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Abstract

Advances in photodynamic therapy of cancer have been restrained by lack of cancer specificity 

and side effects to normal tissues. Molecularly targeted photodynamic therapy can achieve higher 

cancer specificity by combination of active cancer targeting and localized laser activation. We 

aimed to use albumin as a carrier to prepare targeted nanoconjugates that are selective to cancer 

cells and smaller than conventional nanoparticles for superior tumor penetration. IRDye® 700DX 

(IR700), a porphyrin photosensitizer, was covalently conjugated to human serum albumin that was 

also linked with tumor-targeting RGD peptides. With multiple IR700 and RGD molecules in a 

single albumin molecule, the resultant nanoconjugates demonstrated monodispersed and uniform 

size distribution with a diameter of 10.9 nm. These targeted nanoconjugates showed 121-fold 

increase in cellular delivery of IR700 into TOV21G ovarian cancer cells compared to control 

nanoconjugates. Mechanistic studies revealed that the integrin specific cellular delivery was 

achieved through dynamin-mediated caveolae-dependent endocytosis pathways. They produced 

massive cell killing in TOV21G cells at low nanomolar concentrations upon light irradiation, while 

NIH/3T3 cells that do not express integrin αvβ3 were not affected. Because of their small size, 

targeted albumin nanoconjugates could penetrate tumor spheroids of SKOV-3 ovarian cancer cells 

and produced strong phototoxicity in this 3-D model. Owing to their cancer-specific delivery and 

small size, these targeted nanoconjugates may become an effective drug delivery system for 

enabling molecularly targeted photodynamic therapy of cancer.

Graphical Abstract

*Corresponding author: Dr. Xin Ming, xming@wakehealth.edu, Phone number: 1-336-716-8440. 

HHS Public Access
Author manuscript
Mol Pharm. Author manuscript; available in PMC 2018 August 07.

Published in final edited form as:
Mol Pharm. 2017 August 07; 14(8): 2793–2804. doi:10.1021/acs.molpharmaceut.7b00321.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Photodynamic Therapy; RGD peptide; Integrins; Nanoconjugates; Nanoparticles; Targeted 
delivery

Introduction

Photodynamic therapy (PDT) is a clinically approved cancer therapy. After a photosensitizer 

(PS) accumulates in tumors, irradiation with specific wavelengths of light triggers energy 

transfer cascades that ultimately produce cytotoxic singlet oxygen and/or free radical, 

capable of rendering cancer cell death.1, 2 Local PDT damage is accompanied by damage to 

the microvasculature, which restricts oxygen and nutrient supply,1, 3, 4 and by induction of 

local and systemic immunity, which enables cancer suppression in metastatic sites.5–7 Since 

the first clinical study in1978, six PDT drugs have been approved for cancer treatment and 

another six drug candidates are in clinical trials.8 Despite many merits as cancer therapy, 

PDT is not a mainstream cancer therapy. One key hurdle for wider application of PDT is 

inadequate tumor specificity of phototoxicity. Thus, the patients’ skin may become sensitive 

to sunlight following systemic administration of PSs, and the normal tissues overlaying or 

adjacent to the tumor may be severely damaged, reducing the maximum tolerated dose of PS 

and limiting the efficacy. Therefore, novel strategies are required to further enhance cancer 

specificity to overcome intrinsic limitations of PDT.9

Active targeting approaches can be applied to deliver PSs to reduce toxicity of PDT in 

normal tissues. Thus, in the process of photoimmunotherapy, PS is conjugated to cancer-

selective antibodies and is activated with a light at the tumor site to induce rapid cancer cell 

death. Photoimmunotherapy achieves higher cancer specificity by combination of antibody-

based cancer targeting and localized laser activation. Thus, cancer selectivity can be 

achieved with limiting phototoxicity to cancer cells by targeted delivery of the PSs, thereby 

increasing their tolerated dose.10 A phase I human study of photoimmunotherapy using 

cetuximab-IR700, targeting tumoral epidermal growth factor receptor,11 is currently ongoing 

for the treatment of head and neck cancers (NCT02422979).

Besides antibodies, albumin is another protein that has been successfully used as a drug 

carrier.12 Albumin, a biocompatible, biodegradable, and water-soluble globular protein, 
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possesses high affinity with secreted protein acidic and rich in cysteine (SPARC) which is 

highly expressed in most cancers.13–15 Thus, some albumin-based systems delivered drugs 

to tumors through this SPARC-dependent pathway.13, 16 Besides this endogenous 

mechanism, other strategies, including ligand modification, have been used to expand tumor 

targeting capability of albumin-based delivery system.17–22

Integrins are main targets for cancer-selective delivery of chemotherapy agents and 

therapeutic macromolecules.23–25 Integrins consist of α and β subunits which form 24 

integrin heterodimers in mammals.26 As the main transmembrane cell adhesion and 

signaling receptor proteins, about half of integrin heterodimers connect the cytoskeleton 

with the extracellular matrix (ECM) via binding to Arginine-Glycine-Aspartic Acid (RGD) 

sequence.26, 27 Integrins play pivotal roles in cancer progression, such as proliferation, 

invasion and metastasis, through binding to ECM components.28 Some integrins, including 

αvβ3 and αvβ5, are overexpressed in neovasculature and some tumors including ovarian 

cancer (OvCa).29–31 Since the RGD motif is recognized by half integrins, RGD-containing 

peptides have been widely used as targeting ligand for cancer diagnosis32–35 and 

therapy36–40.

Besides cancer cell targeting, tumor penetration of drugs is also crucial for cancer therapy. 

Tumor only can be eradicated without recurrences when all the tumor cells are treated by 

anticancer drugs at effective doses.41 Size plays a substantial role on the biodistribution and 

tumor penetration of a drug delivery system.42 Nanoparticles (NPs) for cancer therapy are 

typically larger than 80 nm, and thus can utilize the enhanced permeability and retention 

(EPR) effect for greater tumor delivery.43 However, tumors are highly heterogeneous and 

blood vessels in different tumor sites show varied leakage.44 Thus, conventional NPs may 

have poor delivery in less leaky sites, leading to incomplete eradication of the tumor. In 

addition, large tumors develop high interstitial fluid pressure that prevents tumor penetration 

of NPs through convection.45, 46 Diffusion is the main motion for drugs to penetrate tumors, 

and it favors smaller particles.44 Therefore, reducing size of drug carriers is an effective 

approach to enhance tumor penetration of drugs.

Our long-term goal was to use small targeted NPs for treating OvCa, and the purpose of this 

present study was to construct targeted nanoconjugates of PSs that are selective to OvCa 

cells and are smaller than 20nm for superior tumor penetration. OvCa is a leading cause of 

death from cancer in women with a projected 14,240 deaths in US in 2016.47 Known as a 

“silent killer”, OvCa is generally diagnosed at advanced stages when patients present with 

numerous metastatic nodules studding the peritoneal cavity.48 The residual micrometastases 

that are responsible for recurrence of OvCa are ideal targets for PDT because the residual 

nodules are less than 5 mm in depth and primarily disseminated within the peritoneal cavity 

after surgical debulking.1, 49 In a PDT procedure, a laser can irradiate the micrometastases of 

OvCa intraperitoneally by means of flexible fiber-optic devices after systemic administration 

of PSs. Expression of integrin αvβ3 was detected in two third of human OvCa tissue 

samples in two studies,50, 51 indicating integrin αvβ3 is a promising marker for OvCa 

targeted drug delivery. In this study, we chose albumin with a diameter of 7 nm as a core 

molecule to carry a porphyrin photosensitizer, IRDye 700DX (IR700). To achieve selectivity 

towards OvCa, RGD peptides were functionalized to the surface of albumin conjugates via 
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polyethylene glycol (PEG). The targeted nanoconjugates were characterized in size, 

absorption spectra, and photoactivity. We then examined cellular uptake and phototoxicity of 

the resultant nanoconjugates in TOV21G cells, an integrin αvβ3-expressing OvCa cell line, 

and further studied their delivery and phototoxicity in 3-D tumor spheroids of SKOV3 cells.

Materials and Methods

Synthesis of cRGD-PEG-HSA-IR700 nanoconjugates

The cRGD-PEG-HSA-IR700 nanoconjugates were synthesized according to procedures 

reported previously.52 In brief, human serum albumin (HSA, Sigma-Aldrich, St. Louis, MO, 

USA) was conjugated with IR700-NHS (LI-COR Biosciences, Nebraska, USA) at a 1:5 

molar ratio of HSA to IR700 in PBS buffer (pH 7.5) for 1 h at room temperature. In the 

meantime, the targeting peptide cyclo[RGDfK(Ac-SCH2CO)] (Peptides International, Inc., 

Louisville, Kentucky, USA) was activated with 50 mM hydroxylamine for 1 h at room 

temperature. HSA-IR700 and RGD-SH were added to Mal-PEG-SCM (MW 3.4K, Creative 

PEGWorks, Winston-Salem, North Carolina, USA) at a 1:20:40 molar ratio (HSA to PEG to 

RGD) and reacted in PBS-EDTA buffer (pH 7.2) for 2 h at room temperature. Finally, the 

resulting product was purified using a ZebaTM spin desalting column (40K MWCO, Thermo 

Fisher Scientific, Rockford, Illinois, USA). PEG-HSA-IR700 nanoconjugates used as non-

targeting control were prepared by reacting HSA-IR700 with mPEG-SCM (Creative 

PEGWorks) at a 1:20 molar ratio.

Characterization of cRGD-PEG-HSA-IR700 nanoconjugates

The final nanoconjugates were analyzed using size-exclusion chromatography (SEC). 

Samples (50 μL) containing cRGD-PEG-HSA-IR700, HSA or free IR700 were separately 

injected into an UltiMate™ 3000 UHPLC system (Thermo Scientific, Dionex, Sunnyvale, 

CA, USA) equipped with an AdvanceBio SEC-300A column (Agilent Technologies, Inc., 

Santa Clara, CA, USA). All the samples were monitored at the absorbance of 689 nm and 

280 nm. In addition, UV/Vis spectra were recorded over a wavelength range of 230–750 nm 

on a CYTATION 5 imaging reader (BioTeKTM Instruments, Inc., Winooski, VT, USA).

To examine the morphology of the nanoconjugates, the cRGD-PEG-HSA-IR700 

nanoconjugates were diluted with deionized water and one droplet was placed on 200 mesh 

carbon-coated copper grid (Ted Pella, Inc., Redding, CA, USA) according to a method 

described previously.53 After staining with phosphotungstic acid aqueous solution (2%) for 

30 sec, the nanoconjugates were imaged using a transmission electron microscope operating 

at 80 kV (FEI TecnaiTM, Hillsboro, OR, USA). The particle size of cRGD-PEG-HSA-IR700 

was determined using dynamic light scattering (DLS) on a Zetasizer Nano ZS (Malvern 

Instruments, Westborough, MA, USA) with free albumin solution used as control.

To assess light induced singlet oxygen generation (SOG) of the nanoconjugates, the singlet 

oxygen sensor green (SOSG, Life Technologies, Carlsbad, CA, USA) and cRGD-PEG-

HSA-IR700 was co-diluted with PBS and achieved final concentrations of 2 μM and 1 μM, 

respectively. The solution was then irradiated with a 660 nm LED light at the intensity of 3.5 

mW/cm2 for 0, 1, 3, 5, 10, 20 and 30 min, respectively. Then, the fluorescence intensity of 
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the solution was determined on a CYTATION 5 imaging reader (BioTeK) with the excitation 

wavelength of 504 nm and the emission wavelength of 525 nm. The fluorescence intensity 

of SOSG mixed with PBS, free IR700, or PEG-HSA-IR700 was also measured.

Cell culture

OvCa cell line TOV21G and mouse fibroblast NIH/3T3 were cultured in Dulbecco’s 

Modified Eagle’s Medium supplemented with 10% (v/v) FBS and 100 U/mL penicillin/

streptomycin at 37°C with 5% CO2. Another OvCa cell line SKOV-3 was cultured in 

McCoy’s 5A medium supplemented with 10% FBS, and 100 U/mL penicillin/streptomycin.

Intracellular uptake and distribution

To study the intracellular uptake behavior of the targeted nanoconjugates, TOV21G and 

NIH/3T3 cells were seeded in a glass bottom chamber, respectively, and were cultured 

overnight. The cells were separately treated with PEG-HSA-IR700 and cRGD-PEG-HSA-

IR700 in the absence and presence of 10 μM free cRGDyK for another 4 h. All the doses 

contained 100 nM of IR700 equivalent. The cells were then washed with cold PBS thrice, 

stained with Hoechst 33342 (Life technologies), and visualized with Olympus FV1200 

confocal microscopy (Olympus, Tokyo, Japan). Co-localization of the cRGD-PEG-HSA-

IR700 nanoconjugates with Lysotracker Green DND-26 (Life technologies) was also 

performed using confocal microscopy.

Flow cytometry was used to quantify the cellular uptake. TOV21G cells were cultured in 24-

well plate overnight, and were then incubated with PEG-HSA-IR700 and cRGD-PEG-HSA-

IR700 nanoconjugates in the absence and presence of free cRGDyK peptide (10 μM) for 4 h. 

The cells were washed with cold PBS thrice, trypsinized and analyzed using BD 

LSRFortessa X-20 flow cytometer (BD, Franklin Lakes, NJ, USA).

To examine the uptake mechanism of cRGD-PEG-HSA-IR700, the following endocytosis 

inhibitors were used: 5 μM cytochalasin D (actin polymerization inhibitor54), 40 μM 

chlorpromazine (clathrin-mediated endocytosis inhibitor55), 7.5 mM methyl-β-cyclodextrin 

(caveolae-dependent endocytosis inhibitor56), and 300μM Amiloride (micropinocytosis 

inhibitor57). After incubating TOV21G cells with the inhibitors for 30 min, the targeted 

nanoconjugates was added to the inhibitor-containing media. After 4-hr incubation, the cells 

were washed, trypsinized and analyzed with flow cytometry.

Dynamin is a small GTPase that mediates pinching off membrane vesicles in both clathrin- 

and caveolae-dependent endocytotic pathways.58 The role of dynamin in RGD-targeted 

nanoconjugate uptake was examined as described previously.59, 60 Briefly, TOV21G cells 

were transfecting cells with a plasmid coding for a chimeric protein comprised of a 

dominant negative form of dynamin and eGFP (pDN-dynamin-eGFP). After transfection, 

intracellular uptake of the cRGD-PEG-HSA-IR700 nanoconjugates was quantified with flow 

cytometry.
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Phototoxicity study

The phototoxicity of the nanoconjugates was examined with live/dead staining. After culture 

overnight, TOV21G cells were treated with the nanoconjugates containing 100 nM IR700 

for 16 h, then irradiated using the 660 nm LED light (3.5mW/cm2) for 20 min after 

replacing the drug-containing medium with fresh medium. After 6 h, the cells were co-

stained with Calcein AM (2 μM) and PI (5 μg/mL) at room temperature for 30 min, rinsed 

with PBS, and then imaged using an Olympus IX83 inverted microscope.

The phototoxicity of the nanoconjugates was also determined using Alamar Blue assay 

according to a method described previously.52, 53 Briefly, three thousand per well of 

TOV21G cells were seeded in 96-well plates and cultured overnight. Subsequently, the cells 

were separately incubated with different concentrations of free IR700, PEG-HSA-IR700 and 

cRGD-PEG-HSA-IR700 nanoconjugates overnight. Then, drug-containing medium was 

replaced with fresh medium, and cells were irradiated with the 660 nm LED light (3.5 

mW/cm2) for 20 min. After 24 h, Alamar Blue reagent (Life Technologies) was added and 

incubated for 2 h. The fluorescence of the samples was then measured on a CYTATION 5 

imaging reader (BioTeK) set at 540 nm excitation wavelength and 590 nm emission 

wavelength. NIH/3T3 cells were used as a control cell line as they do not express integrin 

αvβ3.

To study the effect of light dose on the photokilling of cRGD-PEG-HSA-IR700, TOV21G 

cells were incubated with cRGD-PEG-HSA-IR700 overnight, and irradiated using the 660 

nm LED light (3.5 mW/cm2) for 0, 5, 10 and 20 min, respectively, or exposed to room lights 

for 20 min. After 24 h, cell viability was determined using an Alamar Blue assay.

Intracellular singlet oxygen observation with photo-irradiation

After incubated with cRGD-PEG-HSA-IR700 (100 nM IR700) overnight, 10 μM CM-

H2DCFDA (Life Technologies) was added into the TOV21G cells and incubated for 30 min. 

Then the singlet oxygen indicator was replaced with fresh medium and the cells were 

irradiated with the 660 nm LED light (3.5mW/cm2) for 20 min. The intracellular ROS was 

observed and captured by Olympus IX83 inverted fluorescence microscopy.

Apoptosis mediated by cRGD-PEG-HSA-IR700

After incubation with cRGD-PEG-HSA-IR700 (100 nM IR700) overnight, TOV21G cells 

were irradiated using the 660 nm LED light (3.5 mW/cm2) for 20 min after the dose solution 

was replaced with fresh medium. After 2 or 24 h, the cells were trypsinized, washed once, 

and stained with FITC-labelled Annexin V and PI (Life Technologies). The fluorescence of 

FITC and PI was detected with BD FACS Canto II flow cytometer (BD, Franklin Lakes, NJ, 

USA).

Penetration and phototoxicity of cRGD-PEG-HSA-IR700 in SKOV-3 spheroids

SKOV-3 spheroids were grown to study the penetration of nanoconjugates in a 3D tumor 

model according to a method described previously.52 Briefly, 5×103 of SKOV-3 cells in 200 

μL medium per well were seeded into ultra-low attachment 96-well round bottom plates 

(Thermo Scientific), centrifuged at 200 × g for 3 min and cultured for 7 days. To examine 

Li et al. Page 6

Mol Pharm. Author manuscript; available in PMC 2018 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the penetration of the nanoconjugates, free IR700 and cRGD-PEG-HSA-IR700, both 

containing 400 nM IR700, were given to the spheroids and treated for 4 h. Subsequently, the 

spheroids were washed thrice with fresh medium and imaged using an Olympus FV1200 

confocal microscope.

To evaluate the phototoxicity, SKOV-3 spheroids were treated with PEG-HSA-IR700 and 

cRGD-PEG-HSA-IR700 (1 μM of IR700 equivalent) overnight. The spheroids were then 

rinsed with fresh medium and irradiated with the 660 nm LED light (3.5 mW/cm2) for 30 

min. After 24 h, Calcein AM/PI solution was added and incubated at 37°C for 30 min. The 

spheroids were washed thrice with fresh medium, and imaged using an Olympus IX83 

inverted microscope. Meanwhile, the growth of spheroids was monitored using a 

CYTATION 5 imaging reader (BioTeK) over the following 12 days.

Statistical Analysis

Quantitative data were expressed as mean ± SD. Means were compared using Student’s t test 

or one-way ANOVA followed by Tukey’s post-hoc analysis. P values <0.05 were considered 

statistically significant.

Results

Synthesis and characterization of cRGD-PEG-HSA-IR700 nanoconjugates

The scheme for the preparation of the targeted nanoconjugates is shown in Fig. 1. First, the 

amino group of HSA reacted with NHS ester of IR700-NHS to form HSA-IR700. 

Approximately four IR700 molecules were covalently linked to HSA. In the meantime, 

hydroxylamine hydrochloride solution (pH 7.0) was added to cyclo[RGDfK(Ac-SCH2CO)] 

solution (5 mM) to activate thiol groups with constant shaking for 1 h. Subsequently, HSA-

IR700 and RGD-SH were added to Mal-PEG-SCM at a 1:20:40 molar ratio (HSA to PEG to 

RGD) and reacted for 2 h at room temperature. The final product of cRGD-PEG-HSA-

IR700 was purified by gel filtration using a ZebaTM spin desalting column.

The SEC-HPLC chromatograms of HSA, IR700 and the resultant nanoconjugates are shown 

in Fig. 2A. cRGD-PEG-HSA-IR700 eluted earlier than free IR700 and HSA (Fig. 2A) with 

the retention time of 8.07, 11.92 and 8.36 min, respectively. A strong peak appeared at 280 

nm (Fig. 2A), while no absorption peaks were shown in the chromatogram of HSA at 689 

nm (Fig. 2A). A strong peak appeared in the chromatograms of free IR700 with the similar 

retention time, as well as cRGD-PEG-HSA-IR700, which indicated that IR700 was 

successfully linked to the albumin.

The UV-Vis absorbance spectra of PBS, HSA, free IR700, and cRGD-PEG-HSA-IR700 is 

shown in Fig. 2B. Around 278 nm appeared a characteristic absorbance peak of HSA owing 

to the π → π* transition of the aromatic amino acid residues including tyrosine, 

tryptophan, and phenylalanine. Four peaks were displayed in the spectrum of free IR700 

around 260, 346, 620 and 689 nm, respectively. As shown in the spectrum of cRGD-PEG-

HSA-IR700, there are one weak peak (around 267nm) and three strong peaks (349, 620 and 

689 nm). The appearance of the characteristic absorption peaks of IR700, the weakening 
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effect of the first peak and the long shift of the left two peaks revealed the successful linkage 

between IR700 and HSA.

The morphology of the nanoconjugates is shown by the TEM (Fig. 2C), and the particle size 

was estimated about 10 nm. Similar results are seen in the DLS data (Fig. 2D). The particle 

size and PDI of HSA solution was 7.21 ± 0.25 nm and 0.224 ± 0.005, while the size of the 

targeted nanoconjugates increased to 10.90 ± 0.11 nm with the PDI of 0.218 ± 0.004.

SOG was determined using the SOSG probe. The fluorescence intensity of SOSG solutions 

before and after irradiation is shown in Fig 2E. A remarkable fluorescence increase was 

observed in all the IR700-containing groups, whereas the PBS group did not show obvious 

fluorescence change. The IR700 nanoconjugates demonstrated slow onset and generated 

less 1O2 than free IR700 in the first 10 min, but caught up after 20min irradiation. The 

results suggested that a type II mechanism is involved in the nanoconjugate-mediated PDT.

Intracellular uptake

We examined intracellular uptake of the nanoconjugates with fluorescence microscopy and 

flow cytometry. As shown in Fig. 3A, TOV21G cells treated with cRGD-PEG-HSA-IR700 

demonstrated substantial IR700 fluorescence, whereas no signal was observed for PEG-

HSA-IR700. Furthermore, cellular uptake of cRGD-PEG-HSA-IR700 was remarkably 

reduced by co-incubation with free RGD peptide, confirming that integrin-mediated 

endocytosis is the main uptake pathway for the cRGD-PEG-HSA-IR700 nanoconjugates. No 

IR700 signal was observed in NIH/3T3 cells after treated with PEG-HSA-IR700 or cRGD-

PEG-HSA-IR700 (Fig 3B) because this cell line does not express integrin αvβ3. The flow 

cytometry results in Fig. 3C are consistent with the microscopy experiment. Compared to 

the control, only a slight fluorescence shift was observed in the PEG-HSA-IR700 treatment 

group, while a 121-fold increase was observed in the cRGD-PEG-HSA-IR700 treatment 

group compared to the control (p < 0.001, Fig. 3C). Moreover, dramatic reduction of the 

cRGD-PEG-HSA-IR700 uptake was also observed by the co-incubation with free RGD 

peptide (Fig. 3C).

Endocytosis mechanism

We examined the endocytosis mechanism of cRGD-PEG-HSA-IR700 with three methods. 

Firstly, the effects of endocytosis inhibitors on intracellular uptake rate of the targeted 

nanoconjugates were examined. Cytochalasin D blocks actin filament function, which is 

required for most pathways of endocytosis, while methyl-β-CD interferes selectively with 

caveolae/lipid raft-mediated endocytosis.61 As shown in Fig. 4A, both cytochalasin D and 

methyl-β-CD inhibited the uptake of cRGD-PEG-HSA-IR700 significantly (p < 0.001), 

indicating that initial uptake of cRGD-PEG-HSA-IR700 involves caveolae. Chlorpromazine 

and amiloride inhibit clathrin-mediated endocytosis and macropinocytosis, respectively.61 

The lack of effects (Fig. 4A) suggests that clathrin coated vesicles are not involved in 

endocytosis of cRGD-PEG-HSA-IR700, nor is macropinocytosis. These results are 

consistent with literature on the endocytosis mechanism of integrin αvβ3.62

We confirmed the endocytosis mechanism using a molecular inhibitor of endocytosis. 

TOV21G cells were transfected with a dynamin DN plasmid to block dynamin-dependent 
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endocytosis pathways. These cells were then treated with PEG-HSA-IR700 and cRGD-

PEG-HSA-IR700 and observed for the levels of the accumulated fluorescent conjugates. 

After transfection, TOV21G cells showed heterogeneous expression levels of mutant 

dynamin reflected by the eGFP expression profile in flow cytometry. In Figure 4B, the 

population of cells in Q1 and Q3 did not express DN-dynamin-eGFP and showed similar 

eGFP level as control cells, while the population in Q2 and Q4 showed positive expression 

of DN-dynamin-eGFP. High expression of the plasmid reduced the uptake of cRGD-PEG-

HSA-IR700 to the level of PEG-HSA-IR700. This result indicated that the uptake of the 

targeted nanoconjugates depends on dynamin function, confirming the receptor-mediated 

endocytosis for cellular uptake of the targeted conjugates.

We then examined the intracellular location of the targeted nanoconjugates after they were 

delivered into cancer cells. The endo-lysosomes were stained in green with Lysotracker 

Green DND-26. The green signal of Lysotracker Green merged well with the signal of 

cRGD-PEG-HSA-IR700 (Fig. 4C), which indicated that cRGD-PEG-HSA-IR700 

predominantly resided in the endo-lysosomes. Hence, after the uptake of cRGD-PEG-HSA-

IR700 into TOV21G cells, the nanoconjugates enter endo-lysosomes of the cells.

Phototoxicity of targeted nanoconjugates

Phototoxicity of targeted nanoconjugates was examined with live/dead staining and Alamar 

blue assay. The live/dead staining results indicated that both control and targeted 

nanoconjugates did not cause photokilling without light irradiation because only live signals 

in green were observed for both treatments (Fig. 5B). After light treatment, only the cRGD-

PEG-HSA-IR700 group showed strong dead signal in red (Fig. 5A), indicating the targeted 

nanoconjugates caused integrin-specific photokilling in TOV21G cells.

The results from Alamar blue assay suggested that free IR700 and PEG-HSA-IR700 were 

nontoxic to both TOV21G (Fig. 6A) and NIH/3T3 cells (Fig. 6B), while cRGD-PEG-HSA-

IR700 significantly suppressed the growth of TOV21G cells (Fig. 6A), but not NIH/3T3 

cells (Fig. 6B), confirming that photokilling by the targeted conjugates depends on integrin 

αvβ3 specific cellular uptake.

We evaluated the effect of light dose on photokilling by cRGD-PEG-HSA-IR700 by 

measuring cytotoxicity of TOV21G cells after illuminated for various time periods. As 

shown in Fig. 6C, no cytotoxicity was observed without light irradiation, and photokilling 

was enhanced as irradiation time increased, indicating that the photokilling by cRGD-PEG-

HSA-IR700 depends on light dose. To test whether our targeted nanoconjugates will cause 

the dark toxicity, we exposed TOV21G cells to room lights for 20 min after the cRGD-PEG-

HSA-IR700 treatment. The results in Fig. 6C show no phototoxicity was observed from this 

treatment.

Intracellular singlet oxygen detection

The fluorescence of ROS generation within TOV21G cells is shown in Fig. 7A. No green 

fluorescence was found in all the groups without light irradiation, as well as the control 

group treated with light (Fig. 7A). Meanwhile, weak green signal was observed in the cells 

treated with PEG-HSA-IR700 followed by light irradiation due to the weak uptake of the 
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control nanoconjugates (Fig. 7A). Strong green fluorescence was observed in the cells 

treated with cRGD-PEG-HSA-IR700 followed by light irradiation (Fig. 7A), indicating that 

the generation of ROS caused the death of the targeted cancer cells.

Flow cytometric analysis of apoptosis caused by targeted PDT

To determine the mechanism of cRGD-PEG-HSA-IR700 mediated photokilling, TOV21G 

cells were harvested and stained with Annexin V-FITC/PI. Annexin V-FITC signal is 

observed in both early and late apoptosis, whereas PI signal is detected in late apoptosis and 

necrosis. As shown in Fig. 7B, after cultured for 2 h and 24 h post light, the ratio of live cells 

decreased from 91.5% for control cells to 88.3% and 35.6%, respectively. In contrast, the 

percentage of early apoptosis cells increased from 1.9% to 3.3% and 10.0%, respectively, 

and the percentage of late apoptotic cells increased from 6.4% to 8.3% and 53.7%, 

respectively (Fig. 7B). The results demonstrate that targeted PDT by cRGD-PEG-HSA-

IR700 caused apoptosis of TOV21G cells.

Penetration and phototoxicity of cRGD-PEG-HSA-IR700 nanoconjugates in SKOV-3 
spheroids

In order to achieve good therapeutic effect, effective penetration of drug molecules into the 

core of the tumor is crucial. Tumor spheroid is a reliable model for studying tumor 

penetration behavior of NPs due to their in vivo-like differentiation pattern.53 TOV21 cells 

do not grow to tumor spheroids, and thus we used SKOV3 cells, another integrin αvβ3-

expressing OvCa cell line, to examine the delivery and photokilling of our targeted 

nanoconjugates in 3D tumor model. We first confirmed the formation of spheroids by 

examining penetration of Doxil®, a liposomal formation of doxorubicin with a particle size 

of 80~85 nm, in this 3D model. The doxorubicin fluorescence was observed on the surface 

of SKOV3 spheroids (Fig. S1), indicating that the spheroids present a barrier for drug 

penetration. As shown in Fig. 8A, a strong IR700 fluorescence was observed in the cRGD-

PEG-HSA-IR700 treatment group, whereas no signal was detected after treatment of free 

IR700, indicating that the targeted nanoconjugates may have an advantage in penetration of 

solid tumors in vivo.

Photokilling of nanoconjugates in SKOV-3 tumor spheroids was then evaluated using live/

dead staining assay and microscopic observation. As shown in Fig. 8B, both the control 

spheroids and those treated with PEG-HSA-IR700 exhibited green live fluorescence, 

whereas the spheroids treated with cRGD-PEG-HSA-IR700 emitted strong red fluorescence, 

the dead cell signal, suggesting that cRGD-PEG-HSA-IR700 caused excellent photokilling 

in this 3D model. SKOV-3 spheroids were also used to examine in vitro tumor suppression 

by cRGD-PEG-HSA-IR700. As shown in Fig. 8C, the spheroids in control and PEG-HSA-

IR700 groups grew gradually, whereas the growth of spheroids treated with cRGD-PEG-

HSA-IR700 followed by light treatment was remarkably suppressed, confirming the superior 

photokilling by the targeted nanoconjugates.
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Discussion

To overcome the various inherent disadvantages of conventional PDT, particularly, the 

toxicity in normal tissues, we aimed to construct monomolecular nanoconjugates that are 

small and highly cancer specific. Albumin, PEG, and RGD peptide were selected as the 

carrier molecules and targeting moiety, respectively, because all of them have demonstrated 

superior safety profiles in clinical applications. The resultant nanoconjugates showed narrow 

size distribution with a diameter of 10.9 nm, thus they are small enough to transport across 

most vasculatures in tumors. These smaller nanoconjugates are especially advantageous over 

conventional NPs due to their ability to deliver drugs to less leaky tumor sites, where 

relatively tight vasculatures and high interstitial fluid pressure prevent effective tumor 

penetration by larger NPs.41

The clinical significance of tumor targeting lies in the ability to accumulate a drug 

specifically in tumor cells and thereby to enhance therapeutic activity and minimize drug-

related toxicity.63 To achieve tumor targeting in vivo, multivalent display of the targeting 

moiety is often required because the endogenous ligands compete for binding to the target 

and the shear stress in the circulation drags the delivery system away from tumor sites.63 

The targeted nanoconjugates demonstrated 121-folded enhancement in receptor-specific 

uptake in OvCa cells compared to the non-targeted control nanoconjugates. This 

dramatically increased uptake is due to display of multivalent targeting ligands on the 

surface of the nanoconjugates developed here. In addition, the targeted nanoconjugates 

produced integrin specific phototoxicity to OvCa cells. These observations support the 

notion that displaying multivalent targeting peptides on the surface of a NP can dramatically 

enhance binding affinity of the ligands to the receptors.64 Further, these data indicate that the 

enhanced receptor binding can lead to superior receptor-mediated cellular uptake and 

phototoxicity. Clinical practice of PDT is limited by the dark toxicity, in which the patients’ 

skin may become sensitive to sunlight following systemic administration of PS.1 Delivery 

with our targeted nanoconjugates may reduce the PS accumulation in non-tumor tissue 

including skins and prevent this side effect.

Integrin αvβ3 is expressed in tumors, as well as some normal tissues such as the liver and 

the kidney.26 As our targeted nanoconjugates only produce cytotoxicity upon light 

irradiation (Figs 5 and 6), we can prevent off-target toxicity by localized light activation of 

the drug in tumor sites. Integrin αvβ3 is also present in the cells other than cancer cells in 

tumor sites. For example, endothelial cells in tumor neovasculatures express integrin αvβ3 

at high levels.26 Therefore, combining integrin targeting with PDT through our RGD-

targeted nanoconjugates can damage tumor-associated vasculature to cut off blood supply 

thus contributing to tumor death indirectly. Integrins are also expressed in the immune cells 

including subsets of lymphocytes,65 macrophages,66 and dendritic cells67 in tumor 

microenvironment. Numerous lines of evidence indicate that tumor microenvironment could 

alter myeloid cells (macrophages, dendritic cells, and granulocytes) and make them become 

potent immunosuppressive cells.68, 69 Tumor-associated macrophages contribute to tumor 

survival and invasion by secreting cytokines and chemokines,70 as well as maintaining pro-

tumor inflammation.68, 69 Tumor associated dendritic cells have serious functional deficits 

and cause cancer immunosuppression.71 Therefore, both the macrophages and dendritic cells 
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in tumor microenvironment promote tumor progression. Our RGD-targeted nanoconjugates 

can deliver PSs to tumor-associated cells that express integrins, and targeted PDT can break 

symbiosis between cancer cells and tumor microenvironment and may further enhance 

antitumor effects in vivo.

In order to eradicate solid tumors completely, anticancer drugs need to penetrate tumors 

efficiently and reach a therapeutic concentration within all cancer cells.41 Tumor spheroids 

resemble micrometastases, such as the residual micrometastases that are responsible for 

recurrence of OvCa, and therefore have been used to study tumor penetration of anticancer 

drugs.72, 73 The targeted nanoconjugates developed here could penetrate 3-D tumor 

spheroids and enter most of cancer cells, whereas the conventional nanomedicine Doxil®, 

with the size over 80 nm, could only deliver to the cells on the outer layer of the tumor 

spheroids (Fig. S1). This result is consistent with our previous reports that nanoconjugates 

smaller than 20 nm showed superior penetration behavior into the tumor spheroid than 

conventional NPs typically larger than 80 nm.52, 53 Besides size, other physicochemical 

properties, such as surface charge, also play a role in penetration behaviors of NPs in solid 

tumors.73 In addition, there are additional biological barriers preventing drug delivery to 

tumor in vivo than that modeled by the tumor spheroids. For example, NPs need to cross 

blood vessels to reach cancer cells in tumors, however, this behavior cannot be studied in 

tumor spheroids due to the lack of blood vessels in this model. Therefore, substantial in vivo 
experimentation is warranted for further development of this targeted nanoconjugate system.

In conclusion, we successfully prepared multivalent nanoconjugates that are small, highly 

cancer specific, and non-toxic to normal cells. The targeted nanoconjugates demonstrated 

dramatic increases in integrin-specific cellular uptake, tumor spheroid penetration, and 

phototoxicity in cancer cells. Due to small size, excellent cellular delivery and good 

photoactivity, RGD-targeted nanoconjugates as described here may provide an effective tool 

for targeted PDT of OvCa.
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OvCa ovarian cancer

PDT photodynamic therapy

PEG polyethylene glycol

PI propidium iodide

PS photosensitizer

RGD Arginine-Glycine-Aspartic Acid

ROS reactive oxygen species
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Fig. 1. 
Synthesis scheme of the targeted cRGD-PEG-HSA-IR700 nanoconjugates.
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Fig. 2. 
Characterization of the targeted nanoconjugates. A. SEC-HPLC chromatography of cRGD-

PEG-HSA-IR700, IR700, and HSA (left: λ = 689 nm; right: λ = 280 nm). B. The UV-Vis 

absorbance spectra of PBS, HSA, free IR700, and cRGD-PEG-HSA-IR700. C. TEM image 

of the cRGD-PEG-HSA-IR700 nanoconjugates. The average particle size was estimated to 

be 10 nm. D. Particle size distribution of HSA and cRGD-PEG-HSA-IR700 determined by 

DLS. E. Time-dependent singlet oxygen generation of PBS, free IR700, PEG-HSA-IR700 

and cRGD-PEG-HSA-IR700.
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Fig. 3. 
Intracellular uptake of the nanoconjugates. A. Fluorescent images of cellular uptake of PEG-

HSA-IR700 and cRGD-PEG-HSA-IR700 nanoconjugates in the absence and presence of 

free RGD peptide in TOV21G cells. B. Fluorescent images of cellular uptake of PEG-HSA-

IR700 and cRGD-PEG-HSA-IR700 nanoconjugates in NIH/3T3 cells. C. Flow cytometry 

histogram for cellular uptake of PEG-HSA-IR700 and cRGD-PEG-HSA-IR700 

nanoconjugates in the absence and presence of free RGD peptide in TOV21G cells.
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Fig. 4. 
Intracellular uptake pathway of the targeted nanoconjugates. A. Effects of endocytosis 

inhibitors on the cRGD-PEG-HSA-IR700 uptake in TOV21G cells were evaluated with flow 

cytometry. B. Effects of dominant negative dynamin on cellular uptake of PEG-HSA-IR700 

and cRGD-PEG-HSA-IR700 in TOV21G cells were examined using flow cytometry. C. Co-

localization of Lysotracker Green with the cRGD-PEG-HSA-IR700 nanoconjugates in 

TOV21G cells was observed using confocal microscopy.
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Fig. 5. 
Live/dead staining of TOV21G cells after targeted PDT. TOV21G cells were treated with the 

PEG-HSA-IR700 or cRGD-PEG-HSA-IR700 nanoconjugates overnight. Live/dead staining 

was performed after some cells were irradiated with a 660 nm LED light (A), and the others 

were not (B).
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Fig. 6. 
Dose- and light-dependent cytotoxicity of nanoconjugates. A. Dose-dependent phototoxicity 

in TOV21G cells. Alamar Blue assay was performed after PDT of TOV21G with free IR700, 

PEG-HSA-IR700 and cRGD-PEG-HSA-IR700 (n = 4). B. Dose-dependent phototoxicity in 

NIH/3T3 cells (n = 4). C. light dose-dependent cytotoxicity of nanoconjugates. The effect of 

light dose on photokilling of cRGD-PEG-HSA-IR700 was examined in TOV21G cells using 

Alamar Blue assay (n = 4).
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Fig. 7. 
Mechanisms of targeted PDT. A. Intracellular singlet oxygen detection. Fluorescence images 

of ROS generation were taken after PDT in TOV21G cells. B. Flow cytometric analysis of 

apoptosis in TOV21G cells after cRGD-PEG-HSA-IR700 mediated PDT.
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Fig. 8. 
Penetration and phototoxicity of cRGD-PEG-HSA-IR700 nanoconjugates in SKOV-3 

spheroids. A. Penetration of the targeted nanoconjugates in tumor spheroids. Tumor 

spheroids of SKOV-3 cells were treated with free IR700 or cRGD-PEG-HSA-IR700 

nanoconjugates for 4 h. After washing, the spheroids were observed by confocal microscopy. 

B. Live/dead staining of SKOV-3 spheroids after photokilling of the nanoconjugates. 

SKOV-3 spheroids were treated with PEG-HSA-IR700 or cRGD-PEG-HSA-IR700 

nanoconjugates overnight. After washing, the spheroids were irradiated with the 660 nm 

LED light. Live/dead staining of SKOV-3 spheroids was performed after 24 h. C. Growth of 

SKOV-3 spheroids after photokilling of the nanoconjugates. After photokilling, the growth 
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of spheroids was monitored by using a CYTATION 5 imaging reader over the following 12 

days.
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