v); 1.8–2.6 min, a linear change to 
A:B (5:95, v:v), where it was held for 0.2 min; 2.8–4.0 
min, linear change to A:B (95:5, v:v), where it was held 
until the end of the 6 min run. The flow rate was main-
tained at 0.3 mL/min. The injection volume was 5 μL.

The analytes were ionized by an electrospray ioniza-
tion source in positive ion mode under the following 
source conditions: nitrogen for protection; flow rate 9 L/ 
min; dry gas temperature 350°C; sprayer pressure 50 psi; 
capillary voltage 4000 V; ion collection mode MRM; 
EPI m/z: 544/130.1; DP positive ion mode optimized 
cluster voltage: 120 eV; CE impact voltage: 13 V; daunor-
ubicin hydrochloric acid m/z: 528.2/321.1; DP positive ion 
mode optimized cluster voltage: 100 eV; CE impact vol-
tage: 25 V. The internal standard ratio was calculated by 
dividing the analyte peak area by the peak area of the 
internal standard. Standard curves for EPI were deter-
mined by plotting the internal standard ratio versus the 
concentration of analyte in each sample. The maximum 
plasma concentration (Cmax), area under the concentra-
tion–time curve from zero to the final time point 
(AUC0→t), mean residence time from zero to the last 
time point (MRT0→t), apparent volume of distribution 
(Vz), and total plasma clearance (CL) were calculated by 
PK solver software.

Tissue Distribution of Nanoparticles
Six-week-old healthy female BALB/c mice were inocu-
lated with 50 µL of 4T1 (1 × 107 cells per mouse) in the 
mammary gland to establish the orthotopic BC model. The 
BALB/c mice bearing 400 mm2 tumors were divided into 
five groups of nine mice each. Free EPI, E/P-NPs, E/PC- 
NPs, E/PF-NPs, and E/PCF-NPs were intravenously 
administered at a dose of 10 mg/kg. Three mice were 
euthanized without treatment, and their tissues were used 
as blank controls and for the preparation of spiked control 
samples.

The mice were euthanized in groups of three at 1, 6, and 
24 h, and heart, liver, spleen, lungs, kidneys, brain, and 
tumor tissues were collected and weighed. Tissue samples 
were homogenized with 0.2 mg/mL saline, and 1 μg/mL of 
daunorubicin was added as an internal standard. Methanol 
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solution was added to the mixture (3:1, v/v) and the tissue 
samples were vortexed followed by centrifuged at 
10,000 rpm for 5 min at 4ºC. The supernatants were dried 
under nitrogen and redissolved in methanol for UHPLC/MS 
measurement, as described earlier.

Orthotopic Breast Cancer Model
Six-week-old healthy female BALB/c mice were inocu-
lated with 50 µL of 4T1 (1 × 107 cells per mouse) in the 
mammary gland to establish the orthotopic BC model. The 
tumor growth of each mouse was monitored every two 
days and calculated using formula (3):

V ¼ L�W2� �
=2 (3) 

where V is the tumor volume, L is the larger perpendi-
cular diameter, and W is the smaller perpendicular dia-
meter. Tumor was weighed at the end of the experiment 
and imaged.

Evaluation of Therapeutic Efficacy for 
Early-Stage Tumor Progression
The anti-tumor efficacy of the NPs was evaluated in breast 
tumor-bearing mice. When the tumor volume reached 
150 mm3 (designated Day 0), the mice were randomly 
divided into 14 groups of five mice each. Saline, Saline 
and NIR, PDA-NPs, PDA-NPs and NIR, Free EPI, Free 
EPI and NIR, E/P-NPs, E/P-NPs and NIR, E/PC-NPs, E/ 
PC-NPs and NIR, E/PF-NPs, E/PF-NPs and NIR, E/PCF- 
NPs, and E/PCF-NPs and NIR were intravenously injected 
into mice three times at seven-day intervals (Day 0, 7, and 
14) at an EPI dose of 5 mg/kg. One hour after the injec-
tion, the tumors of the NIR treatment groups were irra-
diated (808 nm, 2.15 W/cm2) for 5 min. The overall body 
weights of each group were also monitored.

Hematoxylin and Eosin (H&E) Staining
Hearts, livers, spleens, lungs, kidneys, brains, and tumors 
were collected from each group and stained using a H&E 
staining kit (Shanghai Bioengineering Co., Ltd., Shanghai, 
China) and observed using an Eclipse NI-U fluorescence 
microscope (Nikon Corporation, Tokyo, Japan) to investi-
gate the NP toxicity.

Evaluation of Therapeutic Efficacy for 
Late-Stage Tumor Progression
Tumor-bearing mice with 500 mm3 tumors were treated 
with E/P-NPs and E/P-NPs+NIR via tail vein injection 

three times at seven-day intervals (Day 0, 7, and 14) at 
an EPI dose of 5 mg/kg. One hour after the injection, the 
tumors in the NIR treatment groups were locally irradiated 
with the 808 nm laser, 2.15 W/cm2 for 5 min. The tumors 
were measured with a Vernier caliper and the tumor 
volume was calculated as described above.

Terminal Deoxynucleotidyl 
Transferase-Mediated Nick End Labeling 
(TUNEL) Assay
First, 24 h after the initial injection of E/PCF-NPs and NIR 
irradiation, the tumors of each group were collected and 
fixed in 4% formalin, paraffin-embedded, and sectioned 
into 5 µm samples for the TUNEL assay, as recommended 
by the manufacturer (Beyotime Biotechnology Co., Ltd, 
Shanghai, China). DAPI mounting medium was added for 
cell nuclei staining using an Eclipse Ti-U Inverted 
Fluorescence Microscope at 10× magnification (Nikon, 
Japan). The apoptotic index was calculated by dividing 
the number of TUNEL-positive cells by the total number 
of cells in the field. Finally, 10 randomly selected micro-
scope fields were analyzed quantitatively using ImageJ 
software (US National Institutes of Health).

Statistics
Results are expressed as a mean ± standard deviation (SD). 
Statistical analysis was conducted using one-way analysis 
of variance and Student’s t-test. Results with p-values 
<0.05 were statistically significant.

Results and Discussion
Preparation and Characterization of 
PDAC Cores
PDA particles were formed by polymerization of 
a dopamine monomer at high pH,50 which evolved via 
the addition of a monomer or small oligomers to the 
chain. The small oligomer chains rapidly aggregated to 
form entities that gradually formed the larger structures. 
The size of PDA particles varies with the dopamine con-
centration and buffer.51 Here, we used ammonia to achieve 
alkaline conditions. L-cysteine was selected to participate 
in the aggregation of the dopamine monomers. The effect 
of a series of amino acids (L-cysteine, histidine, lysine, 
and arginine) on the aggregation process was investigated 
(See details in Table S2) and we found that only 
L-cysteine and dopamine alone generated small, well- 
distributed particles (L-cysteine and dopamine formed 
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particles: 88.8 ± 8.4 nm, PDI=0.076 ± 0.01). The enhance-
ment in size distribution resulting from L-cysteine addition 
may be derived from the positive charges of the amino 
groups, which interact with the moieties of dopamine. The 
aggregation of dopamine might be delayed due to the 
L-cysteine, which would enable obtaining smaller particles 
at the same time.

Preparation and Characterization of E/ 
PCF-NPs
The smart E/PCF-NPs were prepared using the methanol- 
injection method followed by dialysis. The obtained 
PDAC cores were coated with negatively charged lipids 
by inner hydrogen bond or electrostatic interaction, while 
the hydrophilic heads of DMPG, DSPE-PEG-FA, and 
DSPE-PEG-cRGD were also able to attract positively 
charged EPI hydrochloride at pH 7.0. PDAC cores were 
modified with DMPG and DSPE-PEG2000 without the 
addition of EPI to form PDA-NPs. PDAC cores were 
modified with DMPG and DSPE-PEG2000 loaded with 
EPI to form E/P-NPs. PDAC cores were modified with 
DMPG, DSPE-PEG2000, and DSPE-PEG2000-cRGD and 
loaded with EPI to form E/PC-NPs. PDAC cores were 
modified with DMPG, DSPE-PEG2000, and DSPE- 
PEG2000-FA and loaded with EPI to form E/PF-NPs. 
The contents of cRGD and FA on the surface of E/PF- 
NPs were 18.5 nM and 19.5 nM, respectively.

The photothermal effects of different concentrations of 
PDA-NPs under 808 nm laser irradiation were tested using 
water as a negative control. Figure 2A1 and A2 shows the 
concentration-dependent photothermal effect. The higher 
the concentration, the more rapid the temperature increase. 
For the PDA-NPs at 200 µg/mL, the temperature increased 
to 45.7°C in 5 min, and to 54.8°C in 10 min, which leads 
to hyperthermia and cell death by thermolysis in tumor 
cells; compared with the cancerous cells, normal cells 
were more heat tolerant.52–54

Figure 2A3 shows the photothermal conversion effi-
ciency of the PDA-NPs (200 µg/mL) did not decrease after 
five repeated irradiation periods, indicating that PDA-NPs 
containing hybrid PDAC cores and coated with lipids 
retain good photothermal conversion efficiency, as with 
polydopamine alone reported previously.33 Therefore, we 
used PDA-NPs at 200 µg/mL in the subsequent 
experiments.

The cells were incubated with PDA-NPs for 30 min, 
then exposed to an 808 nm laser at 2.15 W/cm2 for 10 min. 

After treatment, the cells were stained with both calcein 
AM and PI. As shown in Figure 2A4, under excitation, 
a clear demarcation line between regions of live (green) 
and dead (red) cells was observed for 4T1 cells, and most 
cells subjected to laser irradiation were killed. In contrast, 
cells treated with PDA-NPs alone without NIR showed 
negligible cell death. These results suggest that PDA-NPs 
killed cancer cells effectively through the photothermal 
effect induced by NIR irradiation, which is consistent 
with the result of a previous study on PDA.33 We further 
evaluated the photothermal cytotoxicity of the PDA-NPs 
on cancer cells quantitatively using an MTT assay (Figure 
2B). After incubating 4T1 cells with PDA-NPs at a series 
of concentrations, neither the cell viability nor prolifera-
tion were affected in absence of laser radiation. Even at the 
highest tested dose of PDA (960 µg/mL), cell viability 
remained approximately 90% (p < 0.0001). However, 
upon laser irradiation, 4T1 cell viability decreased signifi-
cantly, and less than 30% of cells remained alive for the 
PDA-NPs at a concentration of 200 µg/mL. The EPI 
toxicity on 4T1 cells, with and without irradiation, did 
not change significantly at either tested concentrations 
(25 or 200 µg/mL).

Since PDA particles are characterized by high efficiency 
of photothermal conversion and high biocompatibility,33 

they are promising for future therapeutics relating to cancer 
prevention. However, certain disadvantages of PDA parti-
cles limit their usage. First, they could be recognized and 
phagocytized by the reticuloendothelial system (RES).55 

Second, they do not have targeting properties and cannot 
be enriched in cancer tissues. The data in Figure 2 demon-
strate that PDA-NPs could preserve the good photothermal 
conversion efficiency, which results from the photothermal 
effect under NIR irradiation and would not cause cell death 
in normal cells without NIR irradiation.

The size and morphology of the particles were critical to 
achieve passive targeting of the tumor site through the 
enhanced permeability and retention effect (EPR).56 The 
TEM, AFM and SEM of E/PCF-NPs and PDA-NPs are 
shown in Figure 3A. Their hydrodynamic diameter and 
zeta potential (ζ), size, zeta potential (mV), DLwt.% and 
EE% are summarized in Figure 3B. As shown in Figure 2A, 
SEM of the PDA-NPs showed particle size of approximately 
100 nm with good dispersion, and they were spherical or 
quasi spherical in shape. Coating with DSPE-PEG-cRGD 
and DSPE-PEG-FA led to an increase in E/PCF-NP size. 
Due to the interaction between EPI and DMPG, the EE% of 
EPI increased to 99%. Modification with DSPE-PEG-cRGD 
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Figure 2 (A1) Temperature elevation of water and PDA-NPs at different concentrations as a function of irradiation time; (A2) Temperature change (ΔT) over 600 s versus 
the concentration of PDA-NPs; (A3) The photothermal response of the PDA-NPs for five repeat irradiations; (A4) Confocal images of calcein AM (green, live cells) and PI 
(red, dead cells) co-stained 4T1 cells treated with PDA-NPs after laser irradiation. (B) Cell survival rate of PDA-NPs. Concentrations of PDA from a-h are 15, 30, 60, 120, 
480, and 960 µg/mL, respectively.
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or DSPE-PEG-FA did not alter the EPI EE%. The size and 
PDI of PDA-NPs and E/PCF-NPs remained unchanged and 
showed no obvious aggregation after one week at 4°C 
(Supplementary Table S3), which indicated their excellent 
dispersibility under aqueous conditions. This is attributed to 
the PDAC cores being separated by PEGylated phospholi-
pids, resulting in a combination of steric hindrance and 
molecular flexibility, which prevents the aggregation of the 
particles.57 As for the colloidal stability in FBS- 
supplemented RPMI of NPs (Supplementary Table S4), E/ 
PCF-NPs were maintained with a hydrodynamic size of 
~200 nm, which was slightly larger than that observed in 
water, and increased slightly after 24 h of incubation.

In vitro Release
The release of EPI from E/PCF-NPs is shown in Figure 4A. 
The cumulative release from E/PCF-NPs was enhanced at pH 
5.0 when 14.9% was released in 72 h; 33.9 and 5.6 times more 
than at pH 7.4 and 6.5, respectively. Over the first 24 h, 
a sustained release of EPI was observed without burst release 
at pH 5.0, and EPI was hardly detected at pH 6.5 or 7.0. With 

laser irradiation, the release of EPI from E/PCF-NPs increased 
by 29.3% in 24 h and 50.3% in 72 h at pH 5.0, when compared 
to the E/PCF-NPs-treated group without NIR laser, respec-
tively. The same trend was observed at pH 6.5 and 7.4. The 
released EPI% from E/PCF-NPs was increased 1.9- and 
6.9-fold at 72 h with NIR light at pH 6.5 and 7.4, compared 
to those of groups without NIR light, respectively. The release 
of EPI from E/PCF-NPs in absence of NIR irradiation exhib-
ited a pH-dependent release profile. With the pH of the release 
media decreased, the EPI release rate was increased, which 
resulted from the higher solubility of EPI as a weak base in the 
more acidic aqueous solution.58 This observation also indi-
cated that the release could be controlled by laser irradiation. 
The enhanced EPI release rate could be a result of increased 
membrane fluidity caused by the high temperature response of 
PDAC to irradiation,59 with the consequent depolymerization 
facilitating the release of EPI.

Cell Viability
The effect of EPI from E/PCF-NPs on 4T1 cells was 
investigated using a standard MTT assay without exposure 

Figure 3 (A1) SEM image, (A2) TEM image, (A3) three-dimensional AFM topography image, (A4) AFM height image, and (A5) AFM three-dimensional height profile image 
of PDA-NPs. (A6) SEM image, (A7) TEM image, (A8) three-dimensional AFM topography image, (A9) AFM height image, and (A10) AFM three-dimensional height profile 
image of E/PCF-NPs. (B) Characterization of PDAC cores and EPI-containing preparations.
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to the NIR laser. As shown in Figure 4B, the toxicity of E/ 
PCF-NPs was not significantly different to that of EPI 
alone (p > 0.05), indicating that modification of nanopre-
paration did not change the cytotoxicity of EPI.

The results in Figure 4C showed that PDA NPs (PDA: 
200 µg/mL) could significantly decrease cell viability by 
72.2% after 3 min of laser irradiation at 808 nm 2.15 W/ 
cm2. With the combination of chemo toxic agent EPI, the 
cell viability of E/PCF-NPs-treated group (PDA: 200 µg/ 
mL, EPI: 25 µg/mL) was further decreased by 86.7% under 
NIR irradiation, compared to that of E/PCF-NPs-treated 
group without NIR irradiation. There was no significant 
difference in cell activity between the Free EPI group with 
or without NIR irradiation, which indicated that the cell 
viability could not be reduced by NIR irradiation without 
the existence of photothermal materials. The same result 
come from the cells treated with Free EPI at a higher con-
centration. The synergistic cytotoxicity for E/PCF-NPs 
results from photothermal conversion efficiency of PDAC 
cores and the chemo toxic ability of EPI. Furthermore, the 
modification of cRGD and FA facilitated the cellular uptake 

of E/PCF-NPs, when compared to that of unmodified nano-
particles (Figure 5), which also lead to the improved 
cytotoxicity.

Detection of ROS
Treatment with E/PCF-NPs under NIR laser irradiation led 
to significantly increased cell death than with E/PCF-NPs 
alone or EPI solution at a concentration of 25 μg/mL 
(Figure 4C). The elevated cell temperature in response to 
NIR irradiation leads to local hyperthermia or ROS gen-
eration that cause irreversible cancer cell death.60,61 The 
intracellular NPs cause improved EPI release under NIR 
laser irradiation (Figure 4A), which leads to greater toxi-
city to cells. In our study, we observed that the combina-
tion of NIR laser irradiation and E/PCF-NPs showed 
a more marked effect on tumor cells than chemotherapy 
or hyperthermia treatment alone. The results affirmed that 
the application of E/PCF-NPs along with NIR irradiation 
significantly inhibited the survival rate of cells. This result 
was consistent with the live/dead assay shown in 
Figure 2A4, in which treatment with E/PCF-NP along 

Figure 4 (A) The kinetics of cumulative release of EPI from E/PCF-NPs under different pH conditions (pH 7.4, 6.0, and 5.0) with or without NIR laser; (B) IC50 values for 
Free EPI, E/PC-NPs, E/PF-NPs, and E/PCF-NPs; (C) cell viability after PTT, a. control, b. PDA-NPs, c. E/PCF-NPs, d. EPI 25 μg/mL, e. EPI 200 μg/mL. ****p < 0.0001; (D) ROS 
generation was monitored using the mean DCF fluorescence when 4T1 cells were incubated with different preparations for 1 h in dark, followed by photo irradiation. ***p < 
0.0005. (E) The ratio of NAD+/NADH was monitored for 4T1 cells incubated with different preparations for 24 h, followed by photo irradiation treatment. **p < 0.005, 
*p < 0.05.
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with NIR irradiation led to a much higher proportion of 
red cells than of green cells.

Intracellular ROS generation by E/PCF-NPs under NIR 
irradiation was determined by DCFH-DA. Figure 4D 
shows that compared to the control group, the ROS con-
tent of the EPI solution group with and without NIR laser 
irradiation showed no significant increase, while the ROS 
content of the PDA-NPs and E/PCF-NPs groups increased 
to 5.38% and 19.87% after excitation, respectively. This 
could be attributed to the decrease in cell viability caused 
by photothermal treatment promoting the increase of intra-
cellular ROS.62

Detection of NAD+/NADH
Oxidative stress induced by excessive ROS can cause 
mitochondrial dysfunction.63 Therefore, we analyzed the 
NAD+/NADH content of the cells. The same trend was 
found in NAD+/NADH detection (Figure 4E); compared 
with the control group, the NAD+/NADH content of the 
EPI solution, PDA-NPs, and E/PCF-NPs groups were 
slightly reduced by 18–28%, while there were no signifi-
cant differences between the EPI solution and control 
groups under NIR irradiation. However, the NAD+/ 
NADH concentrations of cells treated with PDA-NPs and 
E/PCF-NPs were significantly reduced to 55.7% and 
38.9% of that of cells treated with Free EPI, respectively. 
Reduced NADH is abundant in mitochondria and acts as 
a strong reductant in the biosynthesis of ATP. The NADH 
consumed under NIR laser irradiation disrupts the redox 
homeostasis and enhances oxidation stress-related 
apoptosis.64,65

Cell Apoptosis
Apoptosis, or programmed cell death, is a complex process 
regulated by multiple genes. We used the annexin V/PI 
double staining kit to quantify 4T1 cell apoptosis in 
response to treatment with E/PCF-NPs and NIR laser irra-
diation. The stained cells were divided into four subgroups; 
the viable group, the early apoptotic group, the late apopto-
tic/necrotic group, and the dead cells/debris group, which 
were localized in the lower left, lower right, upper right, and 
upper left quadrants, respectively.32 The percentages of 
specific cell populations at various stages of apoptosis are 
shown in Figure 6 (Detailed data of other groups can be 
found in Figure S1). Compared with the control group, the 
cells without treatment were mostly alive (98.2% of viable 
cells) under irradiation. However, after treatment with 
a PDA-containing preparation and NIR laser irradiation, 

the percentage of viable cells decreased, and that of the 
apoptotic cells increased significantly. The apoptosis rate 
in the control group was 0.2 ± 0.1%. E/PCF-NPs treatment 
increased the rate of apoptosis from 24.1% to 73.2% after 
irradiation, which was 2.3 times higher than that for the 
combination of PDA-NPs and NIR; however, there was no 
difference when EPI without or with NIR was compared 
with the control group (p > 0.05, Figure S1). The results 
showed that E/PCF-NPs induced apoptosis and led to 
a significant increase in the late-stage apoptosis and necro-
sis under irradiation. These results supported the outcome 
of the MTT assays.

Cellular Uptake
The internalization of E/PCF-NPs was evaluated using EPI 
as a fluorescent probe in 4T1 cellular uptake using con-
focal laser scanning microscopy (CLSM) and flow cyto-
metry. The red fluorescence signal of cells incubated with 
the same concentration of Free EPI was stronger than that 
of E/P-NPs after 4 h of incubation, which is assumed to be 
internalized by passive diffusion. However, the cellular 
uptake of Free EPI did not increase with time. E/P-NPs 
were endocytosed into cells in a time-dependent manner 
(Figure 5A and B). All the membrane-modified NPs 
showed increased cellular uptake (%) compared to E/ 
P-NPs after 4 h of incubation, while E/PCF-NPs showed 
the highest uptake. Compared with E/PF-NPs, the fluores-
cence signals of E/PC-NPs were stronger within 4 h. As 
demonstrated in Figure 5C, similar results were observed 
by flow cytometry. It was confirmed that modified NPs, 
subjected to either single or dual modification, exhibited 
greater uptake of EPI compare to Free EPI and E/P-NPs. 
Cells treated with E/PC-NPs showed stronger fluorescence 
than those treated with E/PF-NPs. The cRGD targeting 
group enhanced the cellular uptake efficiency of the NPs 
through receptor-mediated endocytosis and transportation 
through membranes.66 FA could selectively bind to the 
glycosylphosphatidylinositol-linked folate receptor on the 
cells surfaces but not facilitate tumor penetration.67 When 
the incubation time was prolonged to 12 h, there was no 
significant difference among uptake of E/PC-NPs, E/PF- 
NPs, and E/PCF-NPs. This indicates that single or dual 
modification of NPs would lead to similar cellular uptake 
if the incubation time is long enough. Negligible fluores-
cence was observed in cells after incubating with PBS. 
Almost no autofluorescence was observed. Collectively, 
these results indicate that the E/PCF-NPs could be inter-
nalized by the cancer cells more rapidly and effectively 
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through endocytosis than Free EPI, E/PC-NPs, and E/PF- 
NPs. Targeting and elevated cellular uptake resulting from 
DSPE-PEG2000-FA/cRGD modification was confirmed.

Pharmacokinetics Study
To determine the contribution of the long-circulation ability 
of E/PCF-NPs, a pharmacokinetic study was carried out. 
Plasma was collected at scheduled time points and drug 
concentrations were quantified by UHPLC/MS. The nano-
preparations showed significantly prolonged MRT0→t in the 
bloodstream and a much higher Cmax compared to the EPI 
solution (p < 0.05) (Figure 7A and Table 1). The long 

circulating properties exhibited by the NPs were attributed 
to DSPE-PEG-cRGD and DSPE-PEG-FA modification. 
The physical properties of these NPs may contribute to 
changes in the circulation lifetimes of EPI or EPI NPs. 
There were no clear differences in EE% or size distribution 
for any of the NPs used in this study. However, analysis of 
the zeta potential of unmodified and modified NPs contain-
ing DSPE-PEG showed slight, but significant, differences. 
The AUC0→t significantly increased for modified EPI nano-
preparations that contained DSPE-PEG. PEG coatings were 
found to be effective in shielding the NPs from the RES via 
steric repulsion. PEG created a hydrated outer shell, which 

Figure 5 (A) In vitro CLSM images of 4T1 cells treated with EPI containing preparations for 4 and 12 h at 37°C, 5% CO2. All images show the nuclei (blue), EPI (red), and 
merged images. Scale bar; 50 μm; (B) quantitative results for the cellular uptake of EPI-loaded preparations expressed as a percentage of total cell number, ***p < 0.0005, 
**p < 0.005, *p < 0.05; (C) flow cytometry analysis of cellular uptake of EPI containing preparations in 4T1 cells.
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Figure 6 Apoptosis of 4T1 cells treated with different preparations by annexin V/PI staining using flow cytometry.
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also shielded the NPs from being recognized and cleared by 
the RES. All the effects of PEG resulted in an extended drug 
half-life and improved tissue distribution.68,69 Due to the 
modification of PEG, the AUC0→t and Cmax of E/P-NPs, E/ 
PC-NPs, E/PF-NPs, and E/PCF-NPs were significantly 
higher than those of Free EPI. However, although the 
Cmax of E/PCF-NPs was seven-fold higher than that of 
EPI solution, it was lower than that of E/P-NPs, E/PC- 
NPs, and E/PF-NPs by 82.7%, 37.2%, and 40.7%, respec-
tively. The relatively lower Cmax of E/PCF-NPs is believed 
to be the result of the faster distribution of EPI from the 
bloodstream to tumor tissues. As observed in the tissue 
distribution study, the distribution of E/PCF-NPs in tumors 
was much higher than those of E/P-NPs, E/PC-NPs, and E/ 
PF-NPs (Figure 7B). Due to the targeting modification, the 
double-modified NPs, E/PCF-NPs, exhibited higher tumor 
accumulation and stronger targeting ability than those of 
single-modified NPs, E/PC-NPs, and E/PF-NPs. Therefore, 
the modified NPs showed lower blood concentrations, espe-
cially for the double-modified NPs. Compared with that of 
EPI in E/P-NPs, the Vz of EPI in E/PCF-NPs decreased 
significantly by 22.4%. The CL of E/PCF-NPs was 9.4-fold 
slower than that of free drug. These results suggest that the 
double-modified nanocarriers, E/PCF-NPs, showed pro-
longed circulation time in blood compared to free drug, 

but faster drug distribution than the unmodified NPs, E/ 
P-NPs.

Tissue Distribution
A tissue distribution study was carried out to determine the E/ 
PCF-NPs targeting ability. Due to the polyethylene glycol 
membrane modification, E/PCF-NPs are expected to exhibit 
prolonged systemic circulation and effective delivery of the 
cargo to the tumor due to the presence of the targeting ligands 
cRGD and FA in combination with the EPR effect.70 EPI 
concentrations were detected in tumors and major organs 
(Figure 7B). EPI from E/PCF-NPs mainly accumulated in 
the tumors within 0.5 h, which is 3.6-, 10.9-, and 28.7-fold 
greater than EPI from E/PF-NPs, E/PC-NPs, and E/P-NPs, 
respectively. Due to the large blood volume and fast blood 
flow of the liver,71 31.7-fold more NPs distributed in the liver 
compared to the tumor for E/P-NPs. Compared with E/ 
P-NPs, E/PC-NPs, and E/PF-NPs; EPI from E/PCF-NPs 
showed better tumor-targeting at early time points, which 
was consistent with the lower Cmax of EPI from E/PCF-NPs 
in the pharmacokinetic study. At later time points, with the 
help of the PEGylated and targeting ligands, most of the NPs 
still accumulated in the tumor, though a certain number of 
NPs accumulated in the liver or spleen. The tumor EPI 
concentration for E/PCF-NPs was at least 1.8-fold greater 

Figure 7 (A) Blood concentration–time profiles of formulations of EPI after intravenous injection at 10 mg/kg in rats (n=3). (B) Biodistribution of EPI from different 
preparations in tumors and major organs detected by UHPLC/MS at different time points after intravenous injection (n = 3), **p < 0.005, ***p < 0.0005.
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than at other major organs. Furthermore, non-tumor selective 
distribution was identified for Free EPI, with higher EPI 
accumulation in the heart, liver, and spleen at all time points. 
Based on the pharmacokinetic and biodistribution profiles of 
E/PCF-NPs, we conclude that prolonged blood circulation 
and increased tumor accumulation are the major benefits of 
using an E/PCF-NPs delivery system.

In vivo Anti-Tumor Effects
The anti-tumor effect of dual ligand functionalization of E/ 
PCF-NPs was characterized in vivo using a 4T1 orthotopic 
tumor model. For the tumors at the early stage (150 mm3), 
PDA-NPs, E/P-NPs, E/PC-NPs, E/PF-NPs, and E/PCF-NPs 

were intravenously injected in tumor-bearing mice three 
times at seven-day intervals at an EPI dose of 5 mg/kg with 
or without NIR laser irradiation. Changes in tumor volume, 
tumor weight, and body weight were monitored for each 
group. As shown in Figure 8A–C, mice experienced rapid 
tumor growth in the control group with or without NIR, 
suggesting that only the use of NIR laser irradiation without 
PDA exhibits no effect on the growth of tumors. Similarly, 
treatment with PDA-NPs alone without NIR had no influence 
on attenuating tumor growth. In contrast, group subjected to 
the PDA-NPs treatment along with irradiation showed 
a significant delay in tumor growth, with a 55.2% decrease 
in tumor weight, compared with single PDA-NPs groups. 

Table 1 Pharmacokinetic Parameters of EPI-Containing Preparations (Mean ± SD)

Cmax (ng/mL) AUC0→t (ng/mL·h) MRT0→t (h) Vz (L) CL (L/h)

Free EPI 925.9±169.1 750.5±192.4 40.5±17.3 110±40.3 10.16±1.6
E/P-NPs 43,000.3±2040.6#δ 5199.9±124.3#* 359.3±192.8#* 254±50.1 0.42±0.3#

E/PC-NPs 11,844.4±652.4#* 3804±89.4# 101.0±49.6# 198±40.1 0.97±0.3#

E/PF-NPs 12,554.3±1428.6#* 3771.3±356.9# 133.5±18.1# 187±10.0 1.21±0.1#
E/PCF-NPs 7443.6±840.3# 3367.5±244.1# 154.5±6.2# 197±8.9 1.08±0.1#

Notes: #vs Free EPI, p < 0.05; *vs E/PCF-NPs, p < 0.05; δvs E/PCF-NPs, p < 0.005.

Figure 8 (A) Inhibition of early stage tumor growth in different groups with EPI at 5 mg/kg (n=4). Arrows indicate the days of injection. (B) Tumors were collected and 
photographed and (C) weighed; #vs Control group, p < 0.05; *vs E/PCF-NPs, p < 0.005; **vs E/PCF-NPs, p < 0.0001; δvs the same treatment without NIR, p < 0.005. (D) 
Body weight changes during treatment for each group.
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The EPI-loaded NPs, E/P-NPs, E/PC-NPs, E/PF-NPs, and E/ 
PCF-NPs, without NIR, showed better anti-tumor effects 
than Free EPI, which is believed to result from the EPR 
effect and active targeting to tumors. E/PCF-NPs exhibited 
a significantly enhanced therapeutic efficiency, with a 61.7% 
and 55.3% decrease in tumor weight compared to E/PC-NPs 
and E/PF-NPs, respectively (p < 0.5). Furthermore, the 
tumors in the E/PCF-NPs group with NIR were almost 
destroyed with only scar tissue remaining after two weeks 
of treatment. The results demonstrate the enhanced effect of 
combined photothermal and chemotherapeutic treatment 
with E/PCF-NPs and NIR laser irradiation, compared with 
any single modality treatment. Since high toxicity generally 
leads to weight loss, we also measured the body weights of 
the mice for all groups during treatments. There was 4.9% 
and 8.3% weight loss for Free EPI and E/PCF-NPs, respec-
tively, under NIR laser irradiation within the first week of 
treatment. As treatment progressed, no further weight loss 
was observed (Figure 8D), implying that the toxicity or side 
effects of these NPs were not serious. This was also consis-
tent with the results obtained from the H&E staining of major 
organs (data not shown). H&E staining of the control, PDA- 
NPs, E/P-NPs, E/PC-NPs, E/PF-NPs, and E/PCF-NPs 
groups with or without NIR showed no obvious kidney 
injury, pulmonary toxicity, cardiac damage, or inflammatory 
infiltrates in the spleen.

To further study the anti-tumor efficacy of E/PCF-NPs 
under NIR laser irradiation, we evaluated the treatment of the 
late stage of tumors (500 mm3). The mice were divided into 
three groups: a control group and E/PCF-NPs groups with 
and without NIR laser irradiation. The design of the treat-
ment was the same as previously described. E/PCF-NPs 
slightly inhibited the growth of tumors when compared 
with the control group; however, E/PCF-NPs combined 
with photothermal treatment almost destroyed the 
tumor with only scar tissue remaining after two weeks of 
treatment (Figure 9A). This showed that for late-stage 
tumors, E/PCF-NPs under NIR irradiation exhibited 
a greater impact on tumor progression than NPs alone. 
There was no obvious weight loss observed at the end of 
treatment. The mice in E/PCF-NPs under the NIR laser group 
also experienced some degree of weight loss in the early 
treatment within one week, which might be due to the shrink-
ing of tumors in mice. The TUNEL assay (Figure 9B) 
revealed that E/PCF-NPs under NIR laser irradiation exhib-
ited the most effective cytotoxicity and induced 38 and 8.7 
times more apoptosis in cells compared with the control 
group and E/PCF-NPs without NIR group, respectively. 
This finding is consistent with that obtained from the cellular 
experiments and is explained by the fact that ROS derived 
from NIR laser treatment can damage the tumor tissues, and 
the heat released by the photothermal pathway also causes 

Figure 9 (A) Inhibition of late-stage tumor growth in different groups with EPI at 5 mg/kg (n = 4). Arrows indicate the days of injection. *vs E/PCF-NPs+NIR, p < 0.05; 
****vs E/PCF-NPs+NIR, p < 0.0001. (B) TUNEL-positive cells (%) in tumors of each group (n = 4). ****p < 0.0001, ***p < 0.0005, *p < 0.05.
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cell significant damage when it reaches a threshold tempera-
ture of ~42°C for a prolonged period.26

Conclusions
A chemo and photothermal therapeutic agent based on 
EPI-loaded PDA NPsthat was double modified with FA 
and cRGD was successfully synthesized. The E/PCF-NPs 
exhibited excellent biocompatibility and low toxicity, as 
well as high ROS generation and high photo-thermal con-
version efficiencies. The antitumor efficiency of the E/ 
PCF-NPs upon NIR laser irradiation was carefully evalu-
ated both in vitro and in vivo, and the results showed that 
complete tumor regression for tumor-bearing mice could 
be realized, making the combined treatment more effective 
than single-modified NPs, or chemo or photothermal treat-
ment alone. Therefore, our prepared E/PCF-NPs are pro-
mising therapeutic agents for future cancer therapy.
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