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Abstract

Tumor microenvironment specific 

nanostructure-based drug delivery

Hyerim Jin

Physical Pharmacy, Department of Pharmacy

The Graduate School

Seoul National University

Tumor microenvironment (TME) is composed of tumor tissue and its related 

immune cells, extracellular matrix and secreted proteins. TME is one of the 

critical factors for disease treatment and it has been attracting the interest of 

scientists. Targeted drug delivery originally has the highly expressed proteins 
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on tumor cells and its targetable range has been expanded to TME.  

Recently, TME specific targeted drug delivery has been rising as promising 

strategy for improving anticancer treatment efficiency and the applicable field 

is getting bigger. First, DNA nanostructure was formed by self-assembly 

suing successive 15 guanine sequence extended to the end of DNA aptamer 

sequence which can specifically bind to protein tyrosine Kinase 7 (PTK7).  

Methylene blue (MB) was loaded into the G-quadruplex based DNA 

nanostructure and the complex showed significantly high delivery effect only 

to PTK7 overexpressing cancer cells.  Then the LED irradiation was 

followed to generate reactive oxygen species (ROS) and resulting in 

effective cancer cell killing. Secondly, chlorin e6 (Ce6) having cyclic peptide 

was designed for loading onto reduced graphene oxide (rGO) nanosheets. 

The peptide was delivered to and cleaved at cathepsin L enzyme-rich TME. 

Then targetable peptide was activated to recognized the cancer cell surface 

proteins and receptor mediated endocytosis occurred. NIR irradiation 

generated hyperthermia at rGO accumulated tumor cell. The photothermal 

therapy (PTT) showed complete tumor ablation. Lastly, tight junction (TJ) 

was selected for targeted drug delivery. TJ is the main protein which limits 

drug delivery to center of tumor mass. TJ binding peptide was loaded onto 

rGO nanosheets and the TJ disruption-mediated drug delivery efficiency was 
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evaluated in cell spheroid models and tumor bearing mice models. 

Keywords: Tumor microenvironment, targeted drug delivery, DNA 

nanostructure, reduced graphene oxide, photodynamic therapy, photothermal 

therapy, tight junction, penetration depth
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1. Introduction

Targeted drug delivery has been developed for enhancing therapeutic 

delivery efficacy with minimizing normal cell damage. Overexpressed 

proteins on tumor cell surface are the major targeting site of drug loaded 

cargos. As the ligand for the target protein, nucleic acid based aptamer, 

short peptide sequence or small proteins are widely characterized. 

Conventionally, tumor cell receptor mediated drug endocytosis was the core 

mechanism in the drug delivery field. Significant tumor cell targeting and its 

anticancer effect was analyzed. However, the limited delivery efficiency are 

remaining problem and it is understood as the effect of biological barriers.

Tumor microenvironment is the structure constructed by broad types of cells 

and their surrounding architectures. The heterogeneous cells requires multi 

targeting ability of drug loaded materials. The complex architecture ECM 

requires softening of pressure and tumorous condition (hypoxia, acidic pH) 

recognizing system.

Stimuli-responsive materials have been reported as promising anticancer 

theraoeutic strategy. Anticancer drugs or silencing of cancerous genes 

showed limitations of complete cancer treatment. However, administered 

photoresponsive materials within drug carrier can induce heat-mediated or 

reactive oxygen species (ROS)-mediated therapeutic effects. These external 
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stimuli attracts the interests of scientist that it can treat cancer neighbor 

lesion as well as cancer cells with requiring small amount of anticancer 

drug.
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2. Tumor microenvironment

Tumor microenvironment (TME) consists of various types of cells and 

noncellular components. The cells include cancer cells, endothelial cells, 

fibroblasts, immune cells and noncellular components include extracellular 

matrix (ECM), growth factors such as VEGF, TGF-β, PDGF, enzymes such 

as matrix metalloproteinase (MMPs), tissue inhibitors of metalloproteinases 

(TIMPs), lysyl oxidase (LOXs). Collectively, these cellular and noncellular 

factors interact each other to construct extraordinary network which is 

optimal for tumor cell growth, migration and invasion as well.

2.1. Environmental rich component

Extracellular matrix (ECM) is an integral compartment existing in all types 

of tissues. ECM shows tissue-type dependent variation and its composition is 

responsible for maintaining tissue homeostasis as well as cell supporting 

function [1]. ECM proteins can be classified into two groups; fibrous 

proteins and proteoglycans. Fibrous proteins include collagen [2,3], 

fibronectin [4], tenascin [5] and laminin. Proteoglycans consist of decorin, 

lumican, versican and hyaluronan [6].

On the other hand, dysregulation of ECM components is implicated in 

various cancer progression because the irregular ECM condition is the main 
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characteristic found in cancer patient derived tissues. The ECM remodeling 

is led by tumor cells through promoting secretion or inhibition of ECM 

components and it results in tumorigenic environment where tumor cell 

could survive well [7]. Major enzymes playing ECM remodeling are MMP 

[8], LOX [9] and hyaluronidase [10]. Moreover, various chemokines at TME 

play the critical roles in either protumor or antitumor effect. The 

chemokines modulate tumor vascularization [11], cancer cell invasion and 

metastasis [12,13], or recruitment of immune cells [14-17] for tumor 

progression. Some chemokines increase immunogenicity of tumor [18] or 

inhibition of angiogenesis [19] to suppress the tumor growth. These 

TME-rich chemokines have been novel target which can synergistically 

recognize target lesion and further treatment. For ultimate cancer treatment, 

understanding of the role of the ECM and the mechanism of cancerous cell 

inducing ECM variation is required.
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Chemokine
Effect on 

tumor cells
Effect on immune 

cells
Reference

Pro-
tumor 
effect

CCL2
Tumor 

vascularization

Recruitment of 
monocytes and 

natural killer cells
[11]

CCL3 Cancer extravasation Recruitment of 
monocytes and 
macrophages

[20]

CCL5 Cancer invasion [21]

CCL18 Cancer invasion and 
metastasis

[12]
CCL25 [13]

CXCL8
Resistance to 

hypoxia
Recruitment of 

neutrophils
[14]

CXCL12 Proliferation, survival
Recruitment of B 

cells
[15]

CXCL14
Cancer invasion and 

motility
Recruitment of 
dendritic cells

[16]

CXCL17 Angiogenesis

Recruitment of 
granulocytic 

myeloid-derived 
suppressor cells 

(MDSCs)

[17]

Anti-
tumor 
effect

CXCL8
Improve 

immunogenicity of 
tumor

Recruitment of 
neutrophils and 

granulocytic 
MDSCs

[18]

CXCL9, 
CXCL10

Angiogenesis 
inhibitor

Recruitment of T 
cells and natural 

killer cells
[22]

CXCL14
Proliferation 

inhibition
Recruitment of 
dendritic cells

[19]

Table Ⅰ-1. Tumor microenvironment-rich chemokines for active drug 

    delivery 
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2.2. Strategy for overcoming ECM barrier

The high density and heterogeneity of ECM restrict drug delivery to tumor 

site. To enhance the delivery efficacy, tumor targeting has been widely 

studied but it is limited to the tumor surface protein targeting for cell-type 

specific internalization of administered drug. Some studies concentrated on 

increasing drug delivery to complex tumor ECM. Inhibition of tumor 

neoangiogenesis [23] and alteration of endothelium barrier [24] modified 

blood flow to tumor site [25-29]. By agonizing bradykinine [30] or targeting 

vascular endothelial growth factor (VEGF) [28,31] or targeting 

platelet-derived growth factor (PDGF) [32,33], the interstitial fluid pressure 

was adjusted [34]. Also, collagenase or relaxin decreased ECM compactness 

[35-38]. Further studies are required for enhanced drug loaded nanomaterial 

delivery by overcoming tumor ECM environment.
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Target Purpose Mechanism Reference
Tumor blood 

flow
Neoangiogenesis 

inhibition
Pseudonormalization of 

tumor vessel
[25-27]

Tumor blood 
permeability

Tumor endothelium 
damage

Alternation of 
endothelial barrier 

function
[28,29]

Interstitial 
fluid pressure 

(IFP)

VEGF
Vessel permeability 

decrease
[28,31]

Bradykinin
Increase of pore size 

at tumor vessel
[30]

PDGF-beta
Decrease of stromal 
cell-ECM interaction

[32,33]

ECM ECM degradation
ECM remodeling for 

antiadhesive effect
[35-38]

Table Ⅰ-2. Strategies for improving drug delivery efficiency.
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3. Active drug delivery systems

3.1. Carriers

Nano-ranged carriers have been widely developed to deliver therapeutic 

agents to interested biological sites. The nanocarriers show negligible internal 

toxicity and enhanced protection ability for loaded agents against enzymatic 

or biological degradation. Due to their easy loading process and superior 

enhanced permeability and retention (EPR) effect on existing microcarriers 

[39], the nanocarriers have been actively utilized for optical imaging, 

magnetic resonance imaging [40], and cancer therapy [41]. It is well known 

that intracellular drug delivery into tumor cells depends on the 

physicochemical and morphological properties of the drug carriers as well as 

pathophysiological characteristics of the organism and tumor 

microenvironment. The ideally standardized nanocarriers are graphene oxide 

[42,43], DNA architecture [44,45], liposomes [46], polymer nanoparticles 

[47], polymer micelles [48] and they are comprised of GO, DNA, 

phospholipids and cholesterol, polymers, or metals, respectively [49].
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3.2. Targeting moiety

Various proteins expressed at high density on tumor cell surface or cancer 

vasculature have been identified as potential targets to enhance the 

therapeutic effect of active drug delivery [50]. Major mechanisms include 

ligand-receptor binding, antigen-antibody binding and biomimicking or 

synthetic materials for molecular recognition [51]. For cancer treatment, 

several kinds of targeting moieties, such as antibody, aptamer or peptide, are 

dynamically utilized (Table Ⅰ-3). Significant expression on cancer cell 

surface proteins such as HER2 [52,53], EGFR [54,55], TfR [56,57], PSMA 

[58-61], PTK7 [62,63] are the main targets. Delivering drug molecules to 

specific disease locations demonstrates the therapeutic advance with 

eliminating the possible toxicity to healthy tissues [64,65]. 
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Targeting 

moiety 
Target Target disease Reference

Anti
body

Trastuzumab
Human epidermal growth 
factor receptor2 (HER2 

receptor)
Breast cancer [52,53]

Cetuximab
Epidermal growth factor 

receptor (EGFR)
Epithelial cancer [54,55]

OX26 Transferrin receptor (TfR)
Brain capillary 
endothelial cell

[56,57]

J591
Prostate-specific 

membrane antigen 
(PSMA)

Prostate cancer [58,59]

Rituximab CD20 Lymphoma [66,67]

Ab 
frag
ment

Single chain 
variable 

fragments 
(scFV)

ED-B fibronectin
c-Met

Tumor tissue
Liver cancer

[68,69]

Antigen-bindin
g fragments 

(Fab)
human beta1 integrin

Non-small cell 
lung carcinoma

[70]

Apta
mer

A10 PSMA Prostate cancer [60,61]
AS1411 Nucleolin Breast cancer [71]

MUC1 Membrane mucin
Adenocarcinoma

Breast cancer
[72]

anti EGFR EGFR Lung cancer [73]
anti CD30 CD30 Lymphoma [74]

sgc8
Protein tyrosine kinase 7 

(PTK7)
Acute leukemia [62,63]

Liga
nd

Transferrin Transferrin receptor (TfR) Lung cancer [75]
Folate Folate receptor Ovarian cancer [76]

Pepti
de

Cyclic RGD Integrin αvβ3

Kaposi’s 

sarcoma
[77,78]

Angiopep-2
lipoprotein receptor 

related protein (LRP)
BBB, glioma [79]

Table Ⅰ-3. Recognizing strategies for proteins on tumor cell surfaces.
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3.3. Stimuli

Recently, stimuli-responsive systems have been intensively developed in 

targeted drug delivery systems. Due to the additional recognizable 

biomaterials, the target selectivity has been significantly improved and it 

leads to effective therapeutic results. There are wide range of exogenous or 

endogenous stimuli options (Table Ⅰ-4). For externally introducing stimuli, 

drug loaded nanocarriers can be conjugated to thermosensitive [80-82], 

magnetic sensitive [83-85], ultrasound sensitive [86-88], light sensitive 

[89-91], or electric field sensitive [92,93] components for exogenous stimuli 

induced pathological lesion treatment. For intrinsical stimuli, pH change 

[94,95], redox condition [96-98], or enzyme activity [99,100] can be 

potential candidates. The stimuli-controllable drug delivery systems 

demonstrate huge advance in smart active drug delivery and it is promising 

strategy for clinical use when overcoming penetration depth of the applied 

stimulus.
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Stimuli Mechanism System Reference

Exo-
genous

Temperature
Inflammation-induced 

hyperthermia

Thermoresponsive 
polymer (pNIPAM)
Thermoresponsive 

liposome

[80-82]

Magnetic 
field

Magnet-induced drug 
accumulation

Magnetic core-shell 
nanoparticle

Metallic 
nanocapsule

[83-85]

Ultrasound

Local hyperthermia 
or 

microconvection-induc
ed cell membrane 

destruction

Cavitation 
phenomena

Radiation force

[86-88]

Light
Photo-induced 

structural change

Photosensitive 
amphiphilic 
conjugate

[89-91]

Electric field
Electrochemical 

reduction-oxidation

Conductive 
polymer conjugate
Multiwalled carbon 

nanotube

[92,93]

Endo-
genous

pH
Pathological area or 

inflammation site 
specific cleavage

pH-responsive 
complex

[94,95]

Redox

Pathological cells 
specific high 
glutathione 

concentration

Reducible cationic 
polymer

Disulfide linker
[96-98]

Enzyme
Pathological area 

specific high enzyme 
concentration

Enzyme cleavable 
peptide/linker 

functionalization
[99,100]

Self-regulated
Responding to 

concentration changes 
of specific analytes

Physiological 
condition based 

drug release
[101,102]

Table Ⅰ-4. Stimuli-controllable active drug delivery 
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4. Scope of the studies

Tumor microenvironment (TME) has been emerged as an extraordinary 

target lesion in active drug delivery systems with suppressing the possibility 

of tumor reoccurrence. Dual targeting against tumor tissues and its neighbor 

environment could reduce the unexpected damages of anticancer drugs at 

normal tissue and improve cancer cell-specific cellular uptake. With the 

photoresponsive agent delivery and light irradiation, tumor could be 

completely treated. For TME targeting, cancer cell-overexpressing surface 

receptors and released enzyme around tumor sites were selected. For 

photoresponsive therapy, reduced graphene oxide (rGO) nanosheets and 

methylene blue (MB) were suggested as photothermal and photodynamic 

agents, respectively.

In chapter Ⅱ, MB intercalated DNA nanostructures were prepared for 

protein tyrosine kinase 7 (PTK7) receptor-expressing acute lymphoblast 

leukemia cell- specific photodynamic therapy. The successive guanine 

sequences were self-assembled into stem-like nano-sized structure and MB 

can be loaded within the structure. The nanostructure could bind to PTK7 

receptor through aptamer recognition. The intracellularly delivered MB could 

exert photodynamic effect following generating reactive oxygen species 

(ROS).

In chapter Ⅲ, chlorine e6 (Ce6)-conjugated cyclic peptides loaded rGO 
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nanosheets were developed for sequential activation and photothermal therapy 

(PTT). The peptide linked Ce6 were loaded onto rGO nanosheets via pi-pi 

interactions. At cathepsin L-rich environment, the designed part of the 

sequence was cleaved and the targetable peptide was exposed out. Following 

peptide to UPAR binding, cancer cell surface receptor, the rGO nanosheets 

were accumulated in cytoplasm. Upon 808 nm near infrared laser irradiation, 

the rGO nanosheets generate heat over 50 ℃ at targeted site. Moreover, 

tumor was completely abolished by NIR irradiation following systemic 

administration in the target cancer cell xenografted mice.

In chapter Ⅳ, rGO nanosheets decorated with junction disrupting peptide 

were investigated as penetration-improving combination. The junction 

destroying peptide was protected by tumor releasing enzyme cleavable 

peptide. Once the peptide loaded rGO nanosheets close to tumor site, the 

protecting peptide was chopped out and the functional peptide which can 

disrupt the regularity of intercellular junctions were liberated. Then the 

enlarged space between cancer cells were eligible enough for nanoparticle to 

go deep. Thus, the NIR irradiation stimuli the rGO nanosheets distributed all 

around and the center of the tumors to generate heat. Both spheroid models 

and tumor bearing mice model, specific delivery and effective tumor 

treatment were observed.
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1. Introduction

DNA has recently emerged as a biocompatible biomaterial whose 

biodegradable and nonimmunogenic features make it attractive for biomedical 

applications. DNA strands have been enzymatically amplified to construct 

three-dimensional nanostructures [1,2], and complicated DNA sequences have 

been used to form nanostructures of various shapes [3,4]. Despite this 

progress, however, there is need to further develop a DNA-based 

nanostructure that can confer targeted and efficient drug delivery to target 

cells. 

Oligomers of guanine have been reported to form defined three dimensional 

structures [5,6]. Quadruplex structures of oligoguanine have been reported to 

show thermostability and nuclease resistance [7,8]. However, although 

oligoguanine have shown the potential to form ordered characteristic 

three-dimensional structures, the previous studies have focused on the 

elucidation of nanostructure formation, and basic biophysical mechanistic 

studies. Few studies have examined their potential application for the 

cell-specific delivery of therapeutic substances by introduction of specific 

target-recognition moieties. 
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In this study, we hypothesized that DNA aptamer-modified oligoguanine 

quadruplex nanostructures could be used to specifically deliver therapeutic 

molecules to target cells. To test this hypothesis, we used a photosensitizer 

as an example of a therapeutic molecule, and applied a protein tyrosine 

kinase (PTK)7-specific DNA aptamer for delivery to PTK7-overexpressing 

cancer cells. We show that aptamer-tethered oligoguanine nucleotides 

self-assembled to form Y shape DNA structure, DNA nanostructures have 

strong potential for cell-specific drug delivery and improved therapeutic 

effects.
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2. Materials and methods

2.1. Construction of DNA nanostructures 

DNAs with a consecutive 15-mer guanine (G15) sequence were 

constructed through self-assembly [7]. Linear single-stranded DNAs (5 

µìM ssDNAs; Macrogen Inc., Daejeon, Republic of Korea) 

corresponding to the aptamer or a scrambled sequence-linked G15 were 

annealed in a buffer (90 mM Tris-Borate, 5 mM MgCl2, pH 8.3) by 

heating at 95°C for 5 min followed by gradual cooling to room 

temperature in a 1-L beaker of water over 3 h. Aptamer-modified 

15-mer cytosine was prepared as another control. The result\-ing DNA 

products were stored at 4°C until use. The oligodeoxynucleotide 

sequences of the PTK7 aptamer (Apt), PTK7 aptamer-linked C15 

(AptC15), scrambled aptamer-linked G15 (ScrG15), and PTK7 

aptamer-linked G15 (AptG15) are presented in Fig. 1A. The 

concentration of DNA in each sample was measured using a NanoDrop 

spectrophotometer (Thermo Scientific, Waltham, MA, USA).
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2.2. Gel migration analysis

To assess the self-aggregations of Apt, AptC15, ScrG15, and AptG15, we 

analyzed the product sizes by native polyacrylamide gel electrophoresis. The 

hybridized DNA products were loaded onto a 15% sodium dodecyl 

sulfate-polyacrylamide gel. After electrophoresis at 100 V, the DNA bands 

were visualized by silver staining. Briefly, the gel was treated with 7.5 % 

acetic acid (CH3COOH; Samchun Pure Chemical Co., Ltd., Pyungtack, 

Republic of Korea) for 10 min to immobilize the DNA. After 2 min-wash 

with deionized water three-times, the gel was treated with 15% 

formaldehyde (Samchun Pure Chemical Co., Ltd.) for 10 min. Then the gel 

was treated with 0.1% silver nitrate (AgNO3; Sigma-Aldrich, St.Louis, MO, 

USA) for 20 min. The silver impregnated DNA was visualized after treating 

cold 3% sodium carbonate (Na2CO3; Sigma-Aldrich) and 0.4 % sodium 

thiosulfate (Na2S2O3; Samchun Pure Chemical Co. Ltd.) and the development 

was stopped with cold 7.5% acetic acid treatment. The gel was washed with 

deionized water and phorographed using a digital camera (Canon PC 1089, 

Canon Inc., Tokyo, Japan).

2.3. Characterization of DNA nanostructures 

The formation of DNA nanostructures was characterized by assessing 
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morphology, circular dichroism (CD), and Raman scattering spectroscopy. 

The morphology of the DNA nanostructures was investigated by transmission 

electron microscopy (TEM) using a JEM 1010 trans-mis-sion electron 

microscope (JEOL, Tokyo, Japan). For TEM imaging, DNA samples (5 µM) 

were incubated in 20 mM phosphate buffer, pH 8.3, containing 1 mM 

magnesium acetate and 11 mM chloroauric acid (HAuCl4; Sigma-Aldrich) at 

room temperature for 1 h. The reducing agent, dimethylamine borane 

(Sigma-Aldrich), was added at a concentration of 1.1 mM. After 5 min, the 

excess HAuCl4 and dimethylamine borane were removed from the DNA 

samples with a PD-10 desalting column (GE Healthcare, Buckinghamshire, 

UK).

For the analysis of CD and Raman spectra, samples were prepared to a 

final concentration of 20 µM DNA. CD spectra were recorded with a 

Chirascan-plus CD spectrometer (Applied Photophysics Ltd., Surrey, UK) in 

a 0.1-cm-path-length quartz cell at a scan rate of 100 nm/min. Raman 

spectra were measured with a Horiba Jobin-Yvon Lab Ram Aramis 

spectrometer (Horiba Scientific, Boston, MA, USA). The Raman system used 

a HeNe diode laser with an emission wavelength of 785 nm and a power 

of 4 mW. 

For NMR analysis, samples were prepared to a final concentration of 0.12 
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mM. After adding 10% deuterium oxide (D2O, Sigma-Aldrich), 1D 1H NMR 

experiments were performed on a 800 MHz spectrometer (Bruker AVANCE, 

Billerica, MA, USA) at 288 K.

2.4. Measurement of MB loading efficiency 

Apt, AptC15, ScrG15, and AptG15 were loaded with MB (Sigma-Aldrich) at 

various weight ratios and incubated at room temperature for 10 min, and the 

unloaded free MB was removed with a PD-10 desalting column (GE 

Healthcare). The extent of MB loading to Apt, AptC15, ScrG15, or AptG15 

was determined by the measuring the DNA-binding-based quenching of MB 

fluorescence. The fluorescence of MB was measured at an excitation 

wavelength of 630 nm and an emission wavelength of 680 nm, using a 

fluorescence microplate reader (Gemini XS; Molecular Devices, Sunnyvale, 

CA, USA).

2.5. Cell culture 

Human T-cell acute lymphoblastic leukemia (CCRF-CEM) cells and human 

Burkitt's lymphoma (Ramos) cells (Korean Cell Line Bank, Seoul, Republic 

of Korea) were maintained in RPMI-1640 (Welgene, Daegu, Republic of 

Korea) supplemented with 10% fetal bovine serum (FBS), 100 units/mL 
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penicillin, and 100 µg/mL streptomycin. The cells were grown at 37°C in a 

humidified 5% CO2 atmosphere.

2.6. siRNA-mediated knockdown of PTK7 in CCRF-CEM cells 

siRNAs against PTK7 (siPTK7) were purchased from Bioneer (Daejeon, 

Republic of Korea). The sequences the utilized siRNAs were as follows: 

siPTK7, 5'-ACA ACC GCU UUG UGC AUA AGG AC(dTdT)-3' (sense) 

and 5'-GUC CUU AUG CAC AAA GCG GUU GU(dTdT)-3', (antisense). 

CCRF-CEM cells were seeded at a density of 1 × 105 cells/well in 6-well 

plates. After 24 h, the cells were transfected with siRNA using 

Lipofectamine 2000 (Invitrogen Corp., Carlsbad, CA, USA) according to the 

manufacturer's instructions. Briefly, siRNA (100 nM) was mixed with 2 µL 

of Lipofectamine 2000 in 100 µL of Opti-MEM (Gibco BRL, Grand Island, 

NY, USA). The mixtures were incubated for 20 min at room temperature 

and applied to the cells. The cells were then incubated for 72 h and used 

for further experiments. 

2.7. Flow cytometry analysis of PTK7-knockdown

The silencing of PTK7 protein expression by siPTK7 transfection was 
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evaluated by flow cytometry [26]. CCRF-CEM cells and siPTK7-transfected 

CCRF-CEM cells were treated with 2 % bovine serum albumin-containing 

PBS for 1 h at room temperature. After PBS washing, the cells were 

incubated for 1 h at room temperature with a fluorescein-conjugated PTK7 

antibody at a dilution of 1:100. PTK7-positive cell populations were 

evaluated using BD FACSCalibur equipped with Cell Quest Pro software 

(BD Bioscience).

      

2.8. In vitro cellular uptake study 

Flow cytometry and confocal microscopy were used to evaluate the cellular 

uptake of free MB, Apt, MB-loaded ScrG15 (MB/ScrG15), and MB-loaded 

AptG15 (MB/AptG15). Ramos or CCRF-CEM cells with or without siPTK7 

treatment were seeded to a 48-well plate at a density of 8 × 104 cells/well 

and incubated overnight. The next day, the cells were treated for 15 min 

with 5 µM of MB in free form or incorporated in 10 µM of AptG15 or 

ScrG15. The cells were washed with 2% FBS-containing phosphate-buffered 

saline (PBS), and analyzed using a BD FACSCalibur flow cytometer and 

the Cell Quest Pro software (BD Biosciences, San Jose, CA, USA). For 

confocal microscopy, the cells were transferred onto poly-L-lysine coated 

plates (BD Biosciences) and incubated for 1 h. The cells were fixed with 
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4% paraformaldehyde-containing PBS for 15 min and then stained with 

4',6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich). The 

fluorescence intensity was measured using a confocal laser scanning 

microscope (LSM 5 Exciter; Carl Zeiss, Inc., Jena, Germany). 

2.9. Detection of cellular reactive oxygen species (ROS) 

To test the activity of MB delivered by AptG15, production of cellular ROS 

upon 660-nm light irradiation was measured using a cell-permeating 

fluorescent ROS indicator. Ramos or CCRF-CEM cells with or without 

siPTK7 treatment were seeded onto cover glasses at a density of 8 × 104 

cells/well in 48-well plates. The next day, the cells were treated with 5 µM 

of MB in free form or incorporated in 10 µM of AptG15 or ScrG15. After 

15 min of incubation, the cells were washed with cold PBS and irradiated 

for 10 min using a 660-nm light emitting diode (LED; Shenzhen Ezoneda 

Technology Co., Guangdong, China) with a luminous intensity of 8000 

mCd. After irradiation, the cells were resuspended in 10 μM of the ROS 

indicator, H2DCFDA (2'7'-dichlorodihyro fluorescein diacetate; Sigma-Aldrich) 

for 30 min, and nuclei was stained with DAPI for 10 min. The cells were 

washed with fresh PBS for three times. The fluorescence intensity of the 

ROS indicator and DAPI was observed under fluorescence microscopy 
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(Leica DM IL; Leica, Wetzlar, Germany).

2.10. In vitro photodynamic efficacy study 

The ROS-mediated photodynamic effects were measured by testing the 

viability of variously treated cell groups upon 660-nm irradiation using a 

light-emitting diode (LED, Mikwhang Co., Pusan, Republic of Korea) at a 

power density of 20 mV cm-2 [28, 29]. Cell viability was examined using 

the MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; 

Sigma-Aldrich) assay and by fluorescent staining of live cells. Ramos or 

CCRF-CEM cells with or without siPTK7 treatment were seeded onto cover 

glasses at a density of 8 × 104 cells/well in 48-well plates. The next day, 

the cells were treated with 5 µM of MB in free form or incorporated in 10 

µM of AptG15 or ScrG15 for 15 min. The cells were washed with cold 

PBS, re-suspended in fresh medium, irradiated at 660 nm for 10 min, and 

further incubated for 24 h. For MTT assays, 500 µM MTT solution was 

added to each well. After 2 h, the medium was discarded, the obtained 

crystals were dissolved in 200 µL dimethyl sulfoxide (Sigma-Aldrich), and 

absorbance was measured at 570 nm using a microplate reader (Tecan 

Group Ltd., Seestrasse, Mannedorf, Switzerland). For fluorescence 

microscopy, live cells were stained with 2 µM of calcein-AM 
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(Sigma-Aldrich) for 10 min, and observed under a fluorescence microscope 

(Leica DM IL). 

2.11. Statistics 

ANOVA was used for statistical evaluation of data, with the 

Student-Newman-Keuls test applied as a post-hoc test. All statistical analyses 

were carried out using the SigmaStat software (version 3.5; Systat Software, 

Richmond, CA, USA), and a p-value < 0.05 was considered significant.
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3. Results

3.1. Schematic illustration of DNA nanostructures

The expected structures of the various DNA aggregation products are 

illustrated in Fig. Ⅱ-1B. ScrG15 and AptG15 shared the 15G sequence, 

which was designed to self-assemble into stem-like structures, and were 

decorated with scrambled sequences and aptamer sequences, respectively. For 

comparison with AptG15, we also synthesized AptC15, which had 15 

successive cytosine sequences, and not expected to self-assemble for 

comparison with AptG15. 
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Fig.Ⅱ-1. Oligodeoxynucleotide sequences and schematic structures.
Sequences (A) and schematic drawings (B) of the putative structures of Apt, 

AptC15, ScrG15, and AptG15 are illustrated. ScrG15 and AptG15 contain 

15G sequences, which are predicted to enable the formation of stem-like 

structures by self-assembly.
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3.2. Characterization of self-assembly nanostructures

SDS-polyacrylamide gel electrophoresis revealed that the mobility of Apt 

decreased in ScrG15 and AptG15, but not AptC15 (Fig.Ⅱ-2A). Consistent 

with this gel retardation pattern, CD spectroscopy showed evidence of DNA 

oligodeoxyribonucleotide self-assembly in ScrG15 and AptG15, but not Apt 

or AptC15 (Fig.Ⅱ-2B). The spectroscopic peaks of AptC15 near 280 nm 

were shifted to red in AptG15; the distinct peak at 262 nm for AptG15 

indicates the existence of guanine-based G-quadruplexes (Fig.Ⅱ-2B).
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Fig.Ⅱ-2. Electrophoresis and circular dichroism (CD) spectroscopy. 
(A) The gel migration patterns of Apt, AptC15, ScrG15, and AptG15 were 

evaluated by 15% polyacrylamide gel electrophoresis. (B) Apt, AptC15, 

ScrG15, and AptG15 were subjected to CD spectroscopy.
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3.3. Characterization of G-quadruplex in self-assembled DNA nanostructures

Transmission electron microscopic (TEM) images of of gold-incorporated 

Apt, AptC15, ScrG15, and AptG15 showed that the 15 3'-guanine residues 

affected the morphology of the obtained DNA-based structures. No regular 

shape was observed in Apt or AptC15, whereas AptG15 and ScrG15 

showed the regular Y-shape structures (Fig.Ⅱ-3A, Fig.Ⅱ-4). The Raman 

spectra also differed between AptC15 and AptG15: Hoogsteen hydrogen 

bonding was observed at 1480 cm-1 (N7 hydrogen bonding), 1578 cm-1 

(C2-NH2 group), and 1605 cm-1 (N1) in AptG15, but not in AptC15 (Fig.

Ⅱ-3B). The 1D 1H NMR spectra of the stemmed DNAs indicated the 

quadruplex structures of Scr G15 and AptG15. No peaks were observed 

between 10 and 12 ppm at Apt or AptC15. However, ScrG15 or AptG15 

showed specific peaks at a range of 10 to 12 ppm (Fig.Ⅱ-4). 
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Fig.Ⅱ-3. TEM imaging and Raman spectroscopy.

(A) The morphologies of gold-incorporated Apt, AptC15, ScrG15, and 

AptG15 were observed by TEM. Scale bar: 100 nm for all groups. (B) 

Raman spectra of Apt, AptC15, ScrG15, and AptG15.
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Fig.Ⅱ-4. NMR spectra of stemmed DNA nanostructures.
The 1D 1H NMR was performed to evaluated the imino regions of the 
DNA nanostructures. The DNAs were prepared at a final concentration of 
0.12 mM and the NMR spectra were recorded at 288 K under 10 % D2O 
condition.
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Fig.Ⅱ-5. The morphologies of gold-incorporated DNA nanostructures. 
For transmission electron microscopy (TEM) imaging, chloroauric acid 
was added to DNA-based nanostructures for 1 h at room temperature. 
After removal of free chloroauric acid following reduction, the 
gold-loaded DNA nanostructures were visualized by TEM. For each 
condition, five pictures were presented. Scale bar: 25 nm.
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3.4. Nanostructure dependence of drug loading

To support the application of the generated Y-shaped DNA nanostructure as 

drug carriers, we examined their ability to be loaded with methylene blue 

(MB), as detected by fluorescence quenching. We found that the loading 

efficiency of MB depended on the nanostructure of the hybridized DNA 

product: MB incubated with Apt or AptC15 exhibited little quenching (Fig. 

Ⅱ-6A, B), whereas dose-dependent quenching was observed in the presence 

of ScrG15 or AptG15 (Fig.Ⅱ-6C, D). The loading efficiencies of Apt and 

AptC15 were less than 7% and 6%, respectively, regardless of the DNA:MB 

weight ratio, while those of ScrG15 and AptG15 were similar at 84.0% ± 

2.4% and 84.6% ± 1.9%, respectively, at the optimal weight ratio of 10:1 

(Fig.Ⅱ-6E).

In addition to MB (Fig.Ⅱ-6), doxorubicin (DOX, Fig.Ⅱ-7), mitoxantrone 

(MTO, Fig.Ⅱ-8) and protoporphyrin Ⅸ (PPIX, Fig.Ⅱ-9) were tested for 

loading to the stemmed DNA nanostructures. Similar to MB, DOX, MTO, 

and PPIX showed negligible loading efficiencies to Apt or AptC15. Unlike 

Apt and AptC15, both ScrG15 and AptG15 revealed greated loading 

efficiencies for DOX, MTO, and PPIX.
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Fig.Ⅱ-6. Binding of MB to DNA  nanostructures.

Various weight ratios of DNA:MB were mixed, and the loadings of MB to 

Apt (A), AptC15 (B), ScrG15 (C), and AptG15 (D) were analyzed by 

fluorescence spectroscopy and quantified (E). The results were expressed as 

a mean of four separate experiments
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Fig.Ⅱ-7. DOX loading onto stemmed DNA nanostructures. 
Various weight ratios of DNA:DOX were mixed, and the loadings of 
DOX to Apt (A), AptC15 (B), ScrG15 (C) or AptG15 (D) were 
analyzed by fluorescence spectroscopy and quantified (E). The results 
were expressed as a mean of four separate experiments.
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Fig.Ⅱ-8. MTO loading onto stemmed DNA nanostructures. 
Various weight ratios of DNA:MTO were mixed, and the loadings of 
MTO to Apt (A), AptC15 (B), ScrG15 (C) or AptG15 (D) were 
analyzed by fluorescence spectroscopy and quantified (E). The results 
were expressed as a mean of four separate experiments.
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Fig.Ⅱ-9. PPIX loading onto stemmed DNA nanostructures. 
Various weight ratios of DNA:PPIX were mixed, and the loadings of 
PPIX to Apt (A), AptC15 (B), ScrG15 (C) or AptG15 (D) were 
analyzed by fluorescence spectroscopy and quantified (E). The results 
were expressed as a mean of four separate experiments.
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3.5. Cellular uptake of drug-loaded DNA nanostructures

To test the cell-specific delivery of AptG15-loaded MB (MB/AptG15), we 

first treated CCRF-CEM cells with siPTK7 which knocked down PTK7 

protein expression (Fig.Ⅱ-10) as confirmed by flow cytometry. We then 

used flow cytometry to test whether MB uptake depended on the presence 

of the PTK7-targeting aptamer (Apt). Flow cytometry (Fig.Ⅱ-11) revealed 

that the cellular uptake of MB/AptG15 was higher than those of 

MB/ScrG15, Apt, or free MB in PTK7-positive CCRF-CEM cells (Fig.Ⅱ

-11C), but no such difference was seen in PTK7-negative Ramos cells (Fig.

Ⅱ-11A) or PTK7-silenced CCRF-CEM cells (Fig.Ⅱ-11B). Consistent with 

the flow cytometric data of MB/AptG15, DOX/AptG15, MTO/AptG15 and 

PPIX/AptG15 showed higher uptake in CCRF-CEM cells than other groups 

(Fig.Ⅱ-12). 
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Fig.Ⅱ-10. In vitro reduction of target PTK7 expression. 

CCRF-CEM cells were transfected with siPTK7. Seventy-two hours 

post transfection, PTK7 proteins on the cell surfaces were stained 

with fluorescein-conjugated anti-PTK7 antibody and then analyzed by 

flow cytometry.
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Fig.Ⅱ-11. Cellular uptake of MB/AptG15 in PTK7-negative, 

PTK7-knockdown, and PTK7-positive cells. 

Ramos cells (A), PTK7-knockdown CCRF-CEM cells (B), or CCRF-CEM 

cells (C) were left untreated or were treated with Apt, MB, MB/ScrG15, or 

MB/AptG15. After incubation for 15 min, cellular fluorescence was observed 

by flow cytometry.
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Fig.Ⅱ-12. Cellular uptake of various drugs delivered by AptG15.

CCRF-CEM cells were seeded onto a 48-well plate at a density of 8 × 104 

cells/well. On the next day, the cells were left untreated or treated with 

Apt, drug, drug/ScrG15, or drug/AptG15. Apt/G15-loaded drugs were DOX 

(A), MTO (B), or PPIX (C), respectively. After 15 min of incubation, the 

cellular fluorescence was evaluated by flow cytometry.
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3.6. Light-induced cellular production of ROS

The cellular patterns of MB uptake (i.e., fluorescence quenching) were 

consistent with the cellular levels of ROS upon 660-nm light irradiation. In 

the absence of 660-nm LED irradiation, almost no cellular ROS was 

detected, and there was no significant between-group difference in the ROS 

levels of PTK7-negative Ramos cells (Fig. Ⅱ-13A), PTK7-knockdown 

CCRF-CEM cells (Fig. Ⅱ-13B), or PTK7-positive CCRF-CEM cells (Fig. Ⅱ

-13C) treated with the various nanostructures. Following LED irradiation, the 

ROS levels significantly differed among the nanostructure-treated groups in 

CCRF-CEM cells (Fig.Ⅱ-14F), but not in Ramos cells (Fig.Ⅱ-14B) or 

PTK7-knockdown CCRF-CEM cells (Fig.Ⅱ-14D). MB/AptG15 triggered the 

highest level of ROS generation in CCRF-CEM cells, compared to 

MB/ScrG15, Apt, and free MB. 
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Fig.Ⅱ-13. ROS production of PTK7-negative, -knockdown and –positive 
cells. 

Ramos cells (A), PTK7-knockdown CCRF-CEM cells (B) and CCRF-CEM 

cells (C) were left untreated or treated with Apt, MB, MB/ScrG15, or 

MB/AptG15. After 10-min incubation, the fluorescence intensity of ROS 

indicator was observed using a fluorescence microscopy. Scale bar: 100 µm.
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Fig.Ⅱ-14. ROS production of PTK7-negative, PTK7-knockdown and 

PTK7-positive cells upon LED irradiation.

Ramos cells (A, B), PTK7-knockdown CCRF-CEM cells (C, D) and 

CCRF-CEM cells (E, F) were left untreated or treated with Apt, MB, 

MB/ScrG15, or MB/AptG15. After incubation for 10 min, the fluorescence 

intensity of DAPI (A, C, E) or ROS indicator (B, D, F) was observed 

using a fluorescence microscopy after 660-nm light irradiation. Scale bar: 

100 µm.
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3.7. Photodynamic anticancer activity

Cells were treated with the various formulations of MB and exposed to 

660-nm light irradiation, and the photodynamic anticancer activity was 

evaluated by the MTT assay. In the absence of photo-irradiation, little 

cytotoxicity was observed regardless of treatment in PTK7-negative Ramos 

cells, PTK7-knockdown CCRF-CEM cells, and PTK7-positive CCRF-CEM 

cells (Fig.Ⅱ-15A). In PTK7-negative Ramos cells and PTK7-knockdown 

CCRF-CEM cells, no significant differences were observed among groups 

after irradiation (Fig.Ⅱ-15B). However, in PTK7-positive CCRF-CEM cells, 

LED irradiation (660-nm) triggered the highest cytotoxicity in cells treated 

with MB/AptG15 versus MB/ScrG15 or free MB, with MB/AptG15 

significantly decreasing cell viability from 98.3% ± 7.8% to 31.2% ±1.0% 

following LED irradiation (Fig.Ⅱ-15B). In CCRF-CEM cells, 

fluorescence-dye-based live-cell staining revealed that the lowest fraction of 

viable cells was found in the MB/AptG15-treated group (Fig.Ⅱ-16). Thus, 

our results indicate that the photodynamic anticancer effect was the highest 

in CCRF-CEM cells treated with MB/AptG15 plus 660-nm irradiation.
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Fig.Ⅱ-15. Photodynamic anticancer activity of DNA-nanostructure-treated 

PTK7-negative, -knockdown and –positive cells. 

Ramos cells, PTK7-knockdown CCRF-CEM cells, or CCRF-CEM cells were 

left untreated or were treated with Apt, MB, MB/ScrG15, or MB/AptG15. 

The medium was replaced, and the cells were treated without (A) or with 

(B) irradiation using a 660-nm LED. The survivals of these cancer cell lines 

were measured by MTT assays. Data are presented as means of 4 separate 

experiments ± SE.
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Fig.Ⅱ-16. ROS production-inducing cell killing effect. 

Ramos cells (A, B), PTK7-knockdown CCRF-CEM cell (C, D), and 

PTK7-positive CCRF-CEM cells (E, F) were left untreated or treated with 

Apt, MB, MB/ScrG15, or MB/AptG15. After incubation for 15 min, some 

cells (B, D, F) were irradiated using the 660-nm for 10 min. On the next 

day, cells were stained with 2 μM of calcein-AM for 10 min. The stained 

live cell images were obtained using fluorescence microscopy (Leica DM 

IL). Scale bar: 100 μm. 
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3.8. Illustration of the proposed mechanism through which MB/Apt15 

induces ROS production and anticancer effects upon photo-irradiation

A mechanism for the anticancer effect of MB/AptG15 plus 660-nm light 

irradiation is proposed in Fig.Ⅱ-17. Briefly, MB/AptG15 is taken up by 

PTK7 receptors on CCRF-CEM cells, MB is released, the liberated MB 

responds to 660-nm light irradiation by triggering ROS generation, and the 

generated ROS induces cell death.
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Fig.Ⅱ-17. Schematic of the mechanism for the delivery and therapeutic 

effect of MB/AptG15.

Illustration of the proposed mechanism through which MB/Apt15 induces 

ROS production and anticancer effects upon photo-irradi-ation. MB/AptG15 

enters CCRF-CEM cells via PTK7-mediated endocytosis due to the presence 

of the aptamer sequence. In an endolysosome, the MB, used as a model 

drug, is liberated by the degradation of DNA. In the cytosol, MB responds 

to photo-irradiation by producing ROS, which results in enhanced cell death.
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4. Discussion

Here, we demonstrate that PTK7 aptamer-decorated AptG15 forms a Y- 

shaped configuration that includes a G-quadruplex DNA structure at stem 

part and describe the loading of MB as a model drug. We further report 

that MB bound to AptG15 shows enhanced cellular uptake to PTK7-positive 

cancer cells, leading to ROS production and cytotoxicity upon irradiation 

with 660-nm light.

AptG15 and ScrG15 self-assembled to form regular Y-shaped structures, 

whereas Apt and AptC15 did not. The Y-shaped structure of AptG15 is 

consistent with the previously observed self-assembly of 3'-terminal guanine 

residues [8]. The driving force for Y-shaped assembly is speculated to be 

the formation of G-quadruplex structures by 3'-end guanine residues. Indeed, 

guanine-rich DNA sequences have been shown to form G-quadruplexes in 

the presence of monovalent cations via interactions between guanine residues 

[9,10].

We herein used CD, Raman spectra and NMR analysis, which have 

previously been used to characterize DNA conformations [11-14], to 

characterize the structures of the generated DNA nanostructures. The CD 

spectra of AptG15 and ScrG15 were similar, indicating that the aptamer at 

the 5'-end of the oligodeoxyribonucleotide did not affect the stem structures 
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of the G-quartet. Previously, peak changes in absorbance spectra at 245 nm 

were shown to reflect an increase in the overall DNA concentration [15]. 

Thus, the similar 245-nm peaks obtained for AptG15 and ScrG15 indicate 

that their DNA concentrations were comparable. Previously, G-quadruplex 

structures were reported to show characteristic Raman bands [16,17]. In this 

study, the presence of Raman bands at 1480 cm-1, 1578 cm-1, and 1605 

cm-1 in ScrG15 and AptG15 but not in AptC15 or Apt supports the 

existence of G-quadruplex structures in the former pair. 

The NMR spectra of ScrG15 and AptG15 showed peaks between 12 and 14 

ppm originating from Watson-Crick hydrogen bonds. However, the spectra of 

ScrG15 and AptG15 exhibited additional peaks between 10 and 12 ppm 

which were originating from unusual G:G hydrogen bonds. The line 

broadening at the imino region of ScrG15 and AptG15 compared to Apt 

and AptC15 might be resulting from the large molecular weight of ScrG15 

and AptG15.

As a model drug, we used MB, which we bound to the DNA  

nanostructures. Work in other laboratories has demonstrated that MB binds 

non-covalently to G-quadruplex DNA [18-20]. MB also has been reported to 

bind to single-stranded DNA [21,22]; however, the binding affinity of MB 

to G-quadruplex DNA is much greater higher than that to single-stranded 
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DNA [23]. 

To test the wide applicability of the stemmed DNA nanostructure for the 

delivery of various therapeutics, we further tested the loading and delivery 

of three drugs, namely DOX, MTO, and PPIX. Similar to MB, these drugs 

were loaded onto stemmed DNAs but not onto single-stranded DNAs (Fig. 

Ⅱ7-9). Moreover, the enhanced cellular uptake of these anticancer drugs 

delivered by Apt/G15 (Fig.Ⅱ-12) supports the versatile applications of 

stemmed DNA structures for various therapeutics.

Previously, a G-quadruplex forming aptamer was reported to incorporate the 

photosensitizer for tumor-targeted delivery [24]. In the study, the AS1411 

aptamer per se formed the G-quadruplex, limiting its application to other 

functional aptamers. However, in this study, the G15 oligomer-based 

quadruplex lacking target-recognizing activity was used as a separate stem 

structure. Such separation between the drug-loading stem part and the 

target-recognizing aptamer can allow the wide application of this system to 

various aptamers. Although in this study, we used PTK7 as a model 

aptamer to be linked to the stem part for targeted delivery.

We attribute the enhanced cellular uptake of MB/AptG15 over MB/ScrG15 

to the overexpression of PTK7 on the surfaces of CCRF-CEM cells, as the 

DNA aptamer portion of AptG15, sgc8, is known to be taken up after 
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binding to the target receptor [25,26]. The similarity of cellular uptake 

between MB/AptG15 and MB/ScrG15 in PTK7-negative Ramos cells 

supports the idea that MB/Apt15 enters CCRF-CEM cells via PTK7. 

Moreover, the uptake of MB/AptG15 by CCRF-CEM was inhibited by 

transfection with siPTK7, further validating the notion that MB/AptG15 was 

taken up by cell-surface PTK7 receptors. We confirmed the knockdown of 

PTK7 using the flow cytometry of anti-PTK7 antibody in order to confirm 

the expression pattern of the cell surface [27].

We observed light-sensitive anticancer effects in MB/AptG15-treated 

CCRF-CEM cells. The enhancement of these anticancer effects over those 

conferred by the other MB formulations is presumably related to a greater 

production of ROS upon irradiation with 660-nm light. Indeed, lower ROS 

production and no anticancer effect was associated with treatment of 

CCRF-CEM cells with Apt alone, supporting the notion that MB played a 

crucial role in triggering the observed ROS-induced anticancer effects. 

In this study, we used a 660 nm LED as a light source for photodynamic 

therapy. LEDs have been used as a light source for photodynamic studies 

for in vitro and in vivo studies [28, 29]. As compared to laser, LEDs have 

the advantages of being portable and less costly. Moreover, LEDs were 

reported to exert an efficienc similar to that of long-wave laser light [30].
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Photodynamic therapy has been studied as a modality for noninvasive 

anticancer treatment [31], and the irradiation of photosensitizer-pretreated 

cancer tissues has been shown to induce ROS generation and subsequent 

cell death [32]. MB has been studied as a photosensitizer for photodynamic 

therapy, and reported to exert anticancer effects upon light irradiation [33]. 

In addition to MB, other therapeutics such as DOX, MTO, and PPIX were 

shown to be loadable to the stemmed DNA nanostructure. Here, the 

PTK7-dependent cellular delivery and photodynamic effect of various 

therapeutics suggest that AptG15 may minimize the nonspecific killing of 

normal cells while increasing the killing of aptamer-recognizable cancer 

cells.
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Chapter Ⅲ

Serial-controlled delivery of nanomaterials by 

sequential activation in tumor microenvironment
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1. Introduction

Tumor-targeted delivery has been long studied using ligand-modified 

nanomaterials. As tumor-targeting ligands, folic acid [1], transferrin [2], and 

RGD peptide [3,4] have been extensively studied. Although progresses have 

been made using these single ligand-modified nanomaterials, the importance 

of tumor microenvironments has increased for the delivery of nanomaterials 

to tumor tissues. Recent studies reported that tumor 

microenvironment-responsive activation of drug delivery may increase the 

selectivity of tumor-directed nanomaterial delivery [5]. 

In some tumors, cathepsin L and urokinase-type plasminogen activator 

receptor (UPAR) have been known to be overexpressed in tumor 

microenvironment and tumor cell surfaces, respectively. Cathepsin L has 

been known to be secreted to the tumor microenvironment. Cathepsin L 

secreted to the tumor microenvironment has been known to play an 

important role for tumor metastasis [6], and neovascularization [7]. UPAR 

has been known to be overexpressed on various cancer cell surfaces such as 

breast cancer cells [8-10].

In this study, taking advantage of cathepsin L and UPAR, we designed 

multi-controlled peptide-modified nanomaterials for activation in tumor 

microenvironment and sequential recognition to UPAR on tumor cells. Using 
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reduced graphene oxide (rGO) nanosheets as a model nanomaterial, we 

coated the surfaces of rGO with cyclic peptide which can be cleaved to 

linear UPAR-binding peptide by cathepsin L in tumor microenvironment. 

The cathepsin L-cleaved linear UPAR-binding peptide on rGO would then 

bind to UPAR-overexpressing tumor cells. The delivery efficiency of cyclic 

peptide-loaded rGO to tumor was evaluated by photothermal anticancer 

activity of rGO upon near infrared (NIR) irradiation (Fig. Ⅲ-1).
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2. Materials and methods

2.1. Synthesis of peptide derivatives 

Synthesis schemes for peptides, polyethyleneglycol (PEG) conjugation, and 

chlorin e6 (Ce6) conjugation are depicted in Fig. Ⅲ-2. Peptides were 

chemically synthesized by Fmoc (9-fluorenylmethyloxycarbonyl) solid-phase 

peptide synthesis on Wang resins.Amino acid sequences of scrambled 

peptide, cathepsin L-sensitive scrambled peptide, UPAR-binding peptide, and 

cathepsin L-sensitive UPAR-binding peptideare listed in Fig.Ⅲ-1. 

PEG conjugation of the peptides was conducted by treatment with 1.5 

equivalent of Fmoc-PEG-succinimide, diisoproylethylamine in 

dimethylformamide (DMF) for 12 h. For conjugation of pegylated peptide 

with Ce6 in cyclic structure, 

O-(6-chlorobenzotriazol-1-yl)-N,N,N`,N`-tetramethyluroniumhexafluorophosphate 

/ diisoproyl-ethylamine was employed. In brief, Dde 

(1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl)group was deprotected with 

2% hydrazine hydrate in DMF, and followed by cyclization with 

O-(6-Chlorobenzotriazol-1-yl)-N,N,N`,N`-tetramethyluroniumhexafluorophosphat

e and diisoproyletylamine in DMF for 12h. After synthesis, resin detachment 

were performed using trifluoroacetic acid-water-triisoproyl silane (95:2.5:2.5) 

at room temperature for 4h followed by purification via revers-phase 



87

high-performance liquid chromatography (HPLC). 

The structures of cyclic Ce6-conjugated pegylated scrambled peptide (SP), 

Ce6-conjugated pegylatedcathepsin L-sensitive scrambled peptide (CSP), 

Ce6-conjugated pegylatedUPAR-binding peptide (UP), and Ce6-conjugated 

pegylatedcathepsin L-sensitive scrambled peptide (CUP) are depicted in Fig. 

1. The fidelity of the products was ascertained by matrix-assisted laser 

desorption ionization time-of-flight mass spectrometry (MALDI-TOFMS): SP: 

observed, 4700~5300 [expected for 5200]; CSP: observed, 5700~6300 

[expected for 5900]; UP: observed, 5100~5300 [expected for 5200]; CUP: 

observed, 5400~6200 [expected for 5900], respectively.

2.2. Synthesis of rGO nanosheets

rGO nanosheets were synthesized using a modified Hummer's method [11]. 

Briefly, graphite powder (0.5 g; Sigma-Aldrich) was dissolved in cold H2SO4 

(23 mL). Then KMnO4 (3 g; Sigma-Aldrich) and NaNO3 (0.5 g; 

Sigma-Aldrich) were added to the solution. The mixture was stirred for an 

additional 1 h and incubated at 90 °C for 1 h after adding triple-distilled 

water (TDW, 46 mL). The reaction was halted by adding TDW (140 mL) 

and H2O2 (30 %, 10 mL). To exfoliate the GO layers into GO nanosheets, 

the TDW suspended final product was sonicated for 2 h at a power setting 
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of 400 W, centrifuged at 1600 ×g for 10 min, and the supernatant was 

filtered through 0.2 μm polycarbonate membrane filters (Millipore Corp., 

Billerica, MA, USA) using an extruder (Northern Lipid, British Columbia, 

Canada).

The purified GO nanosheets were subsequently reduced to generate rGO 

nanosheets according to the method of Li and colleagues. In short, GO  

nanosheets (5 mg/ml, 2 ml) were mixed with TDW (8 ml) containing 

ammonia solution (28 wt.% in water, 0.5 ml; Junsei Chemical, Tokyo, 

Japan) and hydrazine monohydrate (64 wt.% in water, 5 μl; Sigama-Aldrich) 

and stirred at 80 °C for 10 min. After cool down the mixture to room 

temperature, extra hydrazine and ammonia were discarded by dialysis 

(MWCO 100K; Spectrum Laboratories, Inc., Rancho Doinguez, CA, USA) 

against TDW. The resulting rGO nanosheets were stored at 4 °C until use.

2.3. Preparation of peptide derivative-tethered rGO

SP, CSP, UP or CUP was anchored on the surface of rGO nanosheets by 

mixing the same volume of each peptide (1.8 mmol/L) with the rGO 

nanosheets in TDW (1 mg/ml). Peptide-tethered rGO nanosheets were then 

obtained by centrifugation at 14,000×g for 30 min using an Amicon Ultra 

centrifugal filter (MWCO 100K; Millipore, Darmstadt, Germany). In filtrated 
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solution, the amounts of unbound peptide derivatives were evaluated at a 

wavelength of 400 nm (Gemini XS; Molecular Device, Sunnyvale, CA, 

USA). By subtracting the unbound peptide amount from initial amount, the 

loading amount of peptides onto rGO nanosheets were analyzed.

2.4. Characterization studies of surface-modifiedrGOnanosheets

The peptide derivative-tethered rGO nanosheets were characterized by 

analyzing morphology, size and zeta potential. The morphologies of each 

peptide-tethered rGOs were evaluated by transmission electron microscopy 

(TEM) using a JEM1010 transmission electron microscope (JOEL Ltd., 

Tokyo, Japan). The rGO nanosheets for TEM imaging were prepared onto a 

carbon grid (Agar Scientific Ltd., Stansted, United Kingdom) after dropping 

the rGO suspension and drying completely. The lateral diameters of the 

rGOs were measured using a 10 mW power of He-Ne laser equipped 

dynamic light scattering ELSZ-1000 instrument (Photal, Osaka, Japan). After 

diluted in TDW, the zeta potential values of rGOs were evaluated by laser 

Doppler microelectrophoresis at an angle of 22°. 

2.5. In vitro assay of CTSL 

Activity of CTSL released from various tumor cells were quantitated using a 
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commercial kit (Cathepsin L activity fluorometric assay kit, BioVision Inc., 

Milpitas, CA, USA). In brief, cells were seeded onto a 6-well plate at a 

density of 1 × 105 cells/well. After two days, the supernatant was mixed 

with AFC (amino-4-trifluoromethyl coumarin)-conjugated CTSL substrate 

(200 μM) and dithiothreitol (10 mM). Culture media alone was used as a 

negative control. After 2 hr incubation at 37℃ with gentle shaking, the 

fluorescence intensity was measured using a fluorescence microplate reader 

at an excitation wavelength of 400 nm and an emission wavelength of 505 

nm. The resulting value was converted into CTSL activity by generating a 

standard curve of CTSL.

2.6. Photothermal properties of nanosheets

The photothermal properties of the peptide-coated rGO nanosheets were 

measured using an IR thermal imaging system after irradiation of each 

sample using near infrared (NIR) laser. The coated rGOs were irradiated 

using an 808 nm continuous wave NIR laser (PSU-FC, ChangChun New 

Industries Optoelectronics Tech. Co., LTD, Changchun, China) with an 

output power of 1.5 W. During laser irradiation, the temperature of the rGO 

suspensions was recorded in real time and the thermal images were obtained 

and processed using an IR thermal imaging system (FLIR T420; FLIR 
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Systems Inc., Danderyd, Sweden). 

2.7. Measurement of UPAR expression on cell surfaces

The expression of UPAR on the surfaces of TCMK-1, mouse kidney cell or 

CCRF-CEM, leukemia cell or HT-29, colon cancer cell were evaluated by 

flow cytometry technique. The cells were incubated for 1 h with bovine 

serum albumin (BSA) containing PBS to prevent non-specific binding. After 

wash with cold PBS one time, the cells were incubated for another 1hr at 

room temperature with a PerCP-eFluor710 conjugated anti-UPAR monoclonal 

antibody (eBioscience Inc., SanDiego, CA, USA)at a dilution of 1:100. 

UPAR-expressing cell populations were proved using a Cell Quest Pro 

software equipped BD FACSCalibur system (BD Bioscience, San Jose, CA, 

USA). 

2.8. Cellular uptake study

Cellular uptake of variously prepared rGO nanosheets was evaluated using 

flow cytometry and confocal microscopy. For flow cytometry, TCMK-1 or 

CCRF-CEM or HT-29 cells were seeded onto 24-well plates at a density of 

5 × 104 cells/well. After overnight incubation, cells were treated with SP, 

CSP, UP or CUP loaded rGO for 20 min at an amount of 48 μg rGO with 
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20 μM of peptide. The cells were harvested then washed three times with 

2% fetal bovine serum-containing cold PBS and analyzed by the BD 

FACSCalibur system. For confocal microscopy, TCMK-1 or HT-29 cells 

were seeded onto cover glasses at a density of 5 × 104 cells/well in 24 

well plates. The next day, the cells were treated with 48 μg of rGO with 

or without 20 μM of peptide for 20 min. In case of CCRF-CEM cell line, 

cells were transferred onto poly-L-lysine coated glasses (BD Biosciences, 

San Jose, CA, USA) and incubated for 1 h for attachment and then treated 

as described above. The glass-attached cells were fixed with 4% 

paraformaldehyde in PBS for 15 min and stained with 

4'6-diamidino-2-phenylindole dihydrochloride (Sigma-Aldrich). The 

fluorescence intensity of cellular Ce6 was observed using a confocal 

laser-scanning microscope (LSM Exciter; Carl Zeiss Inc.,Jena, Germany). 

2.9. In vitro photothermal effect measurement

TCMK-1, CCRF-CEM, or HT-29 cells were seeded onto 12 well plates at a 

density of 1 × 105 cells/well. The next day, the cells were treated with 

variously prepared rGO nanosheets at 48μg of the rGO nanosheets with or 

without 20 μM peptide. After 4 hr of incubation at 37 ℃, the cells were 

harvested and centrifuged at 100g for 3 min. The 808 nm continuous wave 
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NIR diode laser irradiation was applied to the cells at an output power of 

1.5 W/cm2. During the 5 min irradiation, the temperature was monitored in 

real time and the photothermal images were recorded every minute using an 

IR thermal imaging system (FLIR T420). 

2.10. In vitro cell viability study

The cell viability was quantified by MTT assay or live cell staining. The 

cells were seeded onto 12-well plates at a density of 1 × 105 cells/well. 

The next day, the cells were treated for 4 hr with plain rGO or variously 

prepared rGO at 48 μg of rGO with 20 μM of each peptide. The cells 

were collected after washing and irradiated with the 808 nm NIR laser for 

5 min. After the irradiation, the cells were seeded onto 48-well plates and 

incubated for 24 h to evaluate the cell viability. For MTT assay, 500 μM 

of MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide, 

Sigma-Aldrich) solution was added to each well for 2 hr at 37 ℃. After 

removal of the media, the resulting crystals were dissolved in 200 μL of 

dimethyl sulfoxide (Sigma-Aldrich)the absorbance was measured at 570 nm 

using a microplate reader (Tecan Group Ltd., Seestrasse, Mannedorf, 

Switzerland). For live cell staining, 2 μM calcein (Invitrogen Corp., 

Carlsbad, CA, USA) was added to each well to stain the cells fluorescently. 



94

After 10 min incubation, the cells were washed and the images of stained 

live cells were obtained using fluorescence microscopy (Leica DM IL, 

USA). 

2.11. Molecular imaging 

Molecular whole body imaging was conducted to evaluate the distribution of 

peptide-loaded rGO in tumor-bearing mice. Five week-old athymic nude 

female mice (Orient Bio Inc., Seungnam, Republic of Korea; approved 

animal experimental protocol number SNU-150609-2-1) were subcutaneously 

inoculated at the dorsal middle part with 5×106 HT-29 cells in PBS or 

CCRF-CEM cells in 50% matrigel (BD Biosciences) containing PBS 

solution. The prepared SP/rGO, CSP/rGO, UP/rGO or CUP/rGO at the rGO 

dose of 10 mg/kg and peptide dose of 5 mg/kg were intravenously 

administered into the tumor established mice. At 1 hr, 24 hr, 48 hr post 

dose, the fluorescence signals of mice were scanned and the images were 

obtained using an eXploreOptix system (Advaned Research Technologies 

Inc., Montreal, Canada) with a laser power of 25 mW and a count time of 

0.3 s/point. The Ce6 was excited by a 670 nm pulsed laser diode and the 

long-wave fluorescence emission was detected.
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2.12. In vivo photothermal effect

The photothermal effect in vivo was examined by NIR laser irradiation at 

tumor site following variously prepared rGO administration. First, 5 × 106 

HT-29 in PBS or CCRF-CEM cells in PBS with matrigel were 

subcutaneously injected at the dorsal left side of five-week old female 

Balb/c athymic nude mice (Orient Bio Inc.). When the tumor volumes 

reached 80-130 mm3, plain rGO or the peptide anchored rGOs were 

administrated to tail vein of the mice. After 4 hr, the mice were 

anesthetized by intraperitoneal Avertin injection. The tumor sites were left 

unirradiated or irradiated with an 808 nm NIR laser at an output power of 

1.5 W/cm2 for 10 min. The temperature changes during the irradiation was 

recorded using a real-time infrared thermal imaging system (FLIR T420) and 

the optical images were obtained using a digital camera (Canon PC 1089). 

The tumor size was measured using a slide caliper upto 33 days and the 

tumor volume was calculated according to the equation 0.5 × (largest 

diameter) × (smallest diameter)2. Some tumor tissues were extracted 24h 

after the administration and/or NIR irradiation for immunostaining with an 

anti-proliferatingcell nuclear antigen (PCNA) antibody and assayed by 

terminal deoxynucleotidyl transferase dUTP nick-endlabeling (TUNEL).
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2.13. Statistics

ANOVA was used for statistical evaluation of data, using 

Student-Newman-Keuls test as a post-hoc test. All statistical analyses were 

carried out using SigmaStat software (version 3.5, Systat Software, 

Richmond, CA, USA), and a p-value < 0.05 was considered significant.
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3. Results

3.1. Characteristics of surface-modified rGO nanosheets

A possible working mechanism of CUP/rGO is illustrated in Figure Ⅲ-1. 

Surfaces of rGO nanosheets were modified with SP, CSP, UP or CUP via 

physical adsorption with Ce6 as an anchoring moiety. The loading amounts 

of Ce6-conjugated peptides onto the rGO nanosheets were not significantly 

different regardless of amino acid sequences (Fig. Ⅲ-4).

The adsorption of peptide derivatives onto rGO did not affect the 

morphologies. TEM imaging of SP/rGO, CSP/rGO, UP/rGO, and CUP/rGO 

did not differ from that of plain rGO (Fig. Ⅲ-3A). The lateral size (Fig. Ⅲ

-3B) and zeta potential (Fig. Ⅲ-3C) values of nanosheets were not affected 

by surface modification.
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Fig. Ⅲ-1. Nanostructure of CUP loaded rGO and a schematic illustration of 

mechanism of action. 

Schematic diagram shows the mechanism of CUP/rGO. CUP/rGO was 

composed of the cleavage action peptide (CA), the UPAR targeting peptide 

(UPAR), the photothermal carrier (rGO), the fluorescence anchor(Ce6) and 

the hydrophilic PEG2k. The UPAR could be liberated upon the CA is 

cleaved by CTSL at near HT-29 cells. After CA missing, UPAR/rGO may 

enter the cells via UPAR-mediated endocytosis due to the presence of the 

UPAR ligand. The internalized complex was released to cytoplasm and the 

808 nm NIR irradiation induced heat generation from rGO to exert 

photothermal activity. The variously prepared rGO groups were summarized 

below.
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Fig. Ⅲ-2. Synthesis scheme of PEG2000-Ce6 conjugated peptide.
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Fig. Ⅲ-3. Size and zeta potentials of the surface-modified rGO nanosheets. 

(A) Transmission electron microscopy images of plain rGO, SP/rGO, 

CSP/rGO, UP/rGOand CUP/rGO are presented (scale bars indicate 100 nm). 

(B) The lateral sizes of the nanosheets were measured using dynamic light 

scattering method. (C) The zeta potential values of the prepared rGOs were 

determined by laser Doppler microelectrophoresis at an angle of 22° using 

an ELSZ-1000 instrument. 
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Fig. Ⅲ-4. Loading amount of peptides onto rGO nanosheets. 

The amounts of Ce6-conjugated peptides loaded onto the rGO nanosheets 

were quantified. Each complex of the amino acid sequences and rGO 

nanosheets was prepared by simple mixing and then condensed. The 

absorbance of fluorescence was evaluated using microplate reader.
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3.2. CTSL-sensitive cleavage of peptide on rGO

The secretion levels of CTSL in culture media were significantly different 

among the cells. As compared to TCMK-1 and CCRF-CEM cells, HT-29 

cells showed 18.4- and 122.3-fold higher activity of CTSL (Fig. Ⅲ-5A). 

Using the binding of biotinylated and FITC-labeled peptide on 

streptavidin-coated plate, the cleavage of peptide was detected by the 

fluorescence of supernatant. In line with the cathepsin L levels, the cleavage 

of CUP depended on the type of the cells. Incubation of CUP in the 

culture media of TCMK-1 and CCRF-CEM cells showed little cleavage of 

CUP. In contrast, the incubation of CUP in cathepsin L-rich HT-29 cell 

culture media showed 12.9-fold and 12.0-fold higher cleavage of CUP 

compared to the samples treated with TCMK-1 and CCRF-CEM cells culture 

media, respectively (Fig. Ⅲ-5B).
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Fig. Ⅲ-5. Enzyme cleavable activity analysis on TCMK-1, CCRF-CEM, and 

HT-29 cells.

(A) Commercially available kit and (B) streptavidin-biotin system was 

adapted to measure cleavage efficiency of cell releasing enzyme.



105

3.3. Cellular uptake of CUP/rGO nanosheet

The cellular uptake of CUP/rGO nanosheets depended on the surface 

expression levels of UPAR. Flow cytometry using fluorescence-labeled 

anti-UPAR antibody revealed that the expression levels of UPAR were 

negligible in TCMK-1 (Fig. Ⅲ-6A) and CCRF-CEM cells (Fig. Ⅲ-6B), but 

substantial in HT-29 cells (Fig. Ⅲ-6C). In accordance with the UPAR 

expression levels, the uptake of CUP-loaded rGO nanosheets depended on 

the cell types. The uptake of CUP-loaded rGO nanosheets was not 

significantly different with those of other peptide-coated nanosheets in 

TCMK-1 (Fig. Ⅲ-6D) and CCRF-CEM cells (Fig. Ⅲ-6E). In HT-29 cells, 

the uptake of CUP-loaded rGO nanosheets was significantly higher than 

other peptide-modified nanosheets such as scrambled peptide-modified rGO 

nanosheets(Fig. Ⅲ-6F).

In addition to the flow cytometry, confocal microscopy was used to evaluate 

the cellular uptake of surface-modified rGO nanosheets by the fluorescence 

of Ce6 liberated from rGO nanosheets after endocytosis. In HT-29 cells, the 

colocalization of DAPI and Ce6 was observed after treatment with UP/rGO 

and CUP/rGO, but not in SP/rGO (Fig. Ⅲ-7). 
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Fig. Ⅲ-6. UPAR expression and targeting efficacy of CUP/rGO. 

TCMK-1 (A), CCRF-CEM (B), or HT-29 (C) cells were stained with 

PerCP-eFluor 710-labeled anti-UPAR antibody and the receptor expression 

levels were analyzed using flow cytometry. Cells were left untreated or 

treated with SP/rGO, CSP/rGO, UP/rGO or CUP/rGO for 20 min and the 

representative flow cytometry data of TCMK-1 (D), CCRF-CEM (E), or 

HT-29 (F) cells are presented.
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Fig. Ⅲ-7. Uptake of CUP/rGO nanosheets in UPAR positive cancer cell. 

HT-29 cells were left untreated or treated with plain rGO or SP/rGO, 

CSP/rGO, UP/rGO or CUP/rGO. After 20 min incubation, cellular 

fluorescence was observed by confocal microscopy. Scale bar indicates 25 μ

m.
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3.4. Photothermalanticancer effects of CUP/rGO

The NIR-responsive photothermal effect of CUP/rGO varied depending on 

the cell types. In UPAR-negative TCMK-1 (Fig. Ⅲ-8A) and CCRF-CEM 

cells (Fig. Ⅲ-8B), the increase of temperature upon NIR irradiation was 

similar among CUP/rGO-treated group and other peptide-modified 

rGO-treated groups. In UPAR-positive HT-29 cells, scrambled 

UPAR/rGO-treated cells showed the temperature of 40℃, similar to plain 

rGO. However, in after treatment with CUP/rGO, the temperature increased 

to 63.0 ±1.6 °C upon NIR irradiation in UPAR-positive HT-29 cells (Fig. 

Ⅲ-8C).

Consistent with the cellular uptake patterns, the viability of the 

nanosheet-treated cells upon NIR irradiation showed dependence on the 

UPAR expression levels of cells. In TCMK-1 (Fig. Ⅲ-9A) and CCRF-CEM 

(Fig. Ⅲ-9B) cells, the viability of the cells were not significantly decreased 

upon NIR irradiation, regardless of treatment groups. In HT-29 cells, the 

viability of the cells was significantly reduced in CUP/rGO-treated group 

after NIR irradiation (Fig. Ⅲ-9C). Fluorescent live cell staining revealed the 

lowest population of live cells after NIR irradiation of HT-29 cells treated 

with CUP/rGO (Fig. Ⅲ-9D).
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Fig. Ⅲ-8. Photothermal activities of the surface-modified rGO following 

treated to cells.

TCMK-1 (A), CCRF-CEM (B), or HT-29 (C) cells were irradiated using 

NIR laser following treatment with the variously prepared rGO. The 

temperature increase aspects were observed real time using an IR thermal 

imaging camera. 
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Fig. Ⅲ-9. Photothermal anticancer effects. 

TCMK-1, CCRF-CEM, or HT-29 cells were remained intact or treated with 

plain rGO or SP/rGO, CSP/rGO, UP/rGO or CUP/rGO and 808 nm laser 

irradiation was followed for some groups. After 24h, the viable TCMK-1 

(A), CCRF-CEM (B), or HT-29 (C) cell population was measured using the 

MTT assay. Results are reported as the mean ± SD of three independent 

experiments. Also, on the next day of NIR irradiation, live HT-29 cells 

were stained with calcein and observed using a fluorescence microscopy (D). 

The scale bar indicates 100 μm.
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3.6. Biodistribution of CUP/rGO nanosheets

The distribution patterns of CUP/rGO differed between CCRF-CEM 

tumor-bearing mice and HT-29 tumor-bearing mice. In CCRF-CEM 

tumor-bearing mice, the distribution of CUP/rGO to the tumor tissues was 

not notable (Fig. Ⅲ-10A). However, in HT-29 tumor-bearing mice, the 

distribution of CUP/rGO to the tumor tissues was observed at various time 

points after intravenous administration (Fig. Ⅲ-10B). In HT-29 tumor-bearing 

mice, the photon counts were recorded to be the highest in CUP/rGO 

compared to other peptide-modified nanosheets (Fig. Ⅲ-10C).
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Fig. Ⅲ-10. Biodistribution of Ce6 conjugates-loaded rGO in tumor-bearing 

mice. 

CCRF-CEM (A) and HT-29 (B) tumor bearing mice were intravenously 

injected with SP/rGO, CSP/rGO, UP/rGO or CUP/rGO. After 1, 24, 48 h, 

the in vivo distribution of modified rGO was visualized using a molecular 

imaging system. Total photon counts in tumor sites of HT-29 tumor bearing 

mice were quantified (C).
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3.7. In vivo photothermal antitumor effect of CUP/rGO nanosheets

Intravenous administration of CUP/rGO exerted photothermal antitumor effect 

upon NIR irradiation in HT-29 tumor-bearing mice, but not in CCRF-CEM 

tumor-bearing mice. In CCRF-CEM tumor-bearing mice, no difference was 

observed in the temperature of tumor sites upon NIR irradiation (Fig. Ⅲ

-11A). In contrast, in HT-29 tumor-bearing mice, the temperature of 

NIR-irradiated tumor tissues increased upto 55.4 ±1.6°C (Fig. Ⅲ-11B). In 

CCRF-CEM tumor-bearing mice, the tumor growth curves were not different 

regardless of treatment groups, and NIR irradiation (Fig. Ⅲ-11C). However, 

in HT-29 tumor-bearing mice, the tumor ablation was observed in 

CUP/rGO-treated group upon NIR irradiation (Fig. Ⅲ-11D). 

Immunohistochemistry revealed the lowest number of PCNA-positive 

population (Fig. Ⅲ-12A,C) and the highest population of apoptotic cells 

(Fig. Ⅲ-12B,D) in the tissues of tumors treated with CUP/rGO-treated group 

upon NIR irradiation.
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Fig. Ⅲ-11. Photothermal effect of the CUP/rGO in mice. 

CCRF-CEM (A) and HT-29 (B) tumor bearing mice were intravenously 

administered with rGO, SP/rGO, CSP/rGO, UP/rGO or CUP/rGO. After 4 

hr, the tumor site was irradiated using 808 nm NIR laser for 10 min and 

the thermal images were obtained at the irradiation completion. The 

temperature of the tumor site was recorded every minute. Moreover, the 

tumor volumes of CCRF-CEM (C) and HT-29 (D) bearing mice were 

measured every 3 days.



117

Fig. Ⅲ-12. Immunohistochemistry of laser irradiated tumor tissues after 

various rGO treatment.

Tumor tissues of HT-29 tumor bearing mice were extracted and sectioned 

for anti-PCNA antibody immunostaining (A) and TUNEL assay (B) on day 

33 after inoculation. The proliferating populations (C) and apoptotic cell 

numbers (D) in isolated tumor tissues were quantified. Scale bar indicates 

100 μm.
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4. Discussion

We demonstrated that CUP-loaded rGO nanosheets were activated in 

cathepsin L-rich tumor microenvironment and taken up by UPAR-positive 

tumor cells. The environment-responsive and UPAR-mediated delivery of 

CUP-loaded rGO nanosheets provided higher tumor distribution and enhanced 

NIR-responsive photothermal anticancer effects in cathepsin L-secreating and 

UPAR-positive HT-29 cells. This study indicates the potential of 

triple-controlled activation of nanomaterials by tumor microenvironment, 

overexpressed receptor, and light irradiation. 

To tether various peptides onto rGO nanosheets by physical adsorption with 

similar affinity, we conjugated Ce6 to the N-terminal of peptide as an 

anchor molecule. Ce6 was shown to be adsorbed onto rGO nanosheets via   

π-π stacking and hydrophobic interactions [12,13]. Another use of Ce6 is to 

measure the loading efficiency of each peptide onto rGO nanosheets. The 

concentrations of unadsorbed Ce6 were measured to calculate the extent of 

quenched and bound Ce6-based conjugates. 

Hydrophilic PEG moiety was inserted between Ce6 and peptide moiety to 

reduce the nonspecific adsorption of peptide moiety with rGO surfaces. 

Previously, PEG was introduced to reduce the interaction of ligand 

molecules with rGO nanosheets [14]. The prevention of nonspecific 
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interaction between peptide and rGO surfaces may contribute to retain the 

three dimensional conformation of peptide structure to be responsive to 

cathepsin L and binding to UPAR on target tumor cells.

For comparison with HT-29 cells which were positive with cathepsin L and 

UPAR, we used TCMK-1 and CCRF-CEM cells. TCMK-1 cells were 

derived from C3H normal mouse kidney cells, and double negative with 

cathepsin L and UPAR. CCRF-CEM cells are human T-cell acute 

lymphoblastic leukemia cell line, and also tested to be double negative with 

cathepsin L (Fig. Ⅲ-5A) and UPAR (Fig. Ⅲ-6B). In HT-29 cells, the 

secretion of cathepsin L cleaved CUP to UPAR-binding peptide, and make 

it bind to UPAR. Distinct presence of UPAR expression on colon cancer 

cells was previously reported [15].

Cathepsin L is one of the lysosomal proteases and it exerts proteolytic 

activity at low pH [16,17]. The acidic conditions are generated at 

extracellular space of tumors as the results of abnormal vascularization, 

accumulation of metabolites or hypoxia [18]. The low pH-adapted tumor 

cells proliferate for tumor progression and further metastasis [19]. Moreover, 

the secreted cathepsin L induce the generation of endostatin from collagen 

and then perform the critical role in ECM remodelling [20].

Biodistribution study reveal the higher tumor distribution of CUP/rGO in 
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HT-29 tumor-bearing mice. The higher tumor tissue distribution of CUP/rGO 

might be contributed to the cleavage of CUP by cathepsin L, and recovery 

of UPAR-binding activity of cleaved peptide in tumor microenvironment. 

Moreover, the overexpression of UPAR on HT-29 may contribute to the 

receptor-mediated endocytosis of UPAR-binding peptide on rGO nanosheets. 

Although we used rGO as a model photoresponsive nanomaterial of 

multi-controlled systems, CUP surface coating can be used to other 

photoresponsive nanomaterials [21] such as carbon nanotube [22], gold 

nanoparticle [23], metal-based nanostructure [24], and polydopamine 

nanoparticles [25]. Moreover, the concept of CUP can be applied to other 

nanomaterials loaded with anticancer drugs for tumor microenvironment and 

tumor cell-dual controlled delivery of anticancer chemotherapeutic drugs. 

In conclusion, we constructed triple controlled CUP/rGO for cathepsin 

L-sensitive, UPAR binding, and NIR-activable systems. The existence of 

CUP/rGO as inactive form in the bloodstream and activation to 

UPAR-binding form in tumor microenvironment can reduce the nonspecific 

distribution of CUP/rGO. Moreover, the NIR irradiation at tumor tissues can 

further control the photothermal anticancer effect of CUP/rGO focused on 

tumor sites.
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Chapter Ⅳ

Enhanced delivery of nanomaterials by 

overcoming inter-cellular junction 

at tumor microenvironment
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1. Introduction

Tumor microenvironment is consisted of tumor and its neighbor such 

as extracellular matrix, immune cells. As materials at extracellular 

matrix (ECM), MMP [1,2] and collagen [3] have been well 

characterized. Although relaxing ECM components have been useful 

for nanoparticle deliveries, the approachable range is still restricted 

due to the dormancy of tumor itself [4]. Recently, delivery of 

nanomaterials to the center of the tumor has been highlighted for 

effective anticancer therapy.

In some tumors, tight junctions are exclusively expressed on the 

surface of cancer cells [5] and it is the main obstacle for drug 

delivery [6,7]. Among many subclasses of tight junctions, claudin4 is 

the most distinct receptor related to high density through cell-cell and 

cell-ECM interaction and it has been known to be paracellular barrier 

for drug delivery [8,9]. Tumor cells release component, such as 

cytokine [10,11], exosome [12,13] or enzymes [14,15], to metastasis 

or malignancy. Various tumor-secreting enzymes were identified. 
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Meprin is on of the enzymes playing an important role for ECM 

remodeling.

In this study, taking advantage of meprin and claudin4, we designed 

multi-controlled peptide-modified nanomaterials for activation in tumor 

microenvironment and sequential disruption of tight junctions between 

tumor cells. Using reduced graphene oxide (rGO) nanosheets as a 

model nanomaterial, we coated the surfaces of rGO with linear 

peptide which can be cleaved by tumor secreting meprin and release 

tight junction opening peptide in tumor microenvironment. The rGO 

would then flow through the loosened intercellular space. The delivery 

efficiency of the peptide-loaded rGO to tumor was evaluated as 

penetration depth by confocal microscopy and photothermal anticancer 

activity of rGO upon near infrared (NIR) irradiation (Fig. 1). 
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2. Materials and methods

2.1. Synthesis of peptide derivatives 

The meprin sensitive and tight junction disrupting peptide was synthesized 

using standard Fmoc-mediated solid phase peptide synthesis methods on 

Wang resin. DSPE-PEG2000 was conjugated via a peptide bond to N-terminal 

of peptide by adding a 10% molar excess of DSPE-PEG2000 

N-hydroxysuccinimide ester to peptide with diisoproylethylamine in 

dimethylformamide. After reaction at room temperature for 24 h, the 

resulting product was cleaved and deprotected with 95:2.5:2.5 by volume 

trifluoroacetic acid:H2O:triisopropylsilane and was precipitated and washed 

several times with cold diethyl ether, dissolved in water, lyophilized, and 

stored as lyophilized powder at –20 ℃. Crude, peptide mixture was purified 

by reverse-phase HPLC on a C8 column using acetonitrile/water mixture.

For cleavage activity evaluation, biotinylated and fluorescence probe labeled 

peptide was synthesized. The peptides were synthesized using standard 

Fmoc-mediated solid phase peptide synthesis methods on Wang resin. Biotin 

were conjugated via a peptide bond to N-terminal of peptide by adding a 

10% molar excess of Biotin N-hydroxysuccinimide ester to peptide dissolved 

in 10 mM aqueous sodium carbonate buffer (pH 8.5). After reaction at 

room temperature for 24 h, the protecting group of Lysine were deprotected 
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with 2% hydrazine in dimethyformamide. FITC were conjugated by adding a 

10% molar excess of FITC isothiocyanate to peptide with 

diisoproylethylamine in dimethylformamide.  After reaction at room 

temperature for 24 h, the resulting products were cleaved and deprotected 

with 95:2.5:2.5 by volume trifluoroacetic acid:H2O:triisopropylsilane and was 

precipitated and washed several times with cold diethyl ether, dissolved in 

water, lyophilized, and stored as lyophilized powder at -20 ℃. Crude, 

peptides mixture were purified by reverse-phase HPLC on a C8 column 

using acetonitrile/water mixture.

For confocal imaging based penetration depth evaluation, Cy5.5 labeled 

peptide was synthesized. The peptides were synthesized using standard 

Fmoc-mediated solid phase peptide synthesis methods on Wang resin. Cy5.5 

were conjugated via a peptide bond to N-terminal of peptide by adding a 

10% molar excess of Cy5.5 N-hydroxysuccinimide ester to peptide with 

diisoproylethylamine in dimethylformamide. After reaction at room 

temperature for 24 h, the resulting products were cleaved and deprotected 

with 95:2.5:2.5 by volume trifluoroacetic acid:H2O:triisopropylsilane and was 

precipitated and washed several times with cold diethyl ether, dissolved in 

water, lyophilized, and stored as lyophilized powder at -20 ℃. Crude, 

peptides mixture were purified by reverse-phase HPLC on a C8 column 
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using acetonitrile/water mixture.

2.2. Preparation of rGO nanosheets

In tight junction disruption-induced photothermal activity improvement 

experiments as well as a nanocarrier, reduced graphene oxide nanosheets 

were synthesized using a modified Hummer's method [Miao et al., 2015]. In 

brief, graphite powder (0.5 g; Sigma-Aldrich) was added to cold H2SO4 (23 

mL) then KMnO4 (3 g; Sigma-Aldrich) and NaNO3 (0.5 g; Sigma-Aldrich) 

were slowly added. The mixture was stirred on ice first and at 35 °C for 

an additional 1 h. Subsequently, triple-distilled water (TDW, 46 mL) was 

added to the mixture  and then incubated at 90 °C for 1 h. To finalize the 

reaction, 30 % HCl (10 mL) and TDW (140 mL) were added. The resulting 

product was purified by three-time repeated centrifugation after 5% 

HCl-washing. The product is called graphene oxide (GO). GO was sonicated 

for 2 h to exfoliate GO layers to GO nanosheets. Unexfoliated GO layers 

were removed by centrifugation at 1600×g for 10 min. The GO 

nanosheets-containing supernatant was filtered through 0.2 μm polycarbonate 

membrane filters (Millipore Corp., Billerica, MA, USA) using an extruder 

(Northern Lipid, British Columbia, Canada). According to Li’s method, the 

purified GO nanosheets were reduced to generate rGO nanosheets. Briefly, 
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GO  nanosheets (5 mg/ml, 2 ml) were mixed with ammonia and hydrazine 

monohydrate containing TDW (8 ml) and stirred at 80 °C for 10 min;    

ammonia solution (28 wt.% in water, 0.5 ml; Junsei Chemical, Tokyo, 

Japan), hydrazine monohydrate (64 wt.% in water, 5 μl; Sigama-Aldrich). 

The mixture was cool down to room temperature then the excess amount of 

hydrazine and ammonia were removed by dialysis (MWCO 100K; Spectrum 

Laboratories, Inc., Rancho Doinguez, CA, USA) against TDW. The resulting 

rGO nanosheets were stored at 4 °C until use.

2.3. Preparation of peptide tethered rGO nanosheets

The MEPTJ peptide was anchored on the surface of rGO nanosheets by 

mixing the same volume of each peptide (1.8 mmol/L) with the rGO 

nanosheets in TDW (1 mg/ml). The amount of peptide tethered on rGO 

nanosheets was quantified using an inorganic phosphate assay. Briefly, 

DSPE-PEG-Cy5.5 labeled-rGO or MEPTJ/rGO were digested with 400 ml of 

5 M H2SO4 at 170 ℃. Then the samples were cool down to room 

temperature and 100 ml of 30 % H2O2 was added. The mixtures were 

heated upto 170 ℃ to remove H2O2 completely. After cool the samples, 4.6 

ml of 0.2 % ammonium molybdate and 100 ml of 15 % fresh ascorbic acid 

were sequentially added to the samples while vortexing. The resulting 
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mixtures were then boiled for 10 min at 100 ℃ then cooled down to room 

temperature. The absorbance at 830 nm was analyzed by a standard curve 

which was obtained using phosphorus standard solution (Sigma).

2.4. Cell culture

Mouse kidney (TCMK-1, Korean Cell Line Bank, Seoul, Republic of Korea) 

cells and human colon cancer (HT-29, Korean Cell Line Bank) were 

maintained in DMEM or RPMI-1640 (Welgene, Daegu, Republic of Korea), 

respectively. Each media was supplemented with 10% fetal bovine serum 

(FBS), 100 units/mL penicillin, and 100 µg/mL streptomycin. The cells were 

grown at 37°C in a humidified 5% CO2 atmosphere.

2.5. Cleavage activity of meprin in cancer-conditioned media 

The cleavage activity of meprin released from various tumor cells was 

evaluated using a streptavidin-biotin system. For this experiment, N-terminal 

FITC conjugated and C-terminal biotin conjugated peptides were synthesized. 

The prepared peptides were incubated in the streptavidin coated plate 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) overnight at 37 ℃. In 

the meantime, the supernatant of growing cell plate was normalized by 

dilution in culture media after cell counting. The peptide coated wells were 
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washed with cold phosphate buffered saline (PBS) two times and incubated 

with the normalized supernatant for 4 hr at 37 ℃. Culture media was 

loaded into the well as a negative control. After washing with cold PBS 

two times, the fluorescence of each well was measured using a fluorescence 

microplate reader at an excitation wavelength of 485 and an emission 

wavelength of 525 nm. The fluorescence intensity value was quantified by 

subtracting the value from that of media containing well and the dividing it 

by the value of negative control. The calculated value was presented at 

percentage unit. 

2.6. Expression of the Claudin4 receptors on the cancer cell surfaces

Flow cytometry was used to evaluate the expression of Claudin4 receptors 

on the surfaces of TCMK-1, mouse kidney cell or HT-29, colon cancer cell. 

To minimize non-specific binding, the cells were incubated for 1 h at room 

temperature with bovine serum albumin (BSA) containing PBS. After cold 

PBS wash one time, the fluorescein-conjugated mouse anti-claudin4 

monoclonal antibody (R&D Systems, Inc., Minneapolis, MN, USA) was 

treated to the cells at a dilution of 1:100 and incubated at room temperature 

for 1 hr. Claudin4-expressing cell populations were identified using a Cell 

Quest Pro software-equipped BD FACSCalibur system (BD Bioscience, San 



135

Jose, CA, USA).

2.7. Evaluation of intercellular resistance 

The value of transepithelial electrical resistance (TEER) was measured using 

a portable Millicell-ERS voltohmmeter (Millipore UK Ltd., Watford, UK). 

The 0.4 μm sized pore-supported permeable membrane insert (Corning Inc., 

Troy, MI, USA) was assembled to a 24-well plate. The reservoir part was 

filled with 0.7 ml of culture media and TCMK-1 cells or HT-29 cells were 

seeded onto the membrane at a density of 1x105. After incubation for two 

days at 37 ℃ with 5 % CO2, the membrane was completely filled with 

grown cells. Then the electrode was placed in the media of the cell-growing 

membrane insert and the reservoir part. The resistance was measured and 

displayed on the voltohmmeter in a real-time manner. In some groups, TJ 

peptide was treated to the membrane part at 100 μM or 400 μM and the 

TEER value was recorded at 1 h, 4 h, and 24 h post-dose.

2.8. Preparation of cell spheroid 

To evaluate the penetration efficiency of TJ peptide, the HT-29 cells were 

grown to form a three dimensional spheroid. The spheroids were formed by 

a hanging drop method. On a hanging drop plate (Perfecta3D, 3D 
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Biomatrix, MI, USA), the cells were seeded at a density of 1×104 cells/well 

with a 50 μl of warm culture media. 10 μl of the supernatant was replaced 

with fresh warm culture media everyday. The spheroids were collected after 

three days from cell seeding.

2.9. In vitro penetrating evaluation of rGO nanosheets

Confocal microscopy imaging was conducted to analyze the depth of treated 

material on cell spheroid. The HT-29 cell spheroids were collected and 

washed two times with warm PBS. Then the spheroids were transferred to 

96-well plate and treated with Cy5.5-conjugated DDDDD or 

Cy5.5-conjugated TJ peptide. After the incubation, the spheroids were 

washed with warm PBS two times and fixed by 10 % formalin-containing 

PBS for 20 min. Then the spheroids were transferred to 8-well chambered 

coverglass (Nalge Nunc Int., Rochester, NY, USA) and the images were 

obtained using confocal laser scanning microscope (LSM 5 Exciter, Carl 

Zeiss, Inc., Jena, Germany). 

2.10. Photothermal effect on cell spheroids

Heat generation of delivered rGO nanosheets were evaluated using NIR 

irradiation. HT-29 cell spheroids were left untreated or treated with 400 μM 
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of TJ peptide. After 4 hr of incubation at 37 ℃, the spheroids were left 

untreated or treated with 48 μg of rGO nanosheets for additional 4 hr. Then 

the spheroids were washed with warm PBS and transferred to new EP tube 

with 100 μl of fresh media. The 808 nm continuous wave NIR diode laser 

(PSU-FC, ChangChun New Industries Optoelectronics Tech. Co., LTD, 

Changchun, China) irradiation was applied to the spheroids at an output 

power of 1.5 W/cm2. During the 5 min irradiation, the temperature was 

monitored in a real time manner and the photothermal images were obtained 

every minute using an IR thermal imaging system (FLIR T420; FLIR 

Systems Inc., Danderyd, Sweden). 

2.11. In vitro cell viability study

The cell viability was quantified by MTT assay. The material treated cell 

spheroids were washed with warm PBS and maintained in culture media. 

The next day, 500 μM of MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 

5-diphenyltetrazolium bromide, Sigma-Aldrich) solution was added to each 

spheroid for 2 hr at 37 ℃. After removal of the media, the resulting 

crystals were dissolved in 200 μL of dimethyl sulfoxide (Sigma-Aldrich) and 

the absorbance was measured at 570 nm using a microplate reader (Tecan 

Group Ltd., Seestrasse, Mannedorf, Switzerland). 
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2.12. Biodistribution of MEPTJ/rGO

HT-29 cells were inoculated to the dorsal low right part of 5-week-old 

balb/c-nude female mice. To rGO group, Cy5.5 lipid tethered rGO or Cy5.5 

lipid with MEPTJ tethered rGO was intravenously administered to rGO or 

rGO/TJ mice, respectively. Only to pre group, TJ peptide was 

intra-tumorally injected 4 hr in advance of systemic administration of 

MEPTJ/rGO. At 4, 12, 24, 48 h post-dose, the fluorescence signals of mice 

were scanned and the images were obtained using an eXploreOptix system 

(Advaned Research Technologies Inc., Montreal, Canada) with a laser power 

of 25 mW and a count time of 0.3 s/point.

2.13. In vivo penetration analysis

HT-29 cells were inoculated to the dorsal low right part of 5-week-old 

balb/c-nude female mice at a density of 5×106 cells. When the tumor 

volume reached to 90-120 mm3, the Cy5.5 labeled TJ peptide was locally 

injected to the tumor site. After 30 min, 4 hr and 24 hr, the fluorescence 

intensity was imaged using eXploreOptix system (Advaned Research 

Technologies Inc.). The distribution of fluorescence at tumor site was 

evaluated by Z-axis section.
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3. Results

3.1. Expression of Claudin4 receptors on cell surface

Flow cytometric analysis was performed to evaluated the cell surface 

expression levels of claudin4. The fluorescence-labeled anti-claudin4 antibody 

was treated to the cells and the cellular claudin4 was fluorescently stained. 

The peak revealed that the expression levels of claudin4 receptor were 

significant in HT-29 (Fig. Ⅳ-2B) but negligible in TCMK-1 (Fig. Ⅳ-2A). 
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Fig. Ⅳ-1. Schematic diagram 
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Fig. Ⅳ-2. Claudin4 expression

TCMK-1 (A) or HT-29 (B) cells were stained with a fluorescein-labeled 

anti-Claudin4 antibody and the fluorescence-positive cells were measured by 

flow cytometry.
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3.2. Meprin-sensitive cleavage activity

The cleavable capability of meprin in cell conditioned media were 

significantly different among the cells. The fluorescence labeled peptide was 

bound to the streptavidin coated plated via streptavidin-biotin reaction. The 

fluorescence intensity was measured before and after the treatment of cell 

conditioned media. The intensity value was quantitatively analyzed and 

represented as percentage unit with negative control fresh media. While 

TCMK-1 showed only 18.7 % of peptide cutting activity, HT-29 cells 

showed 92% of target peptide cleavage functionality (Fig. Ⅳ-3). 
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Fig. Ⅳ-3. Cleavage activity of cell secreting enzyme.

Using a streptavidin-biotin system, cell releasing enzyme was evaluated its 

cleavage functionality. Both end of meprin recognizing peptide sequence 

were modified as N terminal biotinylation and C terminal FITC conjugation. 

After the peptide was bound to the streptavidin coated plate, cell 

conditioned media was treated. Then the fluorescence intensity was analyzed 

using a fluorescence microplate reader. Media was used as a negative 

control.
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3.3. Evaluation of tight junction disruption.

The peptide induced intercellular barrier loss was evaluated using a portable 

voltohmmeter. Prior to analysis the peptide effect to cell junction, the 

toxicity of TJ peptide was tested. TCMK-1 cells and HT-29 cells were 

seeded on a 48-well plate and incubated overnight. The TJ peptide was 

treated to the cells at a concentration up to 500 μM. On the next day, the 

cell survival rate was measured using MTT assay. Regardless of cell types, 

the cell viability was not affected at any treatment condition (Fig. Ⅳ-4).

To evaluate the TJ peptide effect on TEER value, TCMK-1 cells or HT-29 

cells were grown confluently on a transwell plate (Fig. Ⅳ-5). The cell 

supernatant and the reservoir was exchanged with fresh media. The TJ 

peptide was treated at 0 μM, 100 μM or 400 μM and a blank transwell 

without cells was used as a negative control. No change was observed on 

the TEER value on TCMK-1 cells (Fig. Ⅳ-5A). However, the TEER value 

on HT-29 cells was decreased on dose- and time-dependent manner (Fig. Ⅳ

-5B).
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Fig. Ⅳ-4. Cytotoxicity of tight junction opening peptide.

Tight junction opening peptide was treated to the cells grown on a 48-well 

plate overnight. After 24h post treatment, the viability of cells were 

analyzed by MTT assay. The cell survival was maintained above 80 % at 

any peptide treatment concentration.
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Fig. Ⅳ-5 TJ peptide effect on TEER value.

TCMK-1 (A) cells or HT-29 (B) cells were seeded on a transwell plate and 

fully grown. The media was freshly replaced and the TJ peptide was treated 

at 100 μM or 400 μM. Then the TEER value was measured every hour 

using a portable voltohmmeter device.
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3.4. Photothermal effect on cell spheroids.

The rGO nanosheets could exert photothermal effect on cell spheroids and 

the extend could be vary depending on the regularity of intercellular 

junction. Upon NIR irradiation with 808 nm laser, rGO treated cells showed 

similar temperature increase regardless of TJ peptide treatment in no 

claudin4 expressing TCMK-1 cells (Fig. Ⅳ-6A). In contrast, rGO with TJ 

peptide treated cells showed over 50 ℃ as a final temperature which is 10 

℃ higher detected on rGO only treated HT-29 cells (Fig. Ⅳ-6B). In 

consistent with the photothermal temperature change pattern, the cell killing 

effect of rGO was improved (38.1%±8.6%) when treated with TJ peptide to 

claudin4 expressing cells (Fig. Ⅳ-7).
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Fig. Ⅳ-6. In vitro photothermal effect on spheroids.

TCMK-1 cells (A) and HT-29 cells (B) were prepared as cell spheroids 

using a hanging-drop plate. TCMK-1 cell spheroids showed negligible 

temperature gap between rGO treated and rGO with TJ treated groups. On 

the other hand, the temperature of rGO with TJ treated HT-29 cell 

spheroids reached over 50 ℃ within 2 min of NIR irradiation and it was 

10 ℃ higher than rGO treated HT-29 cell spheroids.
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Fig. Ⅳ-7. In vitro anticancer effect 

TCMK-1 cell spheroids and HT-29 cell spheroids were left untreated or 

treated with rGO only or rGO with TJ peptide. After 4 hr-treatment, 808 

nm NIR irradiation was followed for 5 min and then the cell viability was 

evaluated. In TCMK-1 cells, cell survival was similar to all groups. In 

HT-29 cells, the live cell number of rGO with TJ peptide treatment group 

was lower than that of rGO only treated group. 
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3.5. In vitro penetration efficacy of TJ peptide

The TJ peptide binds and disrupts cell surface tight junctions. To evaluate 

the penetrating yield of TJ peptide, HT-29 cell spheroids were prepared. The 

spheroids were treated with Cy5.5 labeled DDDDD or the same fluorescence 

labeled TJ peptide. The treated spheroids then fixed and transferred to 

chambered coverglass. The treated peptide was visualized using confocal 

microscopy and the images were arranged according to the analyzing depth 

(Fig. Ⅳ-8). The 5D peptide was detected only at the border region of 

spheroids at all depths. In contrast, the TJ peptide was distributed to the 

center of the sectioned plane up to 120 μm from the bottom. The images 

demonstrate the enhanced penetration on claudin4 expressing cells was 

possible via TJ peptide treatment.
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Fig. Ⅳ-8. Penetration analysis on cell spheroids.

Claudin4 expressing HT-29 cell spheroids were left untreated or treated with 

Cy5.5-5D or Cy5.5-TJ peptide. The spread peptide was visualized using 

confocal imaging after the spheroids were sectioned with 40 μm gap at 

Z-axis. The fluorescence intensity was observed only the spheroid border 

when 5D treatment. However, evenly distributed fluorescence intensity was 

observed on the TJ treated spheroid. 
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3.6. Biodistribution of MEPTJ tethered rGO nanosheets.

Localization of MEPTJ loaded rGO in HT-29 tumor bearing mice was 

examined. For molecular imaging, the same amount of Cy5.5-DSPE-PEG 

was administered to three rGO groups. To evaluate the TJ peptide mediated 

tight junction opening and efficacy of delivery improvement, TJ peptide was 

locally injected to the center of the tumor site 4 hr prior to systemic 

administration of MEPTJ/rGO. rGO treated mice showed nonspecific 

accumulation pattern. In MEPTJ/rGO treated mice, tumor specific significant 

fluorescence intensity was observed at 24 hr post-dose. In TJ pretreated 

mice, dramatically elevated fluorescence signal was detected at tumor site 

and the signal was relatively higher and maintained longer than no TJ 

pretreated mice (Fig. Ⅳ-9).
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Fig. Ⅳ-9. Biodistribution of MEPTJ peptide loaded rGO nanosheets.

HT-29 tumor bearing mice were left untreated or treated with Cy/rGO, 

Cy/MEPTJ/rGO or Cy/MEPTJ/rGO with TJ pretreatment. In TJ pretreated 

mice, significantly high fluorescence signal was observed only at tumor site. 
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3.7. Penetration efficacy of TJ peptide in mice.

To evaluate the penetration capability of TJ peptide, fluorescence labeled TJ 

peptide was injected to the center of the tumor and the signal was 

examined up to 24 hr. HT-29 tumor bearing mice were constructed 5 days 

after HT-29 cells were inoculated at a density of 5×106. Cy5.5-TJ peptide 

was injected to the tumor center and the molecular imaging was conducted 

30 min, 4 hr and 24 hr post-dose. The locally accumulated signal was 

distributed to the tumor as time goes on (Fig. Ⅳ-10).
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Fig. Ⅳ-10. In vivo penetration evaluation of TJ peptide.

HT-29 tumor bearing mice were locally treated with Cy5.5 labeled TJ 

peptide. Initially, fluorescence signal was detected at the center of the 

tumor. However, the signal was distributed all around the tumor site as 

time-dependent manner.  



156

4. Discussion

In this study, the tight junction opening peptide played the critical role in 

remodeling extracellular matrix for nanoparticle delivery. The incorporation 

of meprin sensitive peptide increased the tumor specific peptide cleavage. 

Moreover, rGO nanosheets was delivered to deep cell spheroid and exerted 

photothermal anticancer effect.

The ultimate goal of this study was to evaluate the possibility that tight 

junction disruption mediated enhancement of nanomaterial delivery efficacy. 

Tight junction is major intercellular junction. Claudin4 is the cell surface 

transmembrane receptor its mechanism is well characterized and the 

expression on cancer cells is significant. The TJ peptide can bind to the 

secondary extracellular loop of claudin4. The binding site is originally cell 

to cell interaction region. Once the TJ peptide bound to the loop of 

claudin4, the cell misunderstood that it contacted to other cells. The number 

of cells decreased and space between cells were created. The formed gap 

supports the feasibility of nanomaterial delivery.

Though the claudin4 is highly expressed on tumor cell surfaces, claudin4 is 

found in normal cells as well. For tumor specific tight junction opening, 

additional tumor recognizing molecule was required. Tumor cells express 
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various proteins on their surfaces and releasing proteins (cytokine, enzyme, 

etc) as well. Meprin is one of the tumor cell secreting enzyme which is 

responsible for ECM dysfunction. By designing the peptide having TJ 

peptide as a core and conjugating meprin sensitive peptide at both ends, TJ 

peptide could be protected till it reaches to the target tumor site and its 

activation at normal tissues could be highly inhibited.

Delivery of rGO nanosheets into claudin4-overexpressing HT-29 cell spheroid 

was enhanced by opening the tight junctions (Fig. Ⅳ-6). The TJ peptide 

mediated gap formation was previously reported. This study demonstrated the 

TJ peptide worked on 3D cell spheroid and it resulted in enhanced 

photothermal effect (Fig. Ⅳ-7). The application of TJ peptide is expected to 

be broaden for various therapeutic strategy via effective nano-range material 

delivery.

Moreover, the tumor specific accumulation of rGO nanosheets was revealed 

by molecular imaging and the enhanced molecule accumulation was observed 

in MEPTJ loaded rGO treated mice (Fig. Ⅳ-9). When TJ peptide was 

pretreated to tumor site, the molecular accumulation at tumor was enhanced 

and it was maintained upto 48 hr. Delivery of high amount of TJ peptide 

to target site would be considered to enhance the delivery efficacy of drug 

loaded material and therapeutic effect.
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Tight junction is composed of integral membrane proteins such as claudin 

and it contributes to epithelial tumorigenesis. Dysregulation of the barriers 

occurs mainly due to TJ proteins, protein kinase C signaling, and 

endocytosis of junctional proteins.

The loss of TJ significantly affects cell permeability and polarity resulting in 

making tumor cells invasive. The lack of cell to cell adhesion in neoplastic 

epithelium contributes the stroma invasion [16] and the enhanced TJ 

permeability improving tumor cell penetration through mesothelial cells [17]. 

Not only colorectal cancer [18,19] but various human diseases are linked to 

the disruption of structural and functional tight junction. Ovarian cancer 

[20], breast cancer [21], bladder cancer [22], nonalcoholic fatty liver disease 

[23], or else can be treated effectively through understanding of the 

mechanism between tight junction and disease development. Due to the high 

clinical importance, tight junction would be the major research target and 

promising key for bench-to-clinic.

In this study, TJ peptide was evaluated for in vitro and in vivo application 

of therapeutics. TJ peptide mediated tight junction disruption was examined 

in cell level by TEER value measurement and confocal imaging of 3D cell 

spheroid. In claudin4 overexpressing and meprin secreting HT-29 cell 

bearing mice model, the molecular imaging of biodistribution and Z-axis 
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based molecular distribution revealed that dual tumor microenvironment 

targeting strategy significantly increase the tumor specificity and penetration 

efficacy. Although the photothermal effect of delivered rGO nanosheets was 

examined in this study, the application of TJ peptide could be vary by 

replacing nanocarriers and drug loading. Results in this study suggest the 

potential of TJ peptide administration for solid and heterogenous tumor 

treatment.
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Conclusion

As the tumor site targeting attracted huge interest of researchers, a 

wide range of targetable molecule has been identified and utilized to see 

their applicable capability for therapeutic purpose. Tumor microenvironment 

including cellular factors and their surroundings was significantly highlighted 

and the active drug delivery systems have been moving forward to 

understand and effectively control the environment.

DNA nanostructures were designed for cancer cell targeting and 

photodynamic therapy. The successive guanine sequences were introduced to 

the end of sgc8 aptamer sequence for G-quadruplex structure formation by 

self-assembly. The photoresponsive agent methylene blue was loaded onto 

the internal space of G-quadruplex for killing cells. The MB loaded DNA 

complexes specifically recognized the membrane protein PTK7 on 

CCRF-CEM cells and the following LED irradiation generated ROS resulting 

in ROS-induced CCRF-CEM cell deaths.

The cyclic peptide loaded rGO was developed for serial control of 

the complex activation and photothermal therapy. As some of the peptide 

sequence was designed for cell surface receptor (UPAR) targeting and some 

part of the peptide was substrate for the cancer releasing enzyme cathepsin 

L, the activation of the peptide was controlled serially depending on the 

TME condition. Once the peptide/rGO complex reached to the tumor site, 

CTSL digested its substrate and the rGO was accumulated into the UPAR 

overexpressing cancer cells then following NIR irradiation exerted  

hyperthermal cancer cell killing effect.
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The environmental barriers were evaluated for enhancing drug 

delivery by making it unbalanced. Tight junctions between cancer cells are 

the major obstacles restricting drug delivery efficiency. By administering TJ 

binding peptide, the TEER value at claudin4 overexpressing tumor site 

dropped. Furthermore, the TJ-mediated penetration improvement was 

evaluated on cell spheroid models and tumor cell bearing mice.

In our studies, functional nanostructures for drug delivery were 

developed. the drug-loaded nanostructures were demonstrated their specificity 

to TME such as tumor cell surface proteins, tumor ECM-rich enzymes, and 

cell-to-cell junctional barriers. Not only the external stimuli shown here, also 

other external or endogenous stimuli can be considered for effective therapy.  

The applicable range would be more broaden as multi-targetable or 

controllable therapeutic systems. Overall, these TME specific functional 

nanostructures are promising treatment strategies for various human diseases.
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요약

종양미세환경 특이적 나노구조체 기반 약물 전달

서울대학교 대학원

약학과 약제과학전공

진혜림

종양미세환경은 종양조직 및 그와 관련된 면역세포, 세포외기질, 분비 

단백질 등을 종합적으로 일컫는 말로써, 효과적인 질병치료를 위하여 반

드시 고려되어야 하는 핵심요소로 최근 그 중요성이 주목되고 있다. 암 

세포 표면에 다량 발현하는 단백질을 타켓으로 하여 항암 물질을 전달했

던 표적 약물 전달은 그 범위가 종양미세환경으로 확장되었으며, 암에 

대한 포괄적인 이해를 기반으로 한 종양미세환경 특이적 표적약물전달은 
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항암제의 치료효과 증진 및 여러 질병 치료에의 적용도 기대되는 유망한 

전략으로 부상하였다. 

Protein tyrosine Kinase 7 (PTK7)에 특이적으로 결합하는 것으로 알

려진 DNA aptamer의 말단에 연속적인 15개의 구아닌 서열을 연장하

였고, 이는 self-assembly에 의해 DNA nanostructure가 되었다. 본 

핵산 나노 구조에는 특이적인 G-quadruplex가 있어 메틸렌블루 (MB)

를 탑재하였고, PTK7 과발현 세포주에 항암제 전달 효율을 증진시켰다. 

PTK7 과발현 세포주내로 전달된 MB는 LED 조사에 의해 활성산소 

(reactive oxygen species)를 발생시켜 타켓 암세포주를 효과적으로 

사멸시켰다. 

Ce6 (Chlorin e6)를 매개로 cyclic 펩타이드를 만들어 환원 그래핀 나

노시트 (rGO)에 수식하였다. Cyclic 펩타이드는 특정 종양미세환경에 

다량 존재하는 효소에 의해 잘리고, 그로 인해 활성된 펩타이드 서열은 

특정 수용체를 과발현하는 암세포를 표적하여 rGO와 함께 해당 세포 안

으로 전달된다. 근적외선은 암세포 내에 축적된 rGO에 조사되어 온도증

가를 통한 세포사멸을 보였다. Cyclic 펩타이드가 수식된 rGO는 암세포

가 이식된 쥐에 정맥주사를 통해 암조직에 효과적으로 축적되었고, 국소

적 근적외선 조사에 의한 rGO의 광열효과는 암조직을 완전히 제거하였

다. 
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암세포는 tight junction에 의해 과밀하게 암조직으로 성장하는데, 이는 

치료물질이 암조직의 내부까지 도달하는 데 큰 장벽으로 인식되었다. 

rGO에 tight junction에 결합하는 펩타이드를 수식하였고, 이를 3차원적

으로 세포를 배양한 스페로이드에 처리하여 투과 깊이의 향상 및 광열치

료효과 증진을 확인하였다. 또한, 암조직이 이식된 쥐에 정맥주사 하였

을 때, 해당 물질은 암조직에의 축적이 월등했고, 암조직 중심부까지 침

투됨을 여러 동물 이미징 기법을 통해 평가하였다.

주요어: Tumor microenvironment, targeted drug delivery, DNA 

nanostructure, reduced graphene oxide, photodynamic therapy, 

photothermal therapy, tight junction, penetration depth
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