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Abstract: Lymphatic metastasis is the major metastatic pattern of pancreatic cancer and 

considered as an independent risk factor of survival. However, there is still no effective way for 

the diagnosis and treatment for lymphatic metastases of pancreatic cancer. In this study, using 

albumin as a carrier of gemcitabine (Gem), further modified by pyropheophorbide-a, we have 

designed and synthesized a nanoparticle (NP) compound named “pheophorbide-a (P@)-Gem-

human serum albumin (HSA)-NPs”. By utilization of its tracer ability of lymphatic metastases, 

which is triggered by near-infrared irradiation and its visible dying ability, the compound is 

used for drug delivery tracking, meanwhile as a treating drug, as well as the combined effect 

of photodynamic therapy and chemotherapy. By the nude mice model of lymphatic metastases 

of pancreatic cancer (BxPC-3-LN7), we aim to explore the feasibility, effectiveness, and bio-

logical safety of diagnosis and treatment for the lymphatic metastases of pancreatic cancer by 

P@-Gem-HSA-NP, thereby, providing new methods and strategies for the study of nanodrug 

carrier and research on lymphatic metastases of pancreatic cancer.

Keywords: theranostic nanoparticles, chemotherapy, photodynamic therapy, pancreatic cancer, 

lymphatic metastases, near infrared irradiation

Introduction
Pancreatic cancer is the fourth leading cause of cancer-related death in America, and its 

5-year survival rate is ,5%.1,2 Although surgery is the only way to cure, only 20% of 

patients are eligible for this approach at the time of diagnosis.3 Furthermore, a variety 

of these resectable patients will experience recurrence or metastases after radical 

surgery. Therefore, chemotherapy is the only option for these advanced pancreatic 

cancer patients.4 Lymph node metastasis is the main metastatic pattern of pancreatic 

cancer, which directly leads to the cancer death.5 Therefore, it is of vital importance 

to identify new strategy to locate the sentinel lymph node (SLN), which is the first 

target in early-stage cancer metastases, and then eradicate metastatic cancer cells in 

this SLN to prevent further cancer metastases.6–8

Theranostic nanomedicine, being capable of diagnosis, therapy, and monitoring 

drug delivery and distribution, has received growing interests recently.9–12 Up to now, 

multifunctional nanoparticles (NPs) in the field of anticancer, such as the combina-

tion of diagnosis and therapy, have been intensively developed and achieved great 

significances.13–16 Among abundant combination choices, “photodynamic therapy 
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(PDT) plus chemotherapy” has been shown to be an effec-

tive modality to provide synergistic and complementary 

interactions between different treatments.17 Zhang et al 

designed and prepared a self-monitored and self-delivered 

photosensitizer (PS)-doped fluorescence resonance energy 

transfer NP drug delivery system. By exploiting the emitters, 

the combinatorial drug can achieve chemotherapy, PDT, 

and real-time self-monitoring of the release and distribu-

tion of the nanomedicine. As expected, the as-prepared 

NPs showed high cancer therapeutic efficacy both in vitro 

and in vivo.18

Currently, gemcitabine (Gem) (2′,2′-difluoro-2′-
deoxycytidine) is recommended as the first-line regimen 

for pancreatic cancer.19,20 However, due to low molecular 

weight and high solubility in water, the clinical benefits 

of Gem are compromised by its short plasma half-life and 

relative low concentration around tumor sites.20 In previous 

work,21 we have reported using NP albumin-bound (Nab) 

technique to prepare Gem-loaded human serum albumin 

(HSA) NPs (Gem-HSA-NPs), which exhibited satisfied 

inhibition effect with moderate toxicity both in vitro and 

in vivo. However, this single therapeutic approach remains 

compromising for completely curing cancer.22,23 In addi-

tion, lack of real-time monitoring of drug delivery may 

lead to overdose or under-dose.24–26 Notably, developing 

a self-monitored drug delivery system may facilitate per-

sonalizing therapeutic modalities for treatment guidance as 

well as assessing the response to therapy.27–29 PDT involves 

the administration of PS and is then irradiated under near 

infrared (NIR) to induce cell death. The overall reaction 

generates reactive oxygen species, such as singlet oxygen 

(1O
2
) and free radicals, which are toxic and would be able to 

kill cancer cells.30 However, many applied PS molecules are 

hydrophobic and tend to aggregate easily in aqueous media, 

leading to a decrease in its quantum yield and problems for 

intravenous administration.31,32 Pheophorbide-a (P@) is a 

second-generation PDT agent with a high singlet oxygen 

quantum yield and a high extinction coefficient in the NIR 

region.33,34 However, its clinical applications of PDT are 

greatly inhibited due to the poor water solubility character. 

Albumin, a versatile protein carrier for the drug delivery, 

has been shown to be biocompatible, biodegradable, and 

nontoxic.35,36 In addition, its unique structure makes it 

easy to conjugate with both hydrophobic and hydrophilic 

materials.37 Therefore, we wonder if we could use albumin 

as drug carrier, on the other hand, by conjugating with P@ 

and generating NPs to increase water solubility as well as 

controlled release character, thus achieving imaging-guided 

combined PDT and chemotherapy effect.

In this work, we have successfully developed triple-

functional albumin-based NPs by encapsulating Gem into 

P@-conjugated HSA, named P@-Gem-HSA-NPs. As shown 

in Figure 1, these well-designed NPs could efficiently accu-

mulate into the tumor site and metastatic lymph nodes via 

the enhanced permeability and retention (EPR) effect.38–40 

Under NIR irritation, the PS P@ can produce optical fluo-

rescence, which is used for the early diagnosis and tracking 

drug delivery. In addition, the released Gem as well as P@ 

will contribute a combined PDT and chemotherapy effect. 

Through strong evidences from in vitro and in vivo tests, we 

firmly believe that this imaging-guided theranostic NP offers 

great potential toward pancreatic cancer with lymphatic 

metastases, which will open exciting opportunities for bio-

medical applications.

Materials and methods
Materials
Gem was purchased from Eli Lilly and Company (Indianapolis, 

IN, USA). The Gem-C14 was prepared as before.41 HSA 

(20%, 50 mL) was purchased from the Baxter International 

Inc. (Deerfield, IL, USA). P@ was obtained from the Shanghai 

Dibo Chemical Agent Co., Ltd. (Shanghai, China); (1-ethyl-

3-(3-dimethylaminopropyl) carbodiimide hydrochloride) 

(EDC) and N-Hydroxysuccinimide (NHS) were obtained 

from Thermo Fisher Scientific (Waltham, MA, USA). 

Normal saline (NS) was purchased from Shanghai Baxter 

Figure 1 A schematic illustration showing the composition of this triple-functional NP.
Notes: Gem was binding with or encapsulated by HSA, and the outer layer of 
HSA was conjugated with P@. After IV of P@-Gem-HSA-NPs via the tail vein, the 
concept of theranostic through imaging-guided combined PDT and chemotherapy 
toward pancreatic cancer with lymphatic metastases is exhibited.
Abbreviations: Gem, gemcitabine; HSA, human serum albumin; IV, intravenous 
injection; NIR, near infrared; NPs, nanoparticles; P@, pheophorbide-a; PDT, photo
dynamic therapy.
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Healthcare Co., Ltd. (Shanghai, China). Absolute ethanol 

and chloroform were purchased from Sinopharm Chemical 

Reagent Co., Ltd. (Shanghai, China). Deionized water 

was purchased from Fudan University (Shanghai, China).  

Roswell Park Memorial Institute (RPMI)-1640 culture 

medium and fetal bovine serum (FBS) were obtained from 

Thermo Fisher Scientific. Hoechst 33342 was purchased from 

Sigma-Aldrich Co. (St Louis, MO, USA). Cell Counting 

Kit-8 (CCK-8) was purchased from Dojindo (Kyushu, Japan). 

Terminal deoxynucleotidyl transferase dUTP nick end label-

ing (TUNEL) kit was purchased from Hoffmann-La Roche 

Ltd. (Basel, Switzerland). Phosphate buffered solution (PBS) 

and other reagents were prepared in our laboratory. All the 

solvents and chemicals were of analytical grade. The PDT 

treatment both in vivo and in vitro was conducted by a 670 nm 

laser (Hi-Tech Optoelectronics Co., Ltd., Beijing, China).

Preparation of P@-HSA
Activation of P@ for reaction with HSA
P@, EDC, and NHS were dissolved in 30 mL anhydrous 

dimethylformamide (DMF) and then added to 300 mL of PBS 

buffer (0.1 M KH
2
PO

4
, 0.1 M Na

2
HPO

4
, 0.9 M NaCl, pH 7.8), 

and the mixture was stirred for 30 min at room temperature. 

After the reaction, a defined amount of 2-mercaptoethanol 

was added to quench the excessive EDC.

Added activated P@ to HSA
Molar ratios of HSA to P@ in the final conjugation reaction 

were 1:34. Briefly, the HSA was dissolved with 250 mL of 

PBS buffer (pH 7.8), and then the mixture was added slowly 

to the HSA PBS buffer. The reaction could proceed under 

constant agitation for 5 h under a nitrogen atmosphere, and 

the mixture was on dialysis in PBS buffer at 4°C and then 

freeze-dried with the lyophilizer.

Synthesis of P@-Gem-HSA-NPs
The P@-Gem-HSA-NPs were prepared by the Nab tech-

nology as previously reported.21 Briefly, P@-HSA was mixed 

with pure water. Separately, Gem-C14 was dissolved in 

chloroform saturated with pure water. These two solutions 

were then fully mixed and homogenized (Nano DeBEE 

manufactured by BEE International, South Easton, MA, 

USA) at 20,000 psi for nine cycles. The generated colloid 

was rotary evaporated to remove chloroform at 25°C for 

15 min under vacuum. The obtained NPs were then filtered 

through a 0.25 μm membrane syringe filter, and the solvent 

was removed by lyophilization for 48 h after being frozen 

at −80°C. The obtained P@-Gem-HSA-NPs’ powder was 

vacuum dried for 48 h and stored at room temperature.

Characterization
The particle size and zeta potential were determined using 

Zetasizer (Malvern Instruments, Malvern, UK) at a scattering 

angle of 120°. The NP suspension was added drop wise onto 

the copper grids, which was then dried at room temperature. 

Transmission electron microscopy (TEM) images of the NPs 

were acquired under 20,000× and 50,000× magnification 

(H-600; Hitachi Ltd., Tokyo, Japan).

To determine the drug-loading efficiency and encapsu-

lation efficiency, a preweighed aliquot of P@-Gem-HSA-

NPs/Gem-HSA-NPs was placed in DMF solution and 

sonicated to extract the Gem-C14. The extracted Gem-C14 

was analyzed by ultraviolet–visible spectroscopy (UV–vis) 

spectrophotometer. Data were collected, and the efficiencies 

were calculated using the following formulas:
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UV–vis–NIR spectra were acquired using a Lambda 

750 UV–vis spectrophotometer (PerkinElmer Inc., Waltham, 

MA, USA). The generation of singlet oxygen was determined 

by the singlet oxygen sensor green (SOSG) dye following the 

standard procedure. The amount of entrapped Gem-C14 was 

determined by UV–vis spectrophotometer. The Gem-C14 

release test was performed in 180 mL of PBS at pH 7.4. P@-

Gem-HSA-NPs and Gem-HSA-NPs (10 mg) were resuspended 

in 10 mL PBS and loaded in a dialysis bag. The release system 

was swayed in a bath reciprocal shaker at 100 rpm and at a 

constant temperature of 37°C for 120 h. Aliquots (2 mL) were 

extracted at desired time intervals, and another 2 mL fresh PBS 

was added to the system. The accumulated amount of Gem-C14 

released was determined by UV–vis spectrophotometer.

Cellular experiments
Cell culture
The BxPC-3 cell line (human pancreatic cancer, originally 

from American Type Culture Collection) was purchased from 

the Shanghai Branch of the Chinese Academy of Sciences 

(Shanghai, China).

Cells were cultured at 37°C in the presence of 5% CO
2
 

and 95% air with .95% humidity. Cells were grown in 

RPMI-1640 containing 10% FBS, 100 U/mL penicillin, and 

100 mg/mL streptomycin.
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Cellular uptake experiments
The BxPC-3 cells were seeded in six-well plates at a density 

of 1×104 cells/well. After incubation with NS, P@, and P@-

Gem-HSA-NPs for 4 h, cells were washed with PBS and fixed 

in paraformaldehyde for 10 min, followed by cell nuclei stain-

ing with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min. 

Cover slips were mounted on slides after three washes with 

PBS, and the slides were analyzed by confocal microscopy 

(DMI 4000B; Leica Microsystems, Wetzlar, Germany).

Cell viability
The in vitro cytotoxic effects of Gem, Gem-HSA-NP, P@ 

without 670  nm light exposure (L−), P@ under 670  nm 

light exposure (L+, optical dose =3.6 J/cm2, 5 min), P@-

Gem-HSA-NPs without light exposure (L−), and P@-

Gem-HSA-NPs under 670 nm light exposure (L+, optical 

dose =3.6 J/cm2, 5 min) in the BxPC-3 cells were determined 

using the CCK-8 assay. Briefly, cells were seeded into 

96-well culture plates (10,000 cells/well) and incubated over-

night at 37°C, 5% CO
2
. Then, the cells were incubated with 

various concentrations of Gem, Gem-HSA-NP, P@ (L−), 

P@ (L+), P@-Gem-HSA-NPs (L−), and P@-Gem-HSA-NPs 

(L+) for 48 h. Cell viability was quantitated based on the 

dye absorption at 450 nm, which was determined using an 

automatic multiwell spectrophotometer. The cell inhibition 

rate (%) was calculated as follows: [1 − (absorbance of the 

study group/absorbance of the control group)] × 100.

In vivo safety assessment
A total of 15 healthy C57BL/6 mice were allocated to three 

groups (n=5) and received intravenous injection (IV) of NS 

(control group), Gem, and P@-Gem-HSA-NPs (Gem equiva-

lent: 100 mg/kg, twice as the dose of therapeutic level). For 

in vivo safety assessment, major organs, including the heart, 

liver, spleen, lung, and kidney, were harvested 10 days postin-

jection. Then, all tissues were fixed in 4% formalin, processed 

routinely into paraffin, sectioned into thin slices, and stained 

with hematoxylin and eosin (H&E) stain for histological analy-

sis. Before sacrificing, bloods were collected for biochemistry 

assay and complete blood panel test at 10 days postinjection. 

The serum biochemistry data and complete blood panel were 

measured in Shanghai Biochemistry Institute.

Animal model
The C57BL/6 mice and BALB/c-nu/nu female mice 

(weighing 20±2 g) were purchased from the Charles River 

Laboratories (Wilmington, MA, USA) and housed in a 

pathogen-free animal facility. The temperature was main-

tained at 24°C with a humidity of 50%–60%, and the mice 

were subjected to a 10/14  h light/dark cycle. All animal 

studies were approved by the Institutional Animal Care and 

Use Committee of Fudan University, whose guidelines were 

in compliance with the approved animal care protocols.

A highly lymphatic metastatic pancreatic cancer cell line 

BxPC-3-LN7 was generated from BxPC-3 cells through a 

continuous in vivo screening and seeding method. The model 

for metastatic lymph nodes was established as previously 

reported by our group.8 Studies were performed on these 

mice ~6 weeks after inoculation when the popliteal lymph 

nodes could be touched by hand.

In vivo and ex vivo imaging
In vivo real-time fluorescence mapping analysis was used 

to evaluate the effects of P@-Gem-HSA-NP accumulation 

in various tissues of tumor-bearing mice. Nine mice were 

randomized into three groups (n=3), in which the mice 

were injected with NS (100 μL), P@ (100 μL, 2 mg/mL), 

or P@-Gem-HSA-NPs (100  μL, equivalent P@ dosage). 

After 1, 2, 3, 4, 6, and 24 h, the mice were anesthetized and 

visualized using a Cambridge Research & Instrumentation 

in vivo imaging system (Hopkinton, MA, USA). To compare 

the ex vivo biodistribution of free P@ and P@-Gem-HSA-

NPs in normal tissues, the mice were sacrificed after 24 h 

postinjection and each tissue was excised. The residual 

fluorescence intensity of P@ in each tissue was visualized 

with the same imaging system.

In vivo combined therapy
The animal model was obtained by subcutaneous injection of 

1×107 BxPC-3-LN7 cells suspended in 100 μL RPMI-1640 

medium via right-hind footpad of the nude mice. Studies were 

done about 2 weeks after implantation when the tumor diam-

eter reached 5.0 mm. The PDT treatment was conducted by a 

670-nm laser. Then, 30 mice were randomized into six groups 

(n=5), and each group was treated with 100 μL of NS, Gem, 

P@ (L+, irradiated by 670 nm light, 10 mW/cm2, treating for 

1 h, 12 h postinjection), Gem-HSA-NP, P@-Gem-HSA-NPs 

(L−, without light irradiation), and P@-Gem-HSA-NPs (L+, 

irradiated by 670 nm light, 10 mW/cm2, treating for 1 h, 12 h 

postinjection) through tail vein injection on day 0 (Gem or 

equivalent dosage: 50 mg/kg body weight). Body weights 

and tumor sizes of mice were monitored for every 2 days. 

Tumor volume was estimated by using the formula: volume 

(mm3) = (length in millimeter) × (width in millimeter)2/2.

Tissue assays
On day 1 post-IV administration, the mice were anesthe-

tized followed by heart perfusion with PBS (pH =7.4). After 
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scarified, the tumor mass was harvested, photographed, and 

then fixed with paraformaldehyde for 48 h and embedded in 

paraffin. Each section was cut into 5 μm and used for TUNEL 

staining according to the manufacturer’s instructions. Nuclei 

staining was performed with DAPI (blue) to locate the nucleus, 

which upon the percentage of apoptotic-positive (red stained) 

cells was visualized under confocal microscope (DMI 4000B). 

For H&E staining, the slices were dehydrated with 15% sucrose 

until subsidence and dehydrated further with 30% sucrose 

until subsidence. The slices were counterstained with 1 μL/mg 

Hoechst 33342 for 10 min at room temperature, and the distri-

bution of fluorescence signals was analyzed with a confocal 

microscope (710; Carl Zeiss Meditec AG, Jena, Germany).

Statistical analysis
All the data were presented as the mean ± standard devia-

tion (SD). Significant differences between two groups were 

determined using Student’s t-test, while multiple groups were 

analyzed by one-way analysis of variance with Fisher’s least sig-

nificant difference. All the statistical analyses were performed 

using the SPSS software (version 22.0; IBM Inc., New York, 

NY, USA). A value of p,0.05 was considered significant.

Results and discussion
In order to obtain a Gem prodrug with satisfactory 

lipophilicity for albumin encapsulation, we designed and 

synthesized 4-N-myristoyl-(C14) Gem derivatives named 

Gem-C14 as before.41 After analyzed by 1H NMR, Gem-C14 

had a purity of .99.9%. 1H NMR (DMSO-d
6
, 400 MHz) δ: 

11.0 (1H, s), 8.25 (1H, d, J=7.5 Hz), 7.29 (1H, d, J=7.5 Hz), 

6.34 (1H, d, J=6.6 Hz), 6.17 (1H, t, J=7.5 Hz), 5.32 (1H, brs), 

4.20 (1H, m), 3.88 (1H, m), 3.83 (1H, m), 3.65 (1H, m), 2.39 

(2H, t, J=7.2 Hz), 1.54 (2H, m), 1.24 (20H, brs), and 0.85 

(3H, t, J=7.2 Hz).

The P@-Gem-HSA-NPs were formulated based on the 

Nab technology, in which Gem-C14 was mixed with P@-HSA 

in an aqueous solvent and passed under high pressure through 

a jet to form drug albumin NPs. We then characterized the 

obtained P@-Gem-HSA-NPs using Zetasizer and measured 

the size and surface charge of the complex at various weight 

ratios. Overall, the NPs showed a narrow size distribution and 

good water solubility. As shown in Figure 2A, the average size 

of the NPs was 165±15 nm and the PDI was 0.21±0.02. The 

NPs showed a negative surface potential of −35.8±25.5 mV 

(Figure 2B), indicating a good dispersity and stability in human 

Figure 2 Characterization of P@-Gem-HSA-NPs.
Notes: (A) Average particle size and size distribution of P@-Gem-HSA-NPs. (B) Zeta potential spectrum of P@-Gem-HSA-NPs in PBS solution. (C) A TEM image of 
P@-Gem-HSA-NPs under 20,000× magnification. (D) A TEM image of P@-Gem-HSA-NPs under 50,000× magnification. The red arrow indicates the morphology of 
P@-Gem-HSA-NPs.
Abbreviations: Gem, gemcitabine; HSA, human serum albumin; NPs, nanoparticles; P@, pheophorbide-a; TEM, transmission electron microscopy.
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Figure 3 Characterization of P@-Gem-HSA-NPs.
Notes: (A) Optical properties of P@-Gem-HSA-NPs in powder and solution status. (B) UV–vis–NIR absorbance spectra of P@, P@-HSA, and P@-Gem-HSA-NPs in solution 
at the same concentration of P@. (C) Detection of singlet oxygen by the SOSG test of PBS, P@, and P@-Gem-HSA-NPs under NIR exposure with 670 nm wavelength for 
different periods of time. P@-Gem-HSA-NPs showed largely retained light-triggered SO generation ability compared to free P@ at the same P@ concentration. (D) The 
cumulative release profiles of Gem-HSA-NPs and P@-Gem-HSA-NPs.
Abbreviations: Gem, gemcitabine; HSA, human serum albumin; NIR, near infrared; NPs, nanoparticles; P@, pheophorbide-a; SO, singlet oxygen; SOSG, singlet oxygen 
sensor green; UV-vis, ultraviolet–visible spectroscopy.

blood, which may be conductive to a prolonged blood circu-

lation. The encapsulation efficiency of P@-Gem-HSA-NPs 

was 93.61%±4.9%, while the drug-loading efficiency was 

13.34%±2.2%. The morphology of the P@-Gem-HSA-NPs 

was observed by TEM. Under 20,000× magnification, the 

P@-Gem-HSA-NPs exhibited a nearly spherical shape with 

a moderately uniform particle size and an even distribution 

(Figure 2C). Under 50,000× magnification, the TEM image 

was likely to reveal the layer of NP surface, which was conju-

gated with P@ (the darker part). The particle size of P@-Gem-

HSA-NPs estimated from TEM image was ~150 nm, which 

was similar to the result measured by Zetasizer (Figure 2D).

Next, we studied the optical properties of the P@-Gem-

HSA-NPs. Under room temperature, the NPs showed a black 

powder status and good water solubility in PBS (Figure 3A). 

Then, the UV–vis–NIR absorption and fluorescence spectra 

of P@, P@-HSA, and P@-Gem-HSA-NPs were recorded. As 

indicated in Figure 3B, both P@-HSA and P@-Gem-HSA-NPs 

retained the characteristic absorption peak of P@ (670 nm). As 

expected, P@-Gem-HSA-NPs were found to be an effective 

PDT agent under 670 nm NIR laser irradiation. In contrast, 

to further verify the use of P@-Gem-HSA-NPs for PDT, we 

measured the 1O
2
 production under excitation of the 670 nm 

light by a singlet oxygen sensor green based on its fluorescence 

recovery in the presence of 1O
2
 (Figure 3C). It was found that 

PBS did not generate 1O
2
 at all, while P@-Gem-HSA-NPs 

could effectively produce 1O
2
 under light exposure, although 

its efficiency showed a slight decrease compared to the free 

P@. Therefore, the P@-Gem-HSA-NPs developed here could 

be utilized as potential agents for PDT. The in vitro release 

profiles of Gem-HSA-NPs and P@-Gem-HSA-NPs were 

recorded in a cumulative release curve for over 5 days. As 

shown in Figure 3D: initially both NPs exhibited an impul-

sive, fast-release profile, followed by a slow sustained release 

character. Overall, the P@-Gem-HSA-NPs showed good cap-

ping efficiency, controlled release character, and even higher 

release rate than the Gem-HSA-NPs, which may due to the 

interaction between P@ and the surface of NPs.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

6777

Triple-functional albumin-based nanoparticles

Figure 4 Confocal images of the BxPC-3 cells incubated with free P@ and P@-Gem-HSA-NPs.
Notes: Green: fluorescence of free P@ and P@-Gem-HSA-NPs. Blue: DAPI for BxPC-3 cell nucleus. Merged: fluorescence (green) and DAPI (blue). Bar: 20  μm; 
magnification ×500.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; Gem, gemcitabine; HSA, human serum albumin; NPs, nanoparticles; P@, pheophorbide-a.

Next, we would like to demonstrate the use of P@-Gem-

HSA-NPs as theranostic agents for combined PDT and 

chemotherapy in vitro. We first studied the cellular uptake 

ability of P@-Gem-HSA-NPs by the confocal fluorescence 

microscopy. As shown in Figures 4 and S1, the BxPC-3 

cells treated with P@-Gem-HSA-NPs exhibited significantly 

higher green fluorescence intensity than those treated with 

free P@. The combined effect of PDT and chemotherapy was 

then studied in vitro. In Figure 5, experimental points 0–5 

corresponded to doses of 0, 0.08, 0.40, 2.00, 10.00, and 50.00 μg/

mL, respectively. All testing groups inhibited cell growth in a 

dose-dependent manner. At various concentrations, P@-Gem- 

HSA-NPs (L+) exhibited the strongest cytotoxicity, whereas 

Gem group, P@ (L+) group, Gem-HSA-NPs group, and P@-

Gem-HSA-NPs (L−) group showed similar inhibition manner, 

and P@ (L−) group indicated almost no cell killing ability. Com-

pared to other singular treatment groups, P@-Gem-HSA-NPs 

(L+) showed a highly synergistic effect in destructing cancer cells 

by in vitro of combined PDT and chemotherapy (P,0.05).

One of the key concerns is the toxicity of NPs when 

applied in vivo.42 Therefore, before in vivo combined therapy 

on mice model, we conducted in vivo safety assessment 

in healthy C57BL/6 mice. Notably, during the treatment 

process, all mice behaved normally after receiving various 

treatments. In the meanwhile, no noticeable sign of toxic 

side effect with P@-Gem-HSA-NPs was observed in our 

experiments, as revealed by histological examination of 

H&E-stained organ slices from P@-Gem-HSA-NP-injected 

mice collected 10 days postinjection (Figure 6). To further 

study the long-term toxicology of P@-Gem-HSA-NPs, serum 

Figure 5 Cell viability of BxPC-3 cells after incubation with various treatments 
including Gem, Gem-HSA-NPs, P@ without 670 nm light exposure (L−), P@ under 
670  nm light exposure (L+, optical dose =3.6  J/cm2, 5  min), P@-Gem-HSA-NPs 
without light exposure (L−), and P@-Gem-HSA-NPs under 670 nm light exposure 
(L+, optical dose =3.6 J/cm2, 5 min).
Note: The 0–5 surveying points indicated 0, 0.08, 0.40, 2.00, 10.00, and 50.00 μg/mL, 
respectively.
Abbreviations: Gem, gemcitabine; HSA, human serum albumin; NPs, nanoparticles; 
P@, pheophorbide-a.
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Figure 6 In vivo long-term toxicity of Gem and P@-Gem-HSA-NPs after intravenous injection (Gem equivalent: 100 mg/kg).
Notes: H&E-stained images of major organs (heart, liver, spleen, lung, and kidney) collected from healthy C57BL/6 mice treated by NS (control group), Gem, and P@-
Gem-HSA-NPs under NIR irritation. All healthy C57BL/6 mice were injected with various treatments and sacrificed at 10 days post-IV for tissue assays Bar: 100 mm; 
magnification ×200.
Abbreviations: Gem, gemcitabine; H&E, hematoxylin and eosin; HSA, human serum albumin; IV, intravenous injection; NIR, near infrared; NPs, nanoparticles; NS, normal 
saline; P@, pheophorbide-a.

Figure 7 In vivo fluorescence images of pancreatic tumor-bearing mice taken at different time points post-IV of NS (control), free P@, and P@-Gem-HSA-NPs.
Note: Black arrows indicate pancreatic tumor in the right footpad, and the red arrows indicate metastatic popliteal lymph nodes.
Abbreviations: Gem, gemcitabine; HSA, human serum albumin; IV, intravenous injection; NPs, nanoparticles; NS, normal saline; P@, pheophorbide-a.

biochemistry assay and complete blood panel test were also 

carried out for P@-Gem-HSA-NP-injected healthy C57BL/6 

mice at 10 days postinjection. As expected, all measured 

parameters fell within normal ranges (Table S1). It may be 

reasonable to predict that P@-Gem-HSA-NPs would not 

cause significant in vivo long-term toxicity.

Next, to demonstrate the potential for P@-Gem-HSA-NPs 

to visualize tumor tissues by NIR imaging, tumor-bearing 

mice were IV of P@-Gem-HSA-NPs through the tail vein. At 

the meantime, we also used P@ and NS as the positive and 

negative control groups, respectively. As shown in Figure 7, 

with widely distributed P@-Gem-HSA-NPs fluorescence 
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Figure 8 Ex vivo fluorescence images of major organs, tumors, and metastatic 
lymph nodes harvested from mice at 24 h postinjection.
Notes: H, L, S, K, P, T, and M indicated heart, liver, spleen, kidney, pancreas, tumor, 
and metastatic lymph nodes, respectively. The black arrow indicates pancreatic tumor 
in the right footpad, and the red arrow indicates metastatic popliteal lymph nodes.
Abbreviations: Gem, gemcitabine; HSA, human serum albumin; NP, nanoparticle; 
NS, normal saline; P@, pheophorbide-a.

at early time points, it was found that P@-Gem-HSA-NPs 

tended to be enriched in tumor tissues (pancreatic tumor 

in the right footpad and metastatic popliteal lymph nodes), 

with a peak uptake of NPs observed in the tumor at 4  h 

postinjection. Notably, at all observation points, the signal 

intensity of tumor tissues in P@-Gem-HSA-NPs group was 

significantly higher than that of free P@ group. Especially at 

24 h postinjection, there was still strong signal in tumor and 

metastatic lymph nodes in the P@-Gem-HSA-NPs group, 

whereas in the P@ group, there was no signal left. The ex vivo 

fluorescence images also confirmed higher intensity at 24 h 

postinjection in the tumor tissues of the P@-Gem-HSA-NP-

treated mice compared to that of the free P@-treated mice 

(Figure 8). These results clearly showed that P@-Gem-HSA-

NPs effectively delivered P@ molecules into the tumor sites 

through the EPR effect.

Motivated by the high tumor and metastatic lymph node 

accumulation of P@-Gem-HSA-NPs, we then would like 

to use P@-Gem-HSA-NPs for in vivo combined PDT and 

chemotherapy. In our experiment, BxPC-3-LN7-bearing 

mice were randomly divided into six groups (n=5). The 

mice in each group were injected with NS, Gem, P@ (L+), 

Gem-HSA-NPs, P@-Gem-HSA-NPs (L−), and P@-Gem-

HSA-NPs (L+), respectively. After 12 h postinjection, the 

mice in the (L+) group were irradiated with 670 nm light 

at a power density of 10 mW/cm2 for 1 h (Figure S2), while 

the mice in the (L−) group were kept in dark environment. 

After various treatments, tumor volumes and body weights 

of mice in each group were monitored every other day. 

On day 14 posttreatments, all the mice in each group were 

sacrificed (Figure S3), and tumors as well as metastatic 

popliteal lymph nodes were harvested from each mouse 

(Figures 9A and B and 10A). During the entire study period, 

no mice died from any treatment-related cause. As shown 

in Figure 9C, although the weight profiles showed a sudden 

loss of 10%–20% until day 4 in the therapeutic group, they 

regained back to normal weight in the following days. 

As shown in Figure 9D, the tumor growth on mice in the 

NS group exhibited an uncontrollable manner, whereas 

in all treatment groups, tumors were inhibited to some 

extent. Remarkably, the tumor growth on mice treated 

with P@-Gem-HSA-NPs (L+) was almost completely 

inhibited. Furthermore, the metastatic lymph nodes in the 

P@-Gem-HSA-NPs (L+) group were also greatly inhibited 

(Figure 10B and C). To further understand the therapeutic 

efficacy after various treatments, H&E staining assays 

were introduced to study the morphology of tumor cells. 

The tumor slices of each group 1 day after treatments were 

Figure 9 (Continued)
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Figure 10 In vivo combined PDT and chemotherapy efficacy assay of metastatic lymph nodes.
Notes: (A) Representative photographs of metastatic popliteal lymph nodes harvested from each treatment group taken on day 14. (B) The metastatic popliteal lymph node 
volume profiles of mice in different treatment groups. (C) The metastatic popliteal lymph node weight profiles of mice in different treatment groups. 1–6 represent NS group, 
Gem group, P@ (L+) group, Gem-HSA-NPs group, P@-Gem-HSA-NPs (L−) group, and P@-Gem-HSA-NPs (L+) group, respectively.
Abbreviations: Gem, gemcitabine; HSA, human serum albumin; NPs, nanoparticles; NS, normal saline; P@, pheophorbide-a; PDT, photodynamic therapy.

Figure 9 In vivo combined PDT and chemotherapy efficacy assay (Gem equivalent: 50 mg/kg).
Notes: (A) Representative photos of tumors on mice in each treatment group. (B) Photographs of tumors harvested from each treatment group taken on day 14. 
(C) The body weight profiles of mice in different treatment groups. (D) The tumor volume profiles of mice in different treatment groups. 1–6 represent NS group, Gem 
group, P@ (L+) group, Gem-HSA-NPs group, P@-Gem-HSA-NPs (L−) group, and P@-Gem-HSA-NPs (L+) group, respectively.
Abbreviations: Gem, gemcitabine; HSA, human serum albumin; NPs, nanoparticles; NS, normal saline; P@, pheophorbide-a; PDT, photodynamic therapy.
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compared (Figure 11). As noticed, severe damages were 

noted in the tumor from the combination therapy group 

(P@-Gem-HSA-NPs [L+]), while no or partial damage 

could be found in other control groups. Accordingly, the 

TUNEL staining was used to label apoptotic cells, indicated 

by red fluorescence in the tumor section (with blue nuclei). 

As expected, we obtained a parallel result with the above 

section (Figure 12).

Figure 11 H&E-stained slices of tumors harvested from different groups of mice taken 1 day after IV administration.
Notes: 1–5 represent Gem group, P@ (L+) group, Gem-HSA-NPs group, P@-Gem-HSA-NPs (L−) group, and P@-Gem-HSA-NPs (L+) group, respectively. Bar: 100 µm; 
magnification ×200.
Abbreviations: Gem, gemcitabine; H&E, hematoxylin and eosin; HSA, human serum albumin; IV, intravenous injection; NPs, nanoparticles; P@, pheophorbide-a.

1 2 3

54

Figure 12 The merged TUNEL stainings showed tumor penetration of drugs on mice-bearing subcutaneous pancreatic tumors on day 1 after IV administration.
Notes: Slices were examined under a confocal microscope. Nuclei were stained with DAPI (blue), while red represents apoptotic cells. 1–5 represent Gem group, P@ (L+) 
group, Gem-HSA-NPs group, P@-Gem-HSA-NPs (L−) group, and P@-Gem-HSA-NPs (L+) group, respectively. Bar: 100 µm; magnification ×100.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; IV, intravenous injection; TUNEL, transferase dUTP nick end labeling.
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In this triple-functional system, the HSA coating offers 

P@-Gem-HSA-NPs great stability in physiological environ-

ments, prolonged blood circulation half-life, and biocompat-

ible character. P@ conjugated on the surface of HSA further 

renders the nanoplatform highly enriched functionalities 

for both imaging and therapy. In contrast, by anchoring 

P@ on NPs, the water solubility of P@ was also improved. 

The combined PDT and chemotherapy delivered by the 

single agent, P@-Gem-HSA-NPs, resulted in a remarkable 

antitumor effect. In vivo safety assessment indicated no 

apparent side effect on mice; the NPs developed here may 

be a safe yet effective agent in imaging-guided combination 

cancer therapy.

Conclusion
We have successfully synthesized an albumin-based thera-

nostic NP, P@-Gem-HSA-NP, which could simultaneously 

monitor drug delivery and inhibit pancreatic cancer with 

lymphatic metastases by virtue of combined PDT and che-

motherapy. Due to the EPR effect, these triple-functional 

NPs can selectively accumulate within the primary tumors 

and metastatic lymph nodes. Just as our study showed, the 

P@-Gem-HSA-NPs not only serve as imaging probes for 

the early diagnosis and drug delivery detection but also 

effectively being served as PDT agents. In addition, with 

chemotherapy agent Gem being controlled released, a 

remarkable combined therapeutic effect toward pancreatic 

cancer with lymphatic metastases has been observed both in 

vitro and in vivo. Therefore, P@-Gem-HSA-NPs developed 

in this work may be a safe and rather promising agent for 

the imaging-guided theranostic of pancreatic cancer with 

lymphatic metastases.
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Supplementary materials

Figure S1 Confocal images of the BxPC-3 cells incubated with free P@ and P@-Gem-HSA-NPs.
Notes: Green: fluorescence of free P@ and P@-Gem-HSA-NPs. Blue: DAPI for BxPC-3 cell nucleus. Merged: fluorescence (green) and DAPI (blue). Bar: 100 μm.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; Gem, gemcitabine; HSA, human serum albumin; NPs, nanoparticles; P@, pheophorbide-a.

Table S1 Serum biochemistry parameters of C57BL/6 mice 10 days after various treatments

Serum 
biochemistry data

Gem P@-Gem-HSA-NPs NS P-value

WBC (109/L) 5.2±0.7 4.7±0.4 4.9±0.1 .0.05
RBC (1012/L) 9.8±0.4 9.5±0.7 9.6±0.3 .0.05
HGB (g/L) 148.8±6.1 142.5±7.3 143.0±6.8 .0.05
PLT (109/L) 1,399.5±87.2 1,420.3±114.1 1,398.0±50.4 .0.05
ALT (U/L) 30.5±6.6 29.8±10.1 27.1±2.4 .0.05
BUN (mmol/L) 7.2±1.3 6.8±1.4 7.4±0.3 .0.05

Abbreviations: ALT, alanine aminotransferase; BUN, blood urea nitrogen; Gem, gemcitabine; HGB, hemoglobin; HSA, human serum albumin; NPs, nanoparticles; NS, normal 
saline; P@, pheophorbide-a; PLT, platelets; RBC, red blood cell; WBC, white blood cell.

Figure S2 Photo of external NIR emitter with a power density of 10 mW/cm2.
Note: The irradiation length is 50 cm.
Abbreviation: NIR, near infrared.
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Figure S3 The family portrait of all mice in different treatment groups on day 14 postinjection.
Note: 1–6 represent NS group, Gem group, P@ (L+) group, Gem-HSA-NPs group, P@-Gem-HSA-NPs (L–) group, and P@-Gem-HSA-NPs (L+) group, respectively.
Abbreviations: Gem, gemcitabine; HSA, human serum albumin; NPs, nanoparticles; NS, normal saline; P@, pheophorbide-a.
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