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Abstract 

 

Graphene and DNA based biomaterials  

for diagnosis and anticancer therapy 

 

Jaiwoo Lee 

Department of Molecular Medicine and  

Biopharmaceutical Sciences, 

Graduate School of Convergence Science, 

Seoul National University 

 

Here, we report a double-stranded, dual-anchored, fluorescent aptamer on 

reduced graphene oxide (rGO) for the sensitive, selective, and speedy 

detection of a target protein in biological samples. This nano detector is 

composed of a target protein-specific fluorescent aptamer with BHQ1 as one 

anchoring moiety that forms double-stranded sequences with a 

complementary oligonucleotide sequence with BHQ1 as the other anchoring 

moiety, anchored to rGO nanosheets. The double-stranded and dualanchored 

aptamer on rGO nanosheets (DAGO) exhibited 7.3-fold higher fluorescence 

intensities compared to a single-stranded, single-anchored fluorescent 

aptamer on rGO. As a model target protein, interferon-g was used. DAGO 

detected the target protein, with linearity over a five-orders-of-magnitude 

concentration range (0.1 ng/mle10 mg/ml) in buffer and human serum. 

DAGO was highly specific for the target protein, exhibiting little changes in 

fluorescence intensity in response to the non-target proteins, interleukin-2 

and tumor necrosis factor-a. Moreover, DAGO allowed rapid quantification 
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of the target protein in human immunodeficiency virus-positive patient 

serum samples. DAGO-based detection was complete in less than 10 min. 

Our results indicate that the DAGO provides new opportunities for the rapid 

and specific detection of target proteins in biological samples and could be 

widely applied to quantitate various target proteins by replacing the aptamer 

sequences. 

Second, we also report the non-covalent functionalization of reduced 

graphene oxide (rGO) nanosheets using chimeric peptides engineered to 

have a biologically functional sequence, a spacer sequence, and an rGO-

binding sequence. As a model peptide with biological activity, the cell-

penetrating peptide buforin IIb (Bu) was used. A stretch of seven 

consecutive phenylalanine residues (7F) was used as the rGO-binding 

sequence. The various effects of tetraglycine (4G) and tetra-aspartate (4D) 

as spacers between the biologically active Bu and the rGO-binding 7F 

sequences were compared. All the chimeric peptides had a-helical structures 

at the carboxyl-terminal sequence, showing a structural similarity to the a-

helical structure of Bu alone. Free chimeric peptides composed of 7F-Bu, 

7F4G-Bu, or 7F4D-Bu in solution exhibited cell-penetrating abilities similar 

to that of Bu alone. However, following attachment onto rGO nanosheets, 

the compositions of the chimeric peptides affected the biological activity of 

Bu. Following modification, the 7F4D-Bu chimeric peptide yielded a higher 

cellular uptake of the rGO nanosheets than the other chimeric peptides. The 

levels of cellular uptake of the rGO nanosheets modified with the chimeric 

peptides were further evaluated by measuring the photothermal effect after 

near-infrared laser irradiation. The cells treated with 7F4D-Bu-modified 

rGO showed the greatest increase in temperature upon irradiation, with the 

temperature reaching 58.3 °C. The 7F4D-Bu-modified rGO also exhibited 

the highest photothermal cell-killing activity upon near-infrared laser 

irradiation. Our results demonstrate the utility of chimeric peptide 

engineering for simple and facile one-step non-covalent modification of 
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rGO. The chimeric peptide composed of 7F4D can be further used to tether 

various functional peptides onto rGO nanosheets. 

Lastly Immune checkpoint inhibitors have been widely studied in 

immunotherapy. Although antibodies have been more widely used to block 

immune checkpoints, DNA aptamers have unique advantages for this 

purpose. Here, we designed a DNA polyaptamer hydrogel that can be 

precisely cut by Cas9/sgRNA for programmed release of an immune 

checkpoint-blocking DNA aptamer. As a representative immune checkpoint 

inhibitor, we used a PD-1DNA aptamer. Rolling-circle amplification was 

used to generate a hydrogel comprising DNA with PD-1 aptamer and an 

sgRNA-targeting sequence. When mixed with Cas9/sgRNA, the PD-1 DNA 

aptamer hydrogel (PAH) lost its gel property and liberated the PD-1 aptamer 

sequence. The precise Cas9/sgRNA-mediated release of the PD-1 DNA 

aptamer, which was confirmed by gel electrophoresis, was found to 

effectively activate the cytokine-secretion function of splenocytes. In vivo, 

molecular imaging revealed that PD-1 DNA polyaptamer hydrogel 

coinjected with Cas9/sgRNA (Cas9/PAH) remained at the injection site 

longer than free aptamer and yielded significantly higher antitumor effects 

and survival than hydrogel or free aptamer. Moreover, increased immune 

cell filtration was observed at tumor tissues treated with Cas9/PAH. These 

results suggest that our Cas9/sgRNAedited immune checkpoint-blocking 

aptamer hydrogel has strong potential for anticancer immunotherapy. 

 

 

 

Keywords: Graphene oxide, Diagnosis, Chimeric peptide, Photothermal 

therapy, Cas9 editing, PD1 DNA polyaptamer hydrogel, Immune 

checkpoint blockade, Immunotherapy 

 

Student Number : 2011-23064 



 

 v 

Contents 

 
Abstract ....................................................................................................... i 

Contents ...................................................................................................... ii 

List of Tables ............................................................................................ vii 

List of Figures ......................................................................................... viii 

 

 

Chapter I. Overview 

      1. Introduction  ................................................................................ 2 

2. Biomedical applications of functionalized biomaterials ............. 5 

2. Scope of the study  ................................................................... 11 

3. Reference ................................................................................... 13 

 

 

Chapter II. Double stranded aptamer-anchored reduced graphene 

oxide as target-specific nano detector 

1. Introduction  ............................................................................. 22 

2. Materials and methods ............................................................... 25 

3. Results ....................................................................................... 32 

4. Discussion .................................................................................. 44 

5. References ................................................................................. 49 

 
 

Chapter III. Fucntionalization of nano-graphenes by chimeric peptide 

engieering 

1. Introduction  ............................................................................. 54 

2. Materials and methods ............................................................... 56 

3. Results ....................................................................................... 63 

4. Discussion .................................................................................. 73 

5. References ................................................................................. 76 



 

 vi 

 

Chapter IV. Cas9-edited immune checkpoint blockade PD-1 DNA 

polyaptamer hydrogel or cancer immunotherapy 

1. Introduction  ............................................................................. 82 

2. Materials and methods ............................................................... 86 

3. Results ....................................................................................... 93 

4. Discussion ................................................................................ 107 

5. References ............................................................................... 112 

 

 

Conclusion .............................................................................................. 118 

 
 

국문 초록 ............................................................................................... 120 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 vii 

List of Tables 
 

 

 

 
Table I-1.    Biomedical applications of GO and RCA based materials 

 

Table II -1.   Sequence information for aptasensor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 viii 

List of Figures 
 

 

 

 
Fig II-1.    Fluorescence intensity of ssAptamers and dsAptamers on rGO 

 

Fig II-2.    Fluorescence intensity on rGO nanosheets of dsAptamers containing varying 

 numbers of BHQ1 anchoring moieties 

 

Fig II-3.    Rapid changes in fluorescence intensity of DAGO in the presence of target  

protein 

 

Fig II-4.    Standard curves of target protein by DAGO in PBS and human serum 

 

Fig II-5.    Changes in the fluorescence intensity of target protein specific aptamer- 

anchored DAGO in response to different proteins 

 

Fig II-6.    Quantification of target protein levels in patient serum samples 

 

Fig III-1.    Secondary structures of the Bu-derived peptides 

 

Fig III-2.    Diagrams and characterization of the peptide-tethered rGO 

 

Fig III-3.    Cellular uptake of the peptide-tethered rGO 

 

Fig III-4.    Laser-induced photothermal effect of the peptide-tethered rGO 

 

Fig III-5.    Photothermal antitumor effect of the peptide-tethered rGO 

 

Fig IV-1.    Illustration of the Cas9/sgRNA-edited immune checkpoint-blocking DNA  

polyaptamer hydrogel and its action mechanism 

 

Fig IV-2.    Physicochemical properties of the hydrogel 

 

Fig IV-3.    Cas9/sgRNA-edited cutting and release of the PD-1 aptamer from PAH 

 



 

 ix 

Fig IV-4.    Retention of Cas9/PAH at the injection site 

 

Fig IV-5.    In vitro activation of splenocytes by Cas9/PAH 

 

Fig IV-6.    In vivo antitumor effect of Cas9/PAH 

 

Fig IV-7.    Infiltration of T cells to tumor tissues 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 １ 

 

 

 

 

 

 

 

 

 

 

Chapter I 

 

Overview  
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1. Introduction 

 

Graphene-based nanosheets have received wide attention due to their 

potential applications in biomedical fields, [1, 2] including drug delivery, [3] 

tissue engineering, [4] and biosensors. [5] They have also been modified 

with polymers, [6] lipids, [7] and functional peptides [8] in order to increase 

their versatility for biomedical applications. To functionalize graphene-

based nanosheets with biologically active peptides, covalent and non-

covalent methods have been used. Graphene-based nanosheets have been 

covalently conjugated with enzyme-sensitive peptides such as a caspase-3-

cleavable peptide [9] and a protease-sensitive peptide [10] for detection of 

enzymes. Although non-covalent modifications are simpler processes than 

are covalent modifications, the direct non-covalent anchoring of a peptide 

onto a graphene based nanosheet can disrupt the three-dimensional 

conformation of the peptide, hence limiting its biological activity. [11, 12] 

Thus there is a need to develop a non-covalent modification technology in 

which peptides can bind graphene and at the same time retain their three-

dimensional structures and hence functions. We aimed to carry out a simple 

non-covalent modification of rGO nanosheets while maintaining the 

biological activity of the functional peptide and biosensor. 

DNA-based hydrogel that is biocompatible and biodegradable has been 

studied as a carrier for biomedical applications. Rolling-circle amplification 

(RCA) is the green method producing hydrogel composed of only DNA 



 

 ３ 

material. The structure’s network of RCA hydrogel is induced by the 

physical entanglement of long strand DNA or could be triggered based on 

programing of complementary sequence of the of RCA products [13, 14]. 

The integration of aptamers in DNA hydrogel could avoid a fast clearance in 

the body. The integration of aptamer into hydrogel formulation that can 

exert the sustain release manner would match the need for the application of 

aptamer in practical treatment. Several previous studies have been prepared 

DNA hydrogel with cross linkers which are ethylene glycol diglycidyl ether, 

azobenzene [15, 16]. 

Immunotherapy has attracted prominent investigation in cancer treatment 

recently. Being apart from conventional cancer therapies, such as 

chemotherapy, radiotherapy or surgery therapy, immunotherapy modulate 

and boost the antitumor activity of immune system [17]. In the pathogenesis 

of cancer, the out balancing of immune system caused by the upregulation 

of immune checkpoints, which suppress the anti-tumor function of immune 

cells [18]. The application of immune checkpoint inhibitors has brought 

cancer immunotherapy to a new stage of treatment where the target of 

therapy are immune cells. The expression of program death receptor-1 (PD-

1) in activated T cells has been approved as the target in clinical treatment of 

various cancer such as melanoma, non-small cell lung cancer, head and neck 

squamous cell carcinoma using anti-PD1 monoclonal antibody [19]. Given 

the strong response to immune checkpoint blockade therapy in certain 

patients, the resistance to anti-PD-1 therapy using antibody has remained 
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concern [20]. Recently, the fast clearance of PD-1 antibody at tumor tissue 

due to the high expression of Fc receptors on tumor-associated macrophages 

have revealed a possible mechanism for resistance of this immune 

checkpoint inhibitors [21]. Beside the high cost of manufacturing and 

quality control, the humoral immune response against the antibody-based 

therapy still face the challenge in long-term treatment [22]. 

Aptamer, an oligonucleotides can bind to a specific target molecule, own 

the advantages that may overcome the limitation of antibody, such as 

thermal stability, solvent stability, low-immunogenicty, [23, 24]. Aptamer 

are intensively studied to catch up the application of antibody in diverse 

therapies. A previous study investigated PD-1 aptamer sequence that inhibits 

PD-1/PD-L1 interaction between cancer cells and T cells. Blockade of this 

interaction via PD-1 aptamer was proved to strengthen the level of 

immunity by recovering T cell activity both in vitro and in vivo model [25].  

Despite of some advantages, aptamer encounter a fast clearance in the body. 

For overcoming a fast clearance problem, it need to be modified with PEG 

or to be delivered by some carriers [26].  

CRISPR associated protein 9 (Cas9) is prokaryotic adaptive immune 

system for protecting host from various phages. Because of its excellent 

target specificity and relative easy processing procedure, Cas9 system was 

widely utilized for genome editing [27]. In this study, we enlarged territories 

of Cas9 system to drug delivery system. We constructed PD-1 aptamer 

hydrogel composed of two type of RCA products that contain not only the 
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PD-1 aptamer sequence but also the partially complementary sequence. The 

programed complementary sequence simultaneously play a role of cross-

linker to form 3D network of hydrophilic DNA strands and of recognized 

sequence for the cleavage by Cas9. The combination of Cas9 and single 

strand guided RNA (Cas9/sgRNA) with DNA hydrogel would specifically 

cleave the hydrogel structure at the designed point and sustain release the 

functional PD-1 aptamer. In this study, the design of Cas9/PD-1 aptamer 

hydrogel system was characterized and evidenced the potential application 

in cancer immunotherapy.   

 

2. Biomedical applications of functionalized biomaterials 

Biomaterials have been studied in the biomedical fields which are 

therapeutic and diagnostic area for about 50 years [28]. Biocompatibility is 

imperative to biomaterials for utilizing as biomedical applications, which 

should elicit no or little immune response in organism [29]. Many 

candidates of biomaterials from nature and the laboratory by synthesis are 

commonly used with good biocompatibility. Functionalization of 

biomaterials is critical to maximize their suitable efficacy [30]. In terms 

functionalized biomaterials, graphene and DNA are widely used in 

biomedical applications. as listed in Table I-1. 
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2.1. Graphene based materials 

Graphene is a nanomaterials that consist of carbon, which is two 

dimensional hexagonal monolayers arranged sp2-hybridized carbon atoms 

[31]. By graphene exfoliated with oxidation, Graphene oxide (GO) 

nanosheets contain some functional groups such as contain hydroxyl (-OH), 

epoxide (-O-) and carboxyl (-COOH) group [32]. With these functional 

groups, GO nanosheets are hydrophilic. Reduced from GO by heating with 

hydrazine, reduced GO (rGO) nanosheets are shown more crystaline 

graphene regions [33] and to increase hydrophobicity [34]. For these unique 

properties, GO was firstly used as a nanocarrier for drug delivery in 2008 

[35]. Since this first application on biomedical, there are a lot of study for 

widespread applications.  

Biosensor applications have studied with GO and rGO nanosheets [36, 37, 

38, 39, 40, 41, 42]. Due to properties of GO, π-π interaction on surface of 

GO, Only ssDNA can bind to GO nanosheets not dsDNA. That is a reason 

why π-π interaction is weakened after hybridization of ssDNA to dsDNA 

[40, 41]. Using this characteristic, some groups have developed GO based 

DNA detection systems and selective fluorescence–quenching platforms [38, 

40]. GO based electronic devices for detection of proteins, bacterium, and 

DNA have been fabricated [43]. With ultra-high surface area of GO and 

excellent mobility of its electron, GO and GO-based composite materials 

were utilized to change electrodes in the electrochemical sensor of diverse 

biomolecules, such as proteins, DNA and glucose, with high receptions [42, 
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44].  

Owing to not only large surface area but also capacity of loading of drugs 

by physical adsorption or chemical conjugation, GO nanosheets have been 

attracted as novel nano-drug-carriers [45, 46, 47]. Furthermore, the reactive 

hydroxyl and carboxyl groups on surface facilitate GO to conjugate with 

various substance, such as polymers [48], biomolecules [49, 50, 51], Fe3O4 

nanoparticles [52], quantum dots [53]. This strategy enables GO based 

biomaterials to approach for anticancer therapy with multi-functionalities, 

and multi-modalities. 

 GO based biomaterials can highly absorb visible and near-infrared (NIR) 

light and converse absorbed light into heat. Following this property, GO 

nanosheets have been widely utilized in photothermal therapy (PTT) for 

treating cancer [54]. PEG-coated rGO nanosheets was exploited for PTT by 

intravenous injection, showing powerful photothermal anticancer effect in 

xenograft mouse model. [55]. GO and rGO nanosheets, anchored by gold 

nanoparticles, were also applied for PPT [56, 57]. GO nanosheets and gold 

nanoparticles have shown synergistic effect on PTT at 808 nm [58]. 

 

2.1. RCA-based materials 

Rolling circle amplification (RCA) is a process, consist of isothermal and 

enzymatic steps with unique polymerase, to prepare long single strand DNA 

(ssDNA) and RNA [59]. Since both DNA and RNA are biocompatible and 

biodegradable, RCA based materials have attracted interest to develop new 
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molecular technique for biomedical applications such as biosensor, cancer 

cell recognition and drug delivery [60, 61, 62]. 

With amplifying a single binding signal over thousands fold, RCA 

reaction is suitable for biosensor. RCA is an analytical method to detect not 

only other biomolecules but also nucleic acids [63]. RCA were combined 

with bioluminescence assay for quantification of miRNA [60]. Owing to 

high reproducibility of RCA, the sensor can detect a target RNA sequence, 

as low as 0.1 fmol, in total extracts. RCA-based sensor is capable of 

detecting guanosine triphosphate by kinase DNAzyme conversion [64]. For 

pathogenic microorganisms isothermal indicator, A surface plasmon 

resonance biosensor also utilized RCA technique with gold nanoparticles 

[65].  

RCA reaction have been used to capture and isolate cancer cells by signal 

amplification. [66] To detect and recognize target cancer cells, a RCA based 

platform were developed with hairpin structured aptamer sequence [61]. To 

improve sensitivity and selectivity of cancer cell recognition the dual-

aptamer was applicated with amplified chemiluminescence intensity signal 

by RCA [67].  

Functional RCA-based nanotechnologies which is composed of functional 

sequences such as DNA aptamers have been also used for nucleic acid drug 

delivery [62]. CpG oligonucleotide (ODN) can be delivered as DNA 

nanoribbon structures by RCA reaction [68, 69]. Within DNA nanoribbon 

structure, CpG ODN can be protected from degradation by nuclease and 
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show more efficient boost immunity. Y-shaped DNA nanostructures by RCA 

had been designed for site-specific restriction cleavage [70]. A three- way in 

three hairpin loops attribute to Y-shape of DNA nanostructures, which 

facilitates hybridization with siRNA conjugated folic acid with 

complementary sequence.     

RCA based materials have been studied for chemical drug delivery as 

well as nucleic acid drug delivery. Anticancer drug such as doxorubicin 

(Dox) was delivered to targeted cancer cell by a polyvalent aptamer system 

[62]. Dox, which can intercalated to ssDNA, was loaded to RCA product 

with its property. Using anti protein tyrosine kinase 7 (PTK7) aptamer 

sequence, DNA nanostructures were developed for anticancer therapy based 

on drug delivery [71]. The RCA template designed with anti-PTK7 aptamer 

and drug loading sites is capable of forming “DNA nanoflowers’, which is 

utilized both for drug delivery and PTK7 targeting.    
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4. Scope of the study 

 

As fuctionalized biomaterials, GO and RCA have received tremendous 

attention in biomedical application field, especialy anticancer therapy, 

cancer diagnosis. Owing to high capacity of GO for drug loading and 

photothermal effect, GO have been widely utilized for cancer treatment. 

Many research groups have also focused on the benefits of RCA, such as 

biodegradability, biocompatibility and tailor-designed availability by 

manipulating the circular template, etc. 

In chapter II, we develop a sensitive and selective rGO-based fluorescent 

aptasensor for IFN- detection. The sensitivity and selectivity of aptasensor 

were evaluated after treatment of IFN-. Finally, in order to verify 

applicability of the aptasensor for clinical sample analysis, we detected IFN-

 in condition of human plasma from healthy individuals. And, we develop 

that rGO-based fluorescent aptasensor can sensitively and selectively detect 

IFN- in presence of human plasma samples. 

In chapter III, we engineered a chimeric peptide that consists of a 

biologically functional peptide sequence, a spacer sequence and a sequence 

that binds reduced graphene oxide (rGO) nanosheets in order to carry out a 

simple single-step non-covalent functionalization. For binding rGO, we 

tested a heptaphenylalanine sequence with a spacer in engineered chimeric 

peptides, which is containing Bu. And we reported their influence that the 

biological activity of the functional part of the peptide following attachment 
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onto rGO nanosheets.  

In chapter IV, we used the precise double stranded DNA-editing function 

of Cas9/sgRNA to design a DNA hydrogel which can release anti-PD-1 

aptamers in programmed manner. To form Cas9-edited DNA hydrogels of 

PD-1 aptamers, we formed DNA aptamer hydrogels using RCA methods. 

DNA hydrogels were crosslinked by hybridization of two types of RCA 

products with sgRNA target or complimentary sgRNA target sequence. 

Upon addition with Cas9/sgRNA, the hydrogels leaded sustained releas PD-

1 DNA aptamers at injection site, enhancing activation of immune systems.   
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Chapter II 

 

 

Double stranded aptamer-anchored reduced graphene oxide 

as target-specific nano detector 
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1. Introduction 

 

Aptamers, also known as chemical antibodies, are short single-stranded 

DNA (ssDNA) or RNA oligonucleotides that can bind a wide range of 

targets, including proteins [1], DNA [2,3] small molecules [4], and metal 

ions [5] with high specificity and affinity. Since aptamers offer advantages 

such as high thermal stability, ease of chemical modification, and inclusion 

of surface binding or sensing moieties compared to antibodies [6,7]. There 

has been increased interest in development of aptasensors based on 

fluorescence, surface-enhanced Raman spectroscopy, microgravimetry, and 

electrochemistry. 

Among such, detection by fluorescence change is an attractive way to 

develop aptasensors owing to the features such as high sensitivity, 

reproducibility, and facile operation [8,9]. Conventional aptasensor detects 

fluorescence resonance energy transfer signals when the ligand-induced 

conformational changes of fluorophore and quencher labeled-aptamers 

occur. However, the sensitivity of such system is largely influenced 

considerably by the length of quencher labeled DNA and temperature [10]. 

Thus, there is still a need for the development of new platform that can 

detect target molecules, selectively and sensitively. 

 Graphene, a two-dimensional nanosheet, has recently received 

considerable attention due to its remarkable electronic, mechanical, and 
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thermal properties [11]. Reduced graphene oxide (rGO) can be chemically 

synthesized by placing graphene oxide (GO) in a solution of hydrazine [12]. 

Since rGO contains more crystalline graphene regions on the sheet 

compared to GO, the stronger adsorption of aptamer on rGO surface 

through hydrophobic and π-π stacking interactions between the ring 

structures in the nucleobases occurs [13]. Moreover, rGO can act as a more 

effective distance-dependent fluorescence quencher than GO or graphene 

[14]. With combined features of high fluorescence quenching efficiency and 

superb ssDNA adsorption ability, rGO is applicable to detection mechanisms. 

Cytokines are proteins used for cell signaling and often secreted by 

immune cells in response to various pathogens [15]. The monitoring 

secreted cytokines can provide diagnostic information about various 

infectious diseases in patients. For example, in human immunodeficiency 

virus (HIV) infected patients, T-helper and cytotoxic T-lymphocytes 

vigorously produce the cytokine protein such as interferon-g (IFN-), 

resulting in low viremia and slow progression of the disease [16,17]. It is 

therefore important to detect cytokine levels for clinical diagnostic purposes. 

Conventional antibody-based immunoassay, such as enzyme-linked 

immunosorbent assay, is common methods for detecting and quantification 

secreted cytokines. Although immunoassays is sensitive and specific to the 

target protein, it requires multiple washing steps and the use of expensive 

reagents [18]. Moreover, low stability of monoclonal antibody causes 

reduction of affinity between antibody and antigen. The development of a 
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new assay system that saves time and reduces costs would thus be desirable.     

In this study, we designed a double-stranded, dual-anchored, fluorescent 

(FAM-labeled) aptamer on rGO nanosheets for quantitation of target protein 

in biological samples. To prevent nonspecific quenching of fluorescent 

aptamer upon interaction with rGO, we hybridized the fluorescent aptamer 

with a complementary sequence to form double strands. To fortify the 

anchoring on rGO, we labeled the double-stranded fluorescent aptamer with 

two anchoring moieties. As a model target protein specific for the aptamer, 

IFN- was used.  
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2. Materials and methods 

2.1 Chemicals and DNA sequences 

The following chemicals are purchased from Sigma-Aldrich (St. Louis, 

MO, USA): graphite powders, sulfuric acid (H2SO4), potassium 

permanganate (KMnO4), sodium nitrate (NaNO3), hydrogen peroxide 

(H2O2), Hydrochloric acid (HCl), and hydrazine monohydrate. Ammonia 

solution was purchased from JUNSEI (Tokyo, Japan). Recombinant human 

IFN-, Interleukin-2 (IL-2), and Tumor Necrosis Factor- were obtained 

from R&D Systems, Inc. (Minneapolis, MN). Plasma samples from 5 

healthy human subjects were obtained from SCIPAC Ltd (Kent, UK). All of 

the DNA oligonucleotides were synthesized and purified by Bioneer 

Corporation (Daejeon, Korea). The FAM- and/or BHQ1-labeled DNA 

sequences are listed in Table II-1.  
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Table II- 1. Sequence information for aptasensor 

 

Underline and boldface latters indicate IFN- recognizing aptamer 

sequences.  

 

 

 

 

 

 

 

 

 

 

Length 

(bp) 
Sequences 

6 

5’-FAM-GGG GTT-BHQ1-3’ 

5’-BHQ1-AAC CCC-3 

16 

5’-FAM-GGG GTT GGT TGT GTT G-BHQ1-3 

5’-BHQ1-CAA CAC AAC CAA CCC C-3’ 

26 

5’-FAM-GGG GTT GGT TGT GTT GGG TGT TGT GT-BHQ1-3’ 

5’-BHQ1-ACA CAA CAC CCA ACA CAA CCA ACC CC-3’ 

36 

5’-FAM-ATG GGG TTG GTT GTG TTG GGT GTT GTG TTG AGC GCT-BHQ1-3’ 

5’-BHQ1-AGC GCT CAA CAC AAC ACC CAA CAC AAC CAA CCC CAT-3’ 

46 

5’-FAM-ATG GGG TTG GTT GTG TTG GGT GTT GTG TTG AGC GCT GTT GAG CGC T-

BHQ1-3’ 

5’-BHQ1-AGC GCT CAA CAG CGC TCA ACA CAA CAC CCA ACA CAA CCA ACC CCA T-3’ 
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2.2. Synthesis of rGO nanosheets 

GO was prepared from graphite powder following a modified Hummer’s 

method [12]. Briefly, graphite powder (0.5 g; Sigma Aldrich, St. Louis, MO, 

USA) was added to cold H2SO4 (23 ml). While this mixture was gradually 

stirred on ice, KMnO4 (3 g) and NaNO3 (0.5 g) were added slowly. The 

resulting mixture was further stirred for 1 h at 35 ℃. Subsequently, 46 ml of 

triple-distilled water (TDW) was added and the mixture was incubated at 

90 ℃ for 1 h. The reaction was halted by adding 140 ml of TDW and 10 ml 

of 30% H2O2. The reaction product underwent repeated centrifugation to 

wash and purify the product; first with an aqueous 5% HCl solution, and 

then with TDW (three times). Finally, the product was suspended in TDW 

and sonicated for 2 h to exfoliate the GO layers into GO nanosheets. The 

unexfoliated GO layers were removed by centrifugation at 1600 x g for 10 

min. The supernatant containing GO nanosheets was collected and an 

extruder (Northern Lipid, British Columbia, Canada) was used to filter it 

through 0.2-m polycarbonate membrane filters (Millipore Corp., Billerica, 

MA, USA).  

GO nanosheets were further reduced to make rGO nanosheets according 

to a method presented by Li and colleagues [19], with slight modification. 

Briefly, 2.0 ml of homogeneously dispersed GO nanosheet solution was 

mixed with 8.0 ml of TDW, 0.5 ml of ammonia solution (28 wt% in water; 

Junsei Chemical Co., Tokyo, Japan), and 5.0 ml of hydrazine monohydrate 

(64% in water). The resultant mixture was stirred in a water bath (80 oC) for 
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10 min. Subsequently, the mixture was removed from a water bath and 

allowed to cool down to room temperature. To remove the excess hydrazine 

and ammonia, the mixture was dialyzed (MWCO 100K; Spectrum 

Laboratories, Inc., Rancho Dominguez, CA, USA) with TDW for 2 days 

with 4 renewals of TDW over 12 h. interval. The obtained rGO nanosheets 

dispersed in TDW was stored at 4 oC until use. The final concentration of 

the prepared rGO was 1 mg/ml. 

 

2.3. Anchoring of target protein-specific fluorescent aptamers onto rGO 

nanosheets 

Double-stranded aptamer structures dually anchored with Black Hole 

Quencher-1 (BHQ1) were designed for perpendicular anchoring of IFN-

specific fluorescent ssDNA aptamers (36 bp) to rGO nanosheets (Fig. II -

3A). Single-stranded IFN-specific fluorescent DNA aptamers (ssAptamer, 

25 mg/ml, Bioneer, Daejeon, South Korea) containing FAM dye at the 5’-

end and BHQ1 at the 3’-end were hybridized in hybridization buffer (10 

mM TriseHCl, 1 mM EDTA, 100 mM NaCl, pH 8.0) with complementary 

ssDNA oligonucleotides singly labeled with BHQ1 (25 mg/ml). Double-

stranded fluorescent aptamers (dsAptamer) were formed by heating the 

solution containing ssAptamers of various lengths and complementary 

oligomers to 95 C for 5 min and slowly cooling to 30 oC to allow 

hybridization. Doublestranded, dual-anchored, fluorescent aptamers (dsDA-

Aptamer; 50 mg/ml) were immobilized onto the rGO surfaces by adding 10 
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mg/ml of rGO to the resultant solution. In some experiments, ssAptamers 

were hybridized with complementary DNA sequences with or without 

BHQ1, to which 10 mg/ml of rGO was added. The mixture was vortexed 

vigorously and incubated at room temperature for 30 min to induce 

formation of dsDA-Aptamers on rGO nanosheets (DAGO). The solution 

was centrifuged at 6000 g for 2 min to remove excess, unattached aptamers. 

The supernatant was discarded and the remaining pellet was suspended in 

hybridization buffer (200 ml).  

 

2.3. Target protein sensitivity and specificity test 

The sensitivity of DAGO for its target protein was evaluated by 

incubating 10 mg/ ml of DAGO with different concentrations of human 

IFN- (R&D Systems, Inc., Minneapolis, MN, USA) ranging from 100 

pg/ml to 10 mg/ml. Specificity was demonstrated by challenging DAGO 

with 10 mg/ml of human tumor necrosis factor-a (TNF- a; R&D Systems), 

interleukin-2 (IL-2; R&D Systems), or the analyte of interest (1 mg/ml of 

IFN-). After incubating for 3 min at room temperature, the solution was 

centrifuged at 6000 g for 2 min to remove any excess, unreacted materials 

and the remaining pellet was resuspended in hybridization buffer (200 ml). 

The binding of IFN- to DAGO was determined by exciting at a wavelength 

of 485 nm and measuring fluorescence intensity at an emission wavelength 

of 520 nm using a spectrophotometer (Molecular Devices, Sunnyvale, CA, 
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USA)  

 

2.4. Assay of target protein in human serum 

In order to detect IFN-in human plasma, the samples from 5 healthy 

individuals were spiked with various concentrations of IFN- The spiked 

plasma samples were applied to the DF-aptasensor. Upon addition, the final 

concentration of IFN- came to be ranging from 100 pg/ml to 10 g/ml. The 

solution was vortexed vigorously and allowed to interact for 30 min. After 

incubation, it was centrifuged at 8000 rpm for 10 min. The precipitated was 

resuspended in hybridization buffer (200 l).  

 

2.5. DAGO-based detection of target protein in human patient samples 

DAGO was used to detect IFN- in serum samples from HIV-positive 

patients. Solutions were prepared by adding DAGO (10 mg/ml) to 120 ml of 

phosphate-buffered saline (PBS) and 80 ml of serum samples from healthy 

individuals (Scipak Ltd, Kent, UK) or HIV-positive patients (Korea National 

Public Health Institute, Osong, Republic of Korea). Incubation and 

processing of samples, and determination of fluorescence intensity, were as 

described above. In some experiments, Quantitkine ELISA human IFN- 

(R&D Systems) was used to detect IFN- in serum samples from HIV-

positive patients 

2.6. Statistics 
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Analysis of variance (ANOVA) with Student-Newman-Keuls post-hoc 

test was used for statistical evaluation of experimental data. All statistical 

analyses were done using SigmaStat software (version 3.5, Systat Software, 

Richmond, CA, USA); a pvalue < 0.05 was considered significant.  
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3. Results 

 

3.1. Effect of the double-stranded structure of fluorescent aptamers 

on rGO-dependent fluorescence quenching 

 The double-stranded structure of fluorescent aptamers played a major 

role in preventing the severe quenching of fluorescence intensity by the 

associated rGO nanosheets. To test the effect of the double-stranded 

structure of FAM-labeled, fluorescent aptamers on degree of fluorescence 

quenching by rGO, we anchored ssAptamers or dsAptamers on rGO 

nanosheets (Fig. II -1A) and compared fluorescence intensity. The 

fluorescence intensity of rGO alone was significantly quenched upon 

loading onto rGO nanosheets. In contrast, dsAptamers showed higher 

retention of fluorescence after complexation on rGO. The fluorescence 

intensity of dsAptamers on rGO was 7.3-fold higher than that of ssAptamers 

on rGO (Fig. II -1B).  
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Fig. II-1.  Fluorescence intensity of ssAptamers and dsAptamers on 

rGO 

 (A) Schematic representation of ssAptamers and dsAptamers anchored on 

a rGO nanosheet. (B) Fluorescence intensities of rGO blank, ssAptamers on 

rGO, and dsAptamers on rGO were determined at an excitation wavelength 

of 485 nm and an emission wavelength of 520 nm (n = 4). 
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3.2. Effect of the number of anchoring moieties on dsAptamers 

For the proposed aptamer-based nano detectors to function as envisioned, 

dsAptamers must be able to firmly attach to rGO surfaces without a loss of 

fluorescence. To this end, we formed dsAptamers containing 0, 1, or 2 

BHQ1 anchoring moieties and tested their retention of fluorescence upon 

anchoring to rGO. As illustrated in Fig. II -2A, dsAptamers containing 1 or 

2 BHQ1 moieties were prepared by hybridizing BHQ1-containing 

ssAptamers with a complementary strand containing or lacking BHQ1. 

Hybridization of ssAptamers without BHQ1 with a complementary strand 

without BHQ1 yielded dsAptamers with no BHQ1 moiety. Upon loading 

onto rGO, dsAptamers with 0 or 1 BHQ1 anchoring moiety failed to show a 

distinctive recovery of fluorescence. In contrast, dsAptamers containing 2 

BHQ1 anchoring moieties (dsDAAptamers) retained their fluorescence 

intensity upon binding to rGO (Fig. II -2B). Thus, a critical element in the 

proposed aptamerbased nano detectors design is the presence of dual 

anchoring moieties  
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Fig. II-2. Fluorescence intensity on rGO nanosheets of dsAptamers 

containing varying numbers of BHQ1 anchoring moieties 

(A) Illustration of dsAptamers containing 0, 1, or 2 BHQ1 anchoring 

moieties attached to rGO. (B) dsAptamers differing in the number of 

anchoring moieties were incubated for 30 min with rGO. After removal of 

unattached dsAptamers, the fluorescence intensity of each dsAptamer on 

rGO was measured at an emission wavelength of 520 nm (n = 4). 
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3.3. Detection of target protein using DAGO 

Based on the results shown in Figs. II -1B and II -2B, a dsDA-Aptamer 

on rGO nanosheets, designated DAGO, was chosen for subsequent 

experiments. DAGO was constructed by hybridizing an ssAptamer (shown 

in red) possessing a FAM on the 5’-end and a BHQ1 on 3’-end with a 

complementary oligomer (shown in blue) containing a BHQ1-modified 5’-

end. In application, DAGO monitors specific binding to its target, in this 

case IFN-, a model protein, by converting from an unbound, fluorescent 

state (“on”) to a target-bound, fluorescence-quenched state (“off”). This is 

presented schematically in Fig. II -3A, which shows that as IFN- 

approaches and interacts with the IFN-specific,fluorescent dsDA-Aptamer, 

the aptamer strand binds the target protein IFN-, which effectively 

displaces the double-stranded structure into two single strands. As a 

consequence, the two denatured strands, together with the fluorophore, 

become proximate to the rGO surface. The loss of distance between the 

fluorophore and the rGO surface due to IFN-g binding quenches the 

fluorophore, result in an “off” signal. To evaluate the displacement of dsDA-

Aptamer by IFN-, we measured the fluorescence emission intensity of 

FAM from dsDA-Aptamers attached to rGO before and after treatment with 

IFN-. rGO alone in buffer was used as a blank. As shown in Fig. II -3B, the 

fluorescent intensity of DAGO decreased by 2.8-fold following exposure to 

1 mg/ml of IFN-. 



 

 ３７ 

 

 

 

Fig. II-3. Rapid changes in fluorescence intensity of DAGO in the 

presence of target protein 

(A) Schematic illustration of the fluorescence assay for target protein 

detection using DAGO. (B) DAGO (10 mg/ml) was incubated for 3 min 

with 1 mg/ml of a model target protein, IFN-. After centrifugation, the 

pellets were resuspended and the fluorescence intensity was measured over 

emission wavelengths of 500-600 nm. 
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3.4. Sensitivity of DAGO for target protein in buffer and human serum 

To evaluate the utility of the proposed aptamer-based nanodetectors as a 

quantification method for target proteins under physiological conditions, we 

incubated DAGO with samples of buffer or human serum spiked with 

different concentrations of IFN-. As shown in Fig. II -5a, the change in the 

fluorescence signal of DAGO upon binding IFN- in buffer was linear from 

100 pg/ml to 10 mg/ml. The regression coefficient of the trend-line equation 

was 0.9882 (Fig. II -4A). Similar to IFN- in buffer, IFN- in human serum 

exhibited fluorescence intensity changes that were linear from 100 pg/ml to 

10 mg/ml, with a regression coefficient of 0.9838 (Fig. II -4B).  
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Figure II-4. Standard curves of target protein by DAGO in PBS and 

human serum 

 DAGO (10 mg/ml) was incubated for 3 min with PBS (A) or healthy 

human serum (B) spiked with different concentrations of IFN-. After 

incubation, the mixture was centrifuged for 2 min and the resuspended 

pellets were spectrophotometrically measured at an emission wavelength of 

520 nm (n = 5) 
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3.6. Selectivity of DAGO for target protein 

DAGO exhibited specificity for its target model protein, IFN-. To test 

the specificity of DAGO, we measured the degree of fluorescence intensity 

change after challenge with target or non-target proteins (Fig. II -5). After 

treatment of DAGO with 10 mg/ml of IL-2 or TNF-a, there was no apparent 

change in fluorescence. In contrast, a significant change in fluorescence 

intensity was observed after treatment of DAGO with 1 mg/ml of IFN-. 
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Figure II-5. Changes in the fluorescence intensity of target protein-

specific aptamer-anchored DAGO in response to different proteins 

DAGO (10 mg/ml) was incubated for 3 min with the target protein, IFN-

1 mg/ml, or non-target proteins such as IL-2 (10 mg/ ml) and TNF-a (10 

mg/ml) in PBS. After incubation, the mixture was centrifuged and the 

resuspended pellets were spectrophotometrically measured at an emission 

wavelength of 520 nm (n = 4). 
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3.6. DAGO-based detection of target protein in patient samples 

For clinical application of this system, we investigated the ability of 

DAGO to detect target protein in patient serum samples. Upon addition of 

healthy human serum samples to DAGO, there was little change in 

fluorescence intensity (Fig. II -6A). In contrast, the addition of HIV-positive 

human serum samples (n = 5) resulted in a significant change in the 

fluorescence intensity of DAGO. The concentrations of IFN- in all HIV-

positive patient samples were quantified by reference to the standard curve 

prepared from IFN-spiked human serum samples and were determined to 

range from 330 to 550 ng/ml. Similarly, the values obtained for HIV-

positive human serum samples using ELISA analysis (Fig. II -6B) were in 

the range of 360-520 ng/m 
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Fig. II-6. Quantification of target protein levels in patient serum 

samples 

(A) DAGO (10 mg/ml) was incubated for 3 min with serum samples from 

normal or HIV-positive patients. After incubation, the mixture was 

centrifuged and the resuspended pellets were spectrophotometrically 

measured at an emission wavelength of 520 nm. The concentration of IFN- 

was calculated from fluorescence intensity changes by reference to a 

standard curve (n = 5). (B) The same serum samples from normal or HIV 

positive patients analyzed with the IFN- ELISA kit 
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4. Discussion 

 

Here, we report the development of a dsDA-Aptamer and rGO based 

nano detectors, termed DAGO, that is capable of detection and 

quantification of IFN- in human plasma biological samples with high 

sensitivity and specificity. These studies established the physicochemical 

factors that are important in the design of DAGO: a double-stranded 

aptamer structure, the presence of two anchoring moieties in the dsDA-

Aptamers, and dsDA-Aptamer length. 

The double-stranded structure of dsDA-Aptamers was determined to be 

critical for fluorescence-based target detection by DAGO. Since the 

nucleobases of dsDNA are shielded within the negatively charged phosphate 

backbone, the occurrence of π-π stacking interactions between graphene and 

nucleobases decreases dramatically [20]. A rigid duplex dsDA-Aptamer 

therefore cannot be adsorbed onto the rGO surface, resulting in the 

maintenance of strong fluorescence intensity (Fig. II-1B).  

For anchoring of dsDA-Aptamers onto rGO nanosheets, the presence of 

two BHQ1 anchoring moieties, one each in the aptamer and the 

complementary oligomer, was found to be essential. Only the dsDA-

Aptamer containing two BHQ1 moieties showed significant fluorescence 

intensity; dsAptamers with no or one BHQ1 moiety showed no significant 

fluorescence upon rGO binding (Fig. II-2B). It has been reported that rGO 
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nanosheets are involved in π-π stacking interactions with molecules that 

possess aromatic rings [21]. A BHQ1 molecule contains three aromatic rings, 

which consequently results in strong π-π stacking interactions with rGO. It 

has been reported that a fluorophore with a chromophore-like structure 

similar to that of BHQ1 was able to bind to single walled carbon nanotubes 

by triggering π-π stacking interaction involving its aromatic fluoresce in 

isothiocyanate domain [22]. Inclusion of two BHQ1 moieties in dsDA-

Aptamers was therefore required to enhance binding to rGO surfaces. 

We observed a reduction in the fluorescence intensity of DAGO upon 

addition of a model target protein IFN-, demonstrating the utility of DAGO 

as a probe for detecting the presence of the target protein. Owing to the 

greater affinity of the ssAptamer for IFN- compared to that of the 

complementary oligomer strand, the target protein binding resulted in the 

formation of ssAptamer-target protein complex, the dissociation of dsDA-

Aptamers, and fluorescence quenching proportional to the amount of the 

target protein in the samples. Indeed, surface plasmon resonance studies 

have demonstrated that target protein binding to an aptamer displaces 

dsDNA into ssDNA [10]. Upon formation of an ssAptamer-target protein 

complex, the FAM moiety of the complex comes in close proximity to the 

rGO surface and thereby enters the effective quenching range of rGO, 

leading to a considerable decrease in fluorescence intensity. 

Sensitivity over a wide dynamic range is an important characteristic of a 

biosensor. DAGO showed a five-orders-of-magnitude linear dynamic range, 
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with a limit of detection of 0.1 ng/ml (Fig. II-4). A previous study reported 

that a gold substrate-anchored electrochemical aptamer biosensor 

recognized the target protein over a range of 1 - 160 ng/ml [23]. The higher 

sensitivity of DAGO compared to the aptamer-based electrochemical 

biosensor might be attributable to the fluorophore-based fluorometric 

detection principle of dsDA-Aptamers. Previously, a graphene-based sensor 

was designed for the detection of thrombin [24]. In this latter study, the 

graphene based sensor showed a linear response over a concentration range 

of two orders of magnitude. The wide dynamic range of DAGO is like due, 

in part, to the strong quenching effect of rGO, which broadens the intensity 

difference compared to the unquenched intensity. A recent study reported 

that rGO is a better quencher for adsorbed fluorophores than GO and 

graphite, and exhibits a high quenching efficiency for various fluorophores 

ranging from green-, red-, and far-red-emitting dyes to quantum dots [25, 

26]. 

In addition to sensitivity, specificity is a crucial component of a biosensor. 

We found that DAGO showed specificity for the target model protein, IFN-, 

as evidenced by the absence of a fluorescence change in the presence of 

TNF-a or IL-2 (Fig. II-5). This specificity of DAGO is conferred by the 

IFN-specific aptamer sequence used in the dsDA-Aptamer. The nucleic 

acid sequence of the IFN-specific aptamer has been previously reported 

[27]. In addition, modifications to aptamer sequences, such as extra DNA 
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sequences, biotin, or polyethylene glycol, have been reported to have no 

effect on the affinity between IFN- and aptamer [10, 23]. These previous 

findings are consistent with our observation that the modified ssAptamer 

sequences used in DAGO retained their affinity for the target protein. 

Using DAGO, we were able to quantify the levels of target protein in 

serum from patients (Fig. II-6). It has been reported that the levels of 

various cytokines are elevated in the blood of HIV infected patients [16,17]. 

HIV-patient serum sample was thus chosen to test the feasibility of DAGO 

for clinical application. Our results demonstrate that DAGO has sufficient 

specificity and sensitivity for use on clinical samples. The specific detection 

of target protein using DAGO provides a basis for concluding that a rGO-

based fluorescent aptamer-based nano detectors could not only be applied to 

monitor or diagnose infectious diseases, such as tuberculosis and HIV, but 

also be used in biochemical studies to analyze cellular secretion of specific 

cytokines. Although in this study we used IFN- as a target model protein in 

human patient samples, the DAGO concept could be broadly applied to 

detect other chemicals and cytokines by replacing the aptamer sequences 

with other target-specific aptamers. Moreover, as shown in Fig. II-6B, the 

levels of IFN- in HIV-positive patient serums revealed good correlation 

between the proposed assay and ELISA, thereby confirming possibility of 

practical utilization of the proposed assay. 

From an industrial perspective, DAGO has advantages in terms of 
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processing time and costs compared to conventional cytokine assay systems. 

Unlike immunoassays which required at least a few hours to complete, the 

detection of target protein in human patient samples using DAGO required 

only three steps and took less than 10 min to complete, including 3 min for 

incubation with human serum samples, 2 min for centrifugation, and 1 min 

for fluorometric detection. Because DAGO is composed of rGO, a FAM- 

and BHQ1- labeled DNA aptamer sequence and complementary oligomer, 

the cost is expected to be lower than that of antibody-based assay systems. 

Moreover, the higher stability of rGO and DNA compared to antibodies may 

provide a longer storage time for DAGO. 
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Chapter III 

 

Fucntionalization of nano-graphenes by chimeric peptide 

engieering 
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1. Introduction 

 

Since a first exfoliation from graphite, graphene-based nanosheets have 

received particular attention due to its extraordinary properties including 

unique structure and mechanical, thermal, optical characteristics [1]. By the 

courtesy of its planar hydrophobic surface, a graphene nanosheet is a double 

edged sword in high adsorbing capacity and intense instability in biological 

condition [2,3]. Increasing application of graphene as a nanomedicine has 

prompted the researchers to get involved, as many of them are trying to 

achieve surface functionalization of graphene nanosheets which has been a 

major concern in biomedical field to improve the therapeutic properties of 

graphene nanosheets [4, 5]. 

Non-covalent modification of graphene nanosheets is one of promising 

strategy which did not alter the intrinsic properties of graphene as compared 

with covalent conjugation [6]. Peptides are highly favorable molecules for 

non-covalent functionalization of graphene surface due to its 

physicochemical diversity and ease of uniform synthesis chemistry [7]. 

Immobilization of peptide on graphene nanosheets has been diversely 

elucidated to enable rational functionalization of graphene [8. 9]. In case of 

targeting ligand, however, direct adsorption on graphene may cause lower 

binding affinity to target molecules. For this reason, some of peptide ligands 

were modified on graphene nanosheets after conjugation with anchoring 
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molecule and PEG spacer [10, 11] which contains complicated synthesis 

steps.  

Buforin IIb (Bu) is synthetic analogue of buforin II originated from a 

part of histone subunit H2A and notable antimicrobial peptide in its unique 

mechanism [12]. Unlike other antimicrobial peptides, Bu enters cancer cells 

without disruption of cell membrane and this feature can be utilized to 

deliver cargo into cells without non-specific cytotoxicity [13, 14]. As a 

cellular uptake enhancer, the potential of Bu peptide was previously 

demonstrated to construct chimeric peptide with scFV [15] and interferon- 

[16].  

In this study, we designed Bu-derived peptides joined with spacer and 

anchoring peptide domain for reduced graphene oxide (rGO) nanosheets and 

examined their secondary structures and cell-penetrating abilities as 

compared with unmodified Bu peptide. Moreover, these Bu-derived 

peptides tethered rGO nanosheets were investigated whether the 

introduction of tethering moiety and repulsive spacer on rGO can maximize 

activity of peptide ligand with improved cellular internalization and 

antitumor effect of subsequent photothermal activity of rGO nanosheets. 
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2. Materials and methods 

2.1. Peptides 

Four types of peptides were used in this study. The sequence for 

buforin-derived peptide was RAGLQFPVGRLLRRLLRRLLR (Bu). Bu 

was modified with seven phenylalanine residues, FFFFFFF-

RAGLQFPVGRLLRRLLRRLLR (7F-Bu). To test the role of spacers, four 

glycine residues or aspartic acid residues were placed between seven 

phenylalanine residue and Bu sequences; FFFFFFF-GGGG-

RAGLQFPVGRLLRRLLRRLLR (7F4G-Bu), and FFFFFFF-DDDD-

RAGLQFPVGRLLRRLLRRLLR (7F4D-Bu). All peptides used in this 

study were purchased from Peptron (Daejeon, Republic of Korea). 

Secondary structures of peptides were predicted by using a PEP-FOLD 

server (http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD) [17, 18, 

19]. For fluorescence labeling of each peptide, 20 mol of fluorescein 5(6)-

isothiocyanate (FITC, Sigma-Aldrich, St. Louis, MO, USA) in 3 mL of 

anhydrous N,N-dimethylformamide (DMF, Sigma-Aldrich, St. Louis, MO, 

USA) was added dropwise to a stirred solution of 20 mol of each peptide 

and 40 mol of N,N-diisopropylethylamine (DIPEA, Sigma-Aldrich, St. 

Louis, MO, USA) in 2 mL of anhydrous dimethyl sulfoxide (DMSO, 

Sigma-Aldrich, St. Louis, MO, USA). The reaction mixture was stirred for 

24 h at room temperature. The mixture was dialyzed against deionized water 

for 48 h. The resulting FITC-labeled peptides were lyophilized, and stored 
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at 4oC. 

 

2.2. Preparation of rGO nanosheets 

rGO nanosheets were prepared by reducing GO nanosheets. GO 

nanosheets were prepared from graphite using Hummer’s method with 

slight modification [20]. Briefly, cold H2SO4 (23ml) was added with 

graphite powder (0.5 g, Sigma-Aldrich), KMnO4 (3 g, Sigma-Aldrich) and 

NaNO3 (0.5 g, Sigma-Aldrich), and stirred on ice. The resulting mixture 

was further stirred at 35oC for 1 h. After addition of 46 ml of TDW, the 

mixture was stirred at 90oC for 1 h. The reaction was stopped with 140 ml of 

TDW and 10 ml of 30% H2O2. The reaction products were washed by 

repeated centrifugation, first with an aqueous 5% HCl solution, and then 

with TDW. Finally, the products were dispersed in TDW, sonicated, and 

centrifuged at 1600 x g for 10 min. The supernatant containing GO 

nanosheets was collected and an extruder (Northern Lipid, British Columbia, 

Canada) was used to filter it through 0.2-m polycarbonate membrane 

filters (Millipore Corp., Billerica, MA, USA).  

The resulting GO nanosheets were used for synthesis of rGO nanosheets. 

In brief, 2.0 ml of GO nanosheets (5 mg/ml) in TDW was added with 8.0 ml 

of TDW, 0.5 ml of ammonia solution (28 w/w% in water, Junsei Chemical, 

Tokyo, Japan), 5.0 l of hydrazine monohydrate (64 w/w% in water, Sigma-

Aldrich). The resultant mixture was stirred at 80oC for 10 min. After cooling 
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down to room temperature, the excess hydrazine and ammonia was removed 

by dialysis (MWCO 100K; Spectrum Laboratories, Inc., Rancho 

Dominguez, CA, USA) against TDW. The obtained rGO nanosheets were 

stored at 4 oC until use. 

 

2.3. Preparation of peptide-tethered rGO 

For coating the surfaces of rGO with various buforin-derived peptides, 

rGO nanosheets in TDW (1 mg/ml) were mixed with the same volume of Bu 

(50 M), 7F-Bu (50 M), 7F4G-Bu (50 M), or 7F4D-Bu (50 M). 

Unloaded peptides were removed by gel filtration through a Sephadex G-

25M column (GE Healthcare, Piscataway, NJ, USA), yielding peptide-rGO 

nanosheets. The extent of peptide loading onto rGO was determined by 

measuring the decrease of fluorescence intensity of FITC-labeled peptides at 

525 nm caused by quenching of rGO-adsorbed fluorophores. The 

fluorescence intensity was measured using a fluorescence microplate reader 

(Gemini XS; Molecular Device, Sunnyvale, CA, USA). 

 

2.4. Circular dichroism study (CD) 

To determine the secondary structure of Bu-derived peptides, CD spectra 

were obtained using a Circular Dichroism Detector (Chirascan plus, Applied 

Photophysics Ltd, Surrey, United Kingdom). The spectra were measured 

between 190 and 260 nm in the presence of 50% (v/v) trifluoroethanol 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) in phosphate-buffered 
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saline (PBS). The content of -helix in Bu-derived peptides was analyzed 

by CDNN secondary structure analysis software (Applied Photophysics Ltd). 

 

2.5. Size and zeta potential measurement 

The lateral sizes of the peptide-rGO nanosheets were measured using 

dynamic light scattering. The rGO or peptide-rGO nanosheets were diluted 

with TDW and placed in an ELS-Z (Photal, Osaka, Japan). The 

hydrodynamic diameters of the nanosheets were determined by He-Ne laser 

(10 mW) light scattering, and the zeta potential values of rGO and peptide-

rGO nanosheets were determined using an ELS-8000 instrument (Photal, 

Osaka, Japan). The samples were diluted with TDW and zeta potential 

values were determined by laser Doppler microelectrophoresis at an angle of 

22 oC. 

 

2.6. Cell penetrating ability of Bu-derived peptides 

The cell penetrating ability of Bu-derived peptides was tested using a 

BT-20 breast cancer cell line (American Type Culture Collection, Rockville, 

MD, USA) by flow cytometry. BT-20 cells were seeded onto 48-well plate 

at a density of 8 × 104 cells/well in 24-well plates. Next day, the cells were 

treated with FITC-labelled Bu, 7F-Bu, 7F4G-Bu, or 7F4D-Bu at a 

concentration of 10 M peptide. After 15 min incubation at 37°C, the cells 

were harvested and washed thrice with cold PBS containing 2 % fetal 

bovine serum. Then the cells were analyzed by a BD FACSCalibur flow 



 

 ６０ 

cytometry using Cell Quest Pro software (BD Bioscience, SanJose, CA, 

USA). 

 

2.7. Cellular uptake test of peptide-rGO nanosheets 

The cellular uptake of rGO with or without various peptides was tested 

in BT-20 cells using confocal microscopy and flow cytometry. To visualize 

the cellar uptake, rGO was labeled with 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine- N-[poly(ethyleneglycol) 5000- Alexa Fluor® 680 

(DSPE-PEG5000-Alexa Fluor® 680), as described previously [20] BT-20 cells 

were seeded onto cover glasses at a density of 8 × 104 cells/well in 24-well 

plates. Next day, the cells were treated with DSPE-PEG5000- Alexa 

Fluor® 680-labeled plain rGO or peptide-rGO nanosheets at a concentration 

of 10 M of each peptide and 80 μg/ml of rGO nanosheets. After 15 min 

incubation, the cells were washed and fixed with 4% paraformaldehyde 

(Sigma-Aldrich) in PBS for 15 min, and stained with 4’,6-diamidino-2-

phenylindole dihydrochloride (Sigma-Aldrich). The fluorescence intensity 

of cellular Alexa Fluor® 680 was observed using a confocal laser-scanning 

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

cytometry, the cells were harvested and washed thrice with cold PBS 

containing 2 % fetal bovine serum. Then the cells were analyzed by a BD 

FACSCalibur flow cytometry using Cell Quest Pro software (BD 

Bioscience). 
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2.8. Laser irradiation on cells treated with peptide-rGO nanosheets 

To test the photothermal effect of peptide-rGO nanosheets upon laser 

irradiation, the cells were treated with various peptide-rGO nanosheets, and 

irradiated with near infrared (NIR) laser. BT-20 cells were seeded onto 12-

well plates at a density of 1×105 cell/well. The following day, cells were 

treated with plain rGO or peptide-rGO nanosheets at a concentration of 10 

M of peptide and 80 μg/ml of nanosheets. After 15 min incubation, the 

cells were washed twice with cold PBS and re-suspended in complete 

RPMI-1640 media. The cell suspensions were irradiated with an 808 nm 

continuous-wave NIR diode laser (BWT Beijing LTD, Beijing, China) with 

an output power of 1.2 W. The temperature and thermal images of the 

graphene-based suspensions during laser irradiation were recorded using an 

infrared thermal imaging system every 60 seconds (FLIR T420, FLIR 

Systems Inc, Danderyd, Sweden). Immediately after irradiation, the cells 

were diluted 5-fold using complete RPMI-1640 media and transferred to 96-

well plates for the cell viability assays. 

 

2.9. Quantitative cell viability assay following laser irradiation 

The viability of the cells treated with peptide-rGO and laser irradiation 

was quantified using a fluorescent live cell staining (Invitrogen Corp., 

Carlsbad, CA, USA) and Cell Counting Kit-8TM (CCK8, Dojindo 

Molecular Technologies, Inc., Rockville, MD, USA). Briefly, the culture 

medium was removed, the cells were washed twice with PBS, and 200 l of 
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calcein solution (2 M) was added to each well. After 30 min, the cells were 

washed twice with PBS and observed under a fluorescence microscope 

(Leica DM IL; Leica, Wetzla, Germany). For CCK8 assay, 20 l of CCK-8 

(water-soluble tetrazolium salt) solution was added to each well for 30 min, 

and absorbance was measured at 450 nm using a microplate reader (Sunrise-

Basic TECAN, Männedorf, Switzerland). The cell viability in each group 

was expressed as a percentage of that in control cells.  

2.10. Statistics 

ANOVA was used for statistical evaluation of experimental data, using 

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

done 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. Biophysical characterization and cell-penetrating ability of buforin-

derived peptides 

Regardless of spacer amino acids, the modification of Bu peptide with 

seven phenylalanine residues did not affect the secondary structure and cell-

penetrating ability of Bu peptide. Secondary structure prediction results and 

CD spectra showed the structural similarity of buforin motif between Bu 

peptide and other three peptides (Fig. III-1). The Bu peptide contains -

helical structure at carboxyl-terminal sequence (Fig. III-1A) which 

displaying two peaks at 208 and 222 nm in CD spectrum (Fig. III-1E). 

Similar to Bu peptide, 7F-Bu (Fig. III-1F), 7F4G-Bu (Fig. III-1G), and 

7F4D-Bu (Fig. III-1H) showed the characteristic -helix structures in 50% 

of trifluoroethanol, which is known to be lipid membrane-mimicking 

condition [21] in CD spectra. In addition, the sequence modification of Bu 

peptide in this study did not affect the cell penetration ability. The 

fluorescence intensity values of cells treated with fluorescent Bu peptides 

(Fig. III-1I,1M), did not significantly differ those of cell treated with 

fluorescent 7F-Bu (Fig. III-1J, 1M), 7F4G-Bu (Fig. III- 1K, 1M), and 7F4D-

Bu (Fig. III-1L, 1M).  
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Fig. III-1. Secondary structures of the Bu-derived peptides 

Three-dimensional structures of Bu (A), 7F-Bu (B), 7F4G-Bu (C), and 

7F4D-Bu (D) were predicted in silico. Each color represents a different 

amino acid residue. Circular dichroism (CD) spectra of Bu (E), 7F-Bu (F), 

7F4G-Bu (G), and 7F4D-Bu (H) were measured in a 1:1 mixture of PBS : 

TFE (v/v). Cell penetrating efficiency of Bu (I), 7F-Bu (J), 7F4G-Bu (K), 

and 7F4D-Bu (L) were quantified and fluorescence-positive populations of 

cells were analyzed by flow cytometry (M). 
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3.2. Characterization of buforin-derived peptide-rGO nanosheets 

The adsorption of buforin-derived peptides on rGO nanosheet did not 

affect the sizes, but zeta potentials. The predicted adsorption of various 

buforin-derived peptides on rGO nanosheets (Fig. III-2A) is depicted in Fig. 

III-2B-2E. Lateral size of plain rGO remained unaffected by surface 

tethering with buforin-derived peptides (Fig. III-2F). In contrast, surface 

charge of peptide-tethered rGO nanosheets depended on the type of peptides 

(Fig. III-2G). Unlike negatively charged plain rGO, the adsorption of Bu 

increased the zeta potentials to positive values (Fig. III-2H). Among various 

peptide-tethered rGO nanosheets, 7F4D-Bu-rGO showed the lowest zeta 

potential values.   
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Fig. III-2. Diagrams and characterization of the peptide-tethered rGO 

The schematic illustration of plain rGO (A), Bu/rGO (B), 7F-Bu/rGO(C), 

7F4G-Bu/rGO (D), and 7F4D-Bu/rGO (E) were described. The lateral sizes 

of peptide-tethered rGO were measured by dynamic light scattering (F). The 

zeta potentials were determined using an electro-Doppler method (G). 

*Significantly different (p < 0.05) from each other (ANOVA and Student-

Newman-Keuls test).  
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3.3. Cellular uptake of peptide-tethered graphene nanosheets 

Surface coating of rGO with buforin-derived peptides enhanced the 

cellular delivery of Alexa Fluor® 680 lipid-loaded rGO nanosheets. Alexa 

Fluor® 680 lipid-loaded rGO was used to visualize the cellular uptake of 

rGO nanosheets. For the cellular uptake study, rGO was loaded with Alexa 

Fluor® 680 lipid and each type of peptide. As compared to untreated cells, 

the cells treated with plain rGO showed negligible increase in fluorescence 

of Alexa Fluor® 680 lipid on rGO nanosheets (Fig. III-3B, 3G). The increase 

of cellular delivery of rGO was in the order of 7F4D-Bu/rGO (Fig. III-3F, 

3G) followed by 7F4G-Bu/rGO (Fig. III-3E, 3G), 7F-Bu/rGO (Fig. III-3D, 

3G), and Bu/rGO (Fig. III-3C, 3G). 
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Fig. III-3. Cellular uptake of the peptide-tethered rGO 

BT-20 Cells were left untreated (A) or treated with plain (B), Bu (C), 7F-

Bu (D), 7F4G-Bu (E), or 7F4D-Bu (F)-tethered rGO. After incubating for 

15 min, DSPE-PEG5000-Alexa Fluor 680-modified rGO was observed by 

confocal microscopy and quantified by flow cytometry (G). Scale bar, 20 

m. 
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3.4. Photothermal effect of peptide-tethered rGO nanosheets 

In line with the cellular uptake of various peptide-tethered rGO, the 

photothermal effect was affected by the type of buforin-derived peptide on 

rGO nanosheets. Upon NIR laser irradiation, the cells treated with buforin-

derived peptides with space peptide between 7F and Bu showed the higher 

thermal increase. Between 4D and 4G, the spacer 4D showed the higher 

thermal increase. 7F4D-Bu/rGO showed the highest temperature increase 

(Fig. III-4A, 4B) up to 58.3 ± 2.3oC. In the case of the cells treated with 

7F4G-Bu/rGO, the temperature was 42.6 ± 1.0oC. The thermal increase of 

the cells treated with 7F-Bu/rGO or 7F/rGO was significantly lower, 

showing less than 40 oC of temperature upon NIR irradiation. 
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Fig. III-4. Laser-induced photothermal effect of the peptide-tethered 

rGO 

BT-20 Cells were left untreated or treated with plain, Bu, 7F-Bu, 7F4G-Bu, 

or 7F4D-Bu-tethered rGO for 15 min and then media were replaced with 

fresh one. After 24 h, the real-time temperature increases upon irradiation of 

NIR laser from untreated or the rGO-treated cells were observed (A). The 

highest cell suspension temperature was measured using the FLIR 

QuickReport 1.2 software (B). *Significantly different (p < 0.05) from the 

other groups at the same time point (ANOVA and Student-Newman-Keuls 

test). 
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3.5. Photoresponsive anticancer effect of 7F4D-Bu/rGO nanosheets  

The substantial increase of temperature upon NIR irradiation could 

exert anticancer effects in the cells treated with 7F4D-Bu/rGO nanosheets. 

The viability of the cells treated with various buforin-derived peptide-

tethered rGO was visualized by live cell fluorescence staining with calcein. 

The live cell staining images showed that the cells treated with 7F4D-

Bu/rGO were killed upon NIR irradiation (Fig. III-5F). The quantitation of 

live cells revealed that the cells treated with 7F4D-Bu/rGO showed the 

viability of 33.2± 0.4% upon NIR irradiation (Fig. III-5G). Except 7F4D-

Bu/rGO, other groups did not show significant decrease of cell viability. 
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Fig. III-5. Photothermal antitumor effect of the peptide-tethered rGO 

BT-20 Cells were left untreated (A) or treated with plain (B), Bu (C), 7F-

Bu (D), 7F4G-Bu (E), or 7F4D-Bu (F)-tethered rGO for 15 min and then 

media were replaced with fresh one. After 24 h, live cells were stained by 

calcein and observed under a fluorescence microscope (A-F) or the viable 

cells were measured using the MTT assay after laser irradiation (G). Bar 

size: 100 m. *Significantly different (p < 0.05) from the other groups 

(ANOVA and Student-Newman-Keuls test). 
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4. Discussion 

 

This study demonstrated that engineering of functional peptide, Bu, with 

anionic four aspartic acids as a spacer and seven phenylalanine residue as an 

anchoring peptide can lead to the non-covalent tethering of the peptide onto 

rGO nanosheets, while retaining the biologic activity of the peptide.  

In this study, seven phenylalanine-based residue was used as a non-

covalent anchoring moiety to rGO nanosheets. Our seven phenylalanine 

residue has merits in that the simple engineering of peptide sequences can 

avoid the multi-step covalent modification process for anchoring of 

functional peptides. Previously, various approaches have been studied to 

anchor peptides onto graphene-based nanosheets [10, 11, 22, 23] Covalent 

anchoring of peptide has been reported by coating the surfaces of graphene 

oxide (GO) with pyrenebutyric acid via π-π interaction, and subsequently 

conjugating RGD peptide to pyrenebutyric acid (Guo et al. 2012). In another 

study, interleukin-13 receptor-binding peptide was covalently conjugated to 

pegylated mesoporous silica-coated graphene nanosheet [10]. Noncovalent 

anchoring has been mainly done using lipid or peptide moiety. The 

polyethyleneglycol lipid congjuate of RGD was used to use the hydrophobic 

lipid moiety as an anchoring moiety to rGO [11]. Recently, nine amino acid-

based residue, HNWYHWWPH, was used to attach elastin-like 

polypeptides of 250 amino acids to graphene nanosheets [23]. However, 
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there have been limited studies on rGO-binding peptide for anchoring 

relatively small functional peptide such as buforin, without affecting 

biological properties.  

Driving forces of seven phenylalanine reside adsorption on rGO can be 

attributed to the hydrophobic interaction between enriched aromatic rings of 

phenylalanine and planar surface of rGO. Indeed, the parallel orientation of 

aromatic rings and planar sheet of graphene was reported to contribute to 

non-covalent  interaction of aromatic amino acid phenylalanine with 

graphene nanosheets [24, 25] reported that aromatic amino acid residues of 

peptides can maximize the ring-ring off-stack π-π interactions with graphene 

surfaces.  

We observed that the use of four aspartic acid-based (4D) spacer excelled 

four glycine-based (4G) spacer to retain the biologic activity of rGO-

anchored functional peptide (Fig. III-3). Previously, to provide 

conformational flexibility of functional peptide, oligoglycine has been 

commonly used as a spacer between anchoring and active peptide domains 

[7, 25, 26]. Our observation on the enhanced biological property of 7F4D-

Bu could be due to the negative surface charges of rGO with carboxyl 

groups at edge of nanosheets [27]. Charge repulsion between anionic 4D 

spacer and negatively charged rGO could contribute to the outward 

orientation of tethered functional Bu for exerting its biological function.  

Although we used 7F4D motif for tethering of Bu on rGO, this motif can 

be further applied for delivery of other functional peptides, and for peptide-
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based biosensors for detection and diagnosis. Since peptide-modified rGO 

nanosheets can be used for detection of enzymes [28, 29], antibodies [30], 

and cells [31], 7F4D motif can be used to engineer those diagnostic peptides 

without cumbersome chemical modification. Moreover, the use of 

homopeptides of seven residues as an anchoring moiety can contribute to 

cost-effectiveness of peptide engineering.  

In conclusion, we provided evidence that 7F4D motif can be used for 

anchoring functional peptide Bu on rGO without hampering its biological 

property. The use of 4D contributed to minimize the undesirable interaction 

of Bu with rGO, resulting in the substantially enhanced cell penetrating 

property of Bu, as compared to native Bu, or 4G spacer residues. These 

results suggest the wide application of 7F4D motif for non-covalent 

tethering of functional peptide onto rGO for protein delivery as well as 

broad spectrum of peptide-based biosensors on rGO nanosheets 
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Chapter IV 

 

Cas9-edited immune checkpoint blockade PD-1 DNA 

polyaptamer hydrogel or cancer immunotherapy 
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1. Introduction 

 

Recently, immune checkpoint inhibitor-based anticancer immunotherapy 

has attracted wide attention. Unlike classical chemotherapy, radiotherapy, 

and surgery, immune checkpoint inhibitors can exert anticancer therapeutic 

effects by boosting the activity of immune systems. In the tumor 

microenvironment, the abnormal upregulation of immune checkpoints can 

reportedly suppress the antitumor function of immune cells [1]. A few 

immune checkpoint inhibitors have been approved for clinical use to date, 

and a series of immune checkpoint inhibitors are currently undergoing 

clinical trials [2]. In general, immune checkpoint inhibitor-based 

immunotherapy mainly targets molecules that are expressed on immune 

cells.  

Programmed death receptor (PD-1) is a widely studied target immune 

checkpoint molecule that is expressed on immune cells. The interaction of 

PD-1 with programmed death-ligand 1 (PD-L1) on tumor cells has been 

shown to weaken the function of T cells [3]. PD-1 expression is induced in 

naïve T cells upon activation of T cell receptors [4]. T cell activation results 

in interferon -  secretion, which in turn induces high-level surface 

expression of PD-L1 on cancer [5] Upon interaction with PD-L1, PD-1 

inactivates CD28 signaling to weaken T cell activity [6]. The blockade of 

PD-1 has been studied for the immunotherapy of various cancers, such as 
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melanoma, non-small cell lung cancer, and head and neck squamous cell 

carcinoma [7].  

Anti-PD-1 antibodies have been clinically used as PD-1 immune 

checkpoint inhibitor sand studied for co-administration with various 

chemotherapies [8, 9]. Pembrolizumab, a humanized PD-1 antibody, has 

shown positive clinical phase 3 results in metastatic non-small cell lung 

cancer patients when co-treated with pemetrexed and a platinum-based drug 

[9]. Despite the clinical outcomes obtained with the anti-PD-1 antibodies, 

some challenges have limited their application. For example, resistance has 

been seen in certain patients [10]. Moreover, anti-PD-1 antibodies can be 

rapidly cleared from tumor tissues, potentially via its binding to Fc receptors 

expressed on tumor-associated macrophages [11]. Finally, the high cost of 

manufacturing and quality control pose challenges for the widespread 

application of immunotherapy using anti-PD-1 antibodies [12, 13].  

For immune checkpoint blockade, DNA aptamers may serve as an 

alternative to antibodies. DNA aptamers are composed of oligonucleotides; 

they are similar to antibodies in that they can bind to target molecules with 

specificity, but differ in that aptamers exhibit higher thermal stability [14]. 

Recently, PD-1-targeting aptamers (herein called PD-1 aptamers) have been 

reported to inhibit the interaction of PD-1 on T cells and PD-L1 on cancer 

cells, and enhance the activity of T cells [15]. Despite the potential 

advantages of immune checkpoint-inhibiting aptamers, however, they do not 

show strong retention in the body, and thus have not been widely studied. 
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Researchers have sought to increase the retention of aptamers in the body, 

such as by using conjugation with polymers (e.g., polyethyleneglycol) to 

increase the effective size of the formulation [16] or by applying 

nanocarrier-mediated delivery [17]. Although DNA hydrogels harboring 

repeating immune checkpoint aptamer sequences could exhibit increase 

retention, the need to precisely cleave the DNA to generate the proper 

aptamer sequence has remained a hurdle.  

CRISPR-associated protein 9 (Cas9) has been mainly studied in the 

context of gene editing, such as in therapeutics and agricultural products. It 

is complexed with a single-strand guide RNA (sgRNA) [18], which binds 

specific sequences of double-stranded DNA to allow Cas9 to make a precise 

cut [19, 20]. Cas9/sgRNA has been studied as a means to treat amyotrophic 

lateral sclerosis and hypercholesterolemia [21, 22]. To date, however, few 

studies have examined the use of Cas9/sgRNA for the controlled release of 

DNA aptamers from hydrogels.  

In the present study, we utilized the precise double stranded DNA-editing 

function of Cas9/sgRNA to design a DNA hydrogel that can release PD-1 

aptamers in a programmed manner. We formed DNA polyaptamer hydrogels 

using a rolling-circle amplification (RCA) method. The RCA products, 

which contained repeats of the aptamer along with sgRNAs encoding target 

or complementary target sequences, were crosslinked via internal sites to 

form the hydrogel. Upon exposure to Cas9/sgRNA, the hydrogels released 

the PD-1 DNA aptamers in a sustained manner at the site of administration, 
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and exerted antitumor effects by enhancing the activation of immune 

systems. 
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2. Materials and methods 

 

 

2.1. Construction of polymeric PAH 

PD-1 DNA aptamer hydrogel (PAH), which can generate PD-1 aptamers 

by Cas9/sgRNA specific cleavage, was prepared by rolling circle 

amplification (RCA) of two template sequences, which were subsequently 

hybridized. The sequences were as follows: RCA template 1, 5’-

GAGCGACGGACGGAAGCGGCATACGTGTAGTGCAGGGACGGGAA

CTGTACCGTCTGTGCCGTCACCGCTATCGTCCCCTGAAGTTCATCTG

CACCACC-3’, where the template for the PD-1 aptamer [15] is underlined 

and that for the sgRNA target sequence is italicized; and RCA template 2, 5’- 

AACTTCAGGGGAGCGACGGACGGAAGCGGCATACGTGTAGTGCA  

GGGACGGGAACTGTACCGTCTGTGCCGTCACCGCTATCGTCGGTGGTGCAGA

TG-3’, where the template for the PD-1 aptamer is underlined and that for the 

complementary sgRNA target sequence is italicized. To generate the pre-

circular RCA template, 0.5 mM of each DNA template (Macrogen Inc., 

Daejeon, Republic of Korea) was annealed with 0.5 mM of each template-

specific primer (5’-GTCGCTCGGTGGTGCAGATGAA-3’ and 5’-

TCCCCTGAAGTTCATCTGCACC-3’; Macrogen Inc.) in hybridization 

buffer (1 mM EDTA, 10 mM Tris HCl, 100 mM NaCl, pH 8.0). The mixture 

of pre-circular RCA template and primer was reacted with T4 DNA ligase 

(125 units/mL; Thermo Scientific, Waltham, MA, USA) for 12 h at 4 °C to 
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close the nick. The T4 DNA ligase was then inactivated by incubation for 5 

min at 70 °C. The resulting circular template was subjected to RCA by 

incubation with phi29 DNA polymerase (100 units/mL; Thermo Scientific) 

and 2 mM dNTPs (ELPIS-Biotech. Inc., Daejeon, Republic of Korea) for 48 

h at 30 °C. The phi29 DNA polymerase was inactivated by incubation for 10 

min at 70°C, and the RCA products were separated by centrifugation at 

3,000 g for 10 min, and re-suspended in triple distilled water (TDW). Cas9-

cleavable PAH was prepared by hybridizing the two RCA products at a 1:1 

weight ratio, with a final concentration of 2.5 mg/ml.  

 

2.2. Rheological characterization 

The rheological properties of the DNA hydrogel were measured using a 

rotational rheometer (DHR-1; TA Instruments Ltd., New Castle, DE, USA). 

PAH (2.5 mg/ml) was incubated with or without Cas9/sgRNA (1 mg/ml) for 

4 days at 37°C. On the rheometer, each sample was twisted using dynamic 

frequency sweeping mode with strain fixed at 5 %. As rheological 

parameters, storage modulus, loss modulus, and viscosity were measured. 

The change of viscosity in Cas9/sgRNA- and -untreated samples was also 

compared by observing their behavior in vials subjected to inversion. 

 

2.3. Scanning electron microscopy (SEM) 

The morphologies of PAH with or without Cas9/sgRNA treatment were 

examined by SEM. For Cas9 treatment, PAH (2.5 mg/ml) was treated with 

Cas9/sgRNA (1 mg/ml) for 4 days at 37°C. For SEM observation, the 
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samples were freeze dried (FD8-8602; Operon, Republic of Korea) and 

spray-coated with Au/Pd (EM ACE200; Leica, Austria). The morphologies 

of the samples were observed at different magnifications under a field-

emission scanning electron microscope (Supra 55VP, Carl Zeiss, 

Oberkochen, Germany). 

 

2.4. Measurement of swelling ratio 

The swelling ratios of PAH and PAH/Cas9 were measured by calculating 

the water uptake capacity over time. Lyophilized powders of each DNA 

hydrogel (15.3 mg) were placed in 2 ml of triple-distilled water with or 

without Cas9/sgRNA, and their weights were measured at various time 

points. The swelling ratio at each time point was calculated by the equation: 

swelling ratio (%) = [(W2-W1)/W1] x 100, where W1 is the weight of the 

dehydrated gel and W2 is the weight of the hydrated gel. 

 

2.5. Measuring the Cas9-mediated cleavage of PAH 

To induce Cas9-mediated cleavage, PAH was incubated with Cas9 plus its 

guiding sgRNA, which was synthesized using a GeneArt precision gRNA 

synthesis kit (Thermo Scientific) according to the manufacturer’s protocol. 

The sgRNA sequence was: 5’-GGUGGUGCAGAUGAACUUCAGUUUUAGA 

GCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUU

GAAAAAGUGGCACCGAGUCGGUGCUUUU-3’ (the target sequence is 

underlined) (29). Cas9 protein (1.8 mg/ml, Cosmogenetech, Daejeon, 

Republic of Korea) and sgRNA (4 mg/ml) were pre-mixed at a weight ratio 
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of 2:1 to form Cas9/sgRNA complexes, and this mixture was combined with 

PAH at various ratios in NEBuffer™ 3.1 (New England BioLabs, Ipswich, 

MA, USA). The reaction was allowed to proceed at 37 °C for various 

durations. At the end of each incubation, the mixture was treated with 

RNase (0.25 mg/ml; Qiagen, Valencia, CA, USA) to eliminate the sgRNA. 

The reaction mixtures were resolved on a 1% agarose gel and visualized 

with Safe-Pinky dye (GenDepot, Barker, TX, USA) and a Gel DocTM 

imaging system (Biorad, Hercules, CA, USA). 

 

2.6. Splenocyte test for the ability of PAH/Cas9 to block PD-1 

The Cas9 cleavage-mediated generation of PD-1 aptamers from PAH 

was tested by monitoring the secretion of interleukin-2 (IL-2) by 

splenocytes, which was taken as reflecting the interaction between PD-1 and 

PD-L1. To mimic the in vivo interaction between PD-1 and PD-L1, each 96-

well plate was pre-coated with 15 µg/ml PD-L1 and Fc protein (BioLegend, 

San Diego, CA, USA) in PBS overnight at 4 ºC. Splenocytes isolated from 

C57BL mice (Raon Bio Korea, Yongin, Republic of Korea; Approval No. 

SNU-180508-1) were seeded to the plate (2×105 cells/well) and cultured in 

RMPI supplemented with 10% FBS, 1% penicillin/streptomycin, and 2 

µg/ml anti-mouse CD28 antibody (BioLegend). The splenocytes were 

incubated for 48 h with anti-mouse PD-1 antibody (20 µg/ml, BioLegend), 

free PD-1 DNA aptamer (46 µg/ml), PAH (46 µg/ml) alone, or with the 

reaction product of PAH (46 µg/ml) plus Cas9/sgRNA complex. In some 
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experiments, splenocytes were activated by being cultured in wells 

precoated with 10 µg/ml anti-mouse CD3 antibody (BioLegend) and in 

complete RPMI supplemented with 2 µg/ml anti-mouse CD28 antibody 

(BioLegend). The supernatants of activated splenocytes or hydrogel treated 

splenocytes were collected and the levels of IL-2 were determined using an 

enzyme linked immunosorbent assay (ELISA) kit (R&D Systems, 

Minneapolis, MN, USA). The secretion level of IL-2 in each group was 

normalized with that of the corresponding activated splenocytes. 

 

2.7. Molecular imaging at injection sites 

The retention of PAH at the injection sites was measured by molecular 

imaging of fluorescent dye-loaded hydrogels. For imaging, the free PD-1 

DNA aptamer or PAH were labeled with a Cy5.5-tagged complementary 

probe (5’-TGTAGTGCAGGGACGGGGAACTGTACCGTCTG-3’; Macrogen). 

Fluorescent probe-labeled free PD-1 DNA aptamer, PAH, or PAH/Cas9 

were subcutaneously injected into the hind legs of C57BL/6 mice (Raon Bio 

Korea Co., Ltd, SNU180508-1). The retention of each sample at the 

injection site was observed by monitoring the Cy5.5 signal using an IVIS®  

Spectrum CT (Perkin Elmer, Waltham, MA, USA) 

 

2.8. In vivo test of antitumor effect 

The antitumor effect of the Cas9-cleavabled PD-1 DNA aptamer hydrogel 

was tested in vivo using a B16F10 melanoma model, which was chosen for 

its high-level expression of PD-L1 [30, 31]. To establish the tumor model, 
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PD-L1-overexpressing B16F10 melanoma cells (1 x 105 cells) were 

inoculated into the right flanks of C57/BL6 mice (Raon Bio KoreaWhen the 

tumor volumes reached 20 mm3 , the mice were intratumorally treated with 

50 µg of PD-1 DNA aptamer, PAH, or Cas9/PAH. After the first injection, 

the mice were treated three more times at 4-day intervals. Tumor sizes were 

measured using a caliper (Mitutoyo, Aurora, IL, USA), and the tumor 

volume was calculated according to the equation a x b2 x 0.5, where a is the 

largest length and b is the smallest length. Tumor volume was monitored 

over 20 days after tumor inoculation. The tumor tissue samples were taken 

20 days after the tumor inoculation. The expression of PD-L1 on B16F10 

melanoma was confirmed by incubating cells with an antimouse PD-L1 

antibody (BioLegend) for 1 h followed by Alexafluor 647-tagged goat anti-

rat IgG antibody (1:100; BioLegend), and examining the expression of PD-

L1 by flow cytometry (BD FACSCalibur; BD Biosciences, Becton 

Dickinson, NJ, USA). 

 

2.9. Measurement of tumor-infiltrated lymphocytes 

At the endpoint of the in vivo antitumor efficacy test (day 20 after 

inoculation of B16F10 tumor cells), the population of infiltrated 

lymphocytes in tumor tissues were harvested from each group and tested by 

flow cytometry. Single-cell suspensions were prepared by incubating tumor 

tissues with 1 mg/mL of collagenase (Sigma-Aldrich) at 37 ºC for 3 h. The 

obtained cell suspensions were filtrated through a cell strainer (40-µm pore 
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size, Cat # 93040; SPL Life Science, Pocheon, Republic of Korea) and the 

filtrate was centrifuged at 210 xg for 5 min to remove debris [32]. The cell 

pellets were washed three times with phosphate-buffered saline. The cells 

were resuspended in PBS and incubated with rat anti-mouse CD 4 (Cat # 

100401, BioLegend) or rat anti-mouse CD8a (Cat # 100702, BioLegend) for 

1 h followed by Alexafluor 647-tagged goat anti-rat IgG (Cat # 405416, 

BioLegend) for 1 h. The populations of CD4+ or CD8+ T cells were 

analyzed by flow cytometry (BD FACSCalibur; BD Biosciences). 

 

2.10. Statistics 

Experimental data were analyzed by two-sided analysis of variance 

(ANOVA) with the Student-Newman-Keuls post-hoc test. All statistical 

analyses were performed using the SigmaStat software (version 12.0; Systat 

Software, Richmond, CA, USA). A p-value less than 0.05 was considered 

statistically significant. 
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3. Results 

 

 

3.1. Construction of a Cas9-cleavable PD-1 DNA aptamer hydrogel 

The Cas9-cleavable PD-1 DNA polyaptamer hydrogel (PAH) was formed 

by the hybridization of two RCA products. The composition of each RCA 

template is illustrated in Figure IV-1A. One could be used to generate long 

repeats of the PD-1 aptamer and the sgRNA target sequence, while the other 

could be used to generate long repeats of the PD-1 aptamer and the 

corresponding sgRNA target-binding sequence. Base pairing between the 

sgRNA target and target-binding site allowed these RCA products to 

undergo sequence-specific hybridization (crosslinking), this both formed a 

gel and, when Cas9 was present, guided the enzyme in providing specific 

cleavage.   

 



 

 ９４ 

 

Figure IV-1. Illustration of the Cas9/sgRNA-edited immune checkpoint-

blocking DNA polyaptamer hydrogel and its action mechanism 

(A) To construct a Cas9/sgRNA-edited immune checkpoint-blocking 

DNA polyaptamer hydrogel, two types of RCA templates were designed. 

Both contained the PD-1 DNA aptamer sequence, but they differed in that 

one contained the sgRNA target sequence for Cas9/sgRNA specific 

cleavage, while the other contained the complementary sgRNA target 

sequence. The two RCA products were crosslinked by sequence-specific 

hybridization between the sgRNA target and complementary sequences. 

(B) In the tumor microenvironment, the precise excision of the PD-1 

aptamer by Cas9/sgRNA can block the interaction between immune cell-

surface PD-1 and tumor cell-surface PD-L1, enhancing immune cell 

activation for immunotherapy.  
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3.2. Characterization of Cas9-cleavable PD-1 DNA polyaptamer 

hydrogel 

The generated PAH showed altered physicochemical behaviors when treated 

with Cas9/sgRNA complexes, as assessed by analysis of its rheology, 

swelling ratio, and morphology. In the absence of Cas9/sgRNA, PAH 

remained in its original position in a tube that was subjected to inversion 

(Fig. IV-2A). In contrast, PAH mixed with Cas9/sgRNA (Cas9/PAH) 

followed the movement of inversion, winding up on the underside of the lid 

(Fig. IV-2A). In terms of rheological properties, PAH exhibited a higher 

storage modulus compared to its loss modulus indicating its gel property 

(Fig. IV-2B), whereas the storage modulus and loss modulus of Cas9/PAH 

were both close to zero (Fig. IV-2C). In terms of viscosity, that of PAH 

decreased as the oscillation frequency increased, whereas Cas9/PAH lacked 

this shear-thinning property due to loss of viscosity (Fig. IV-2D). The 

swelling behavior of the hydrogel also differed in the absence and presence 

of Cas9/sgRNA. The lyophilized powder form of PAH could immediately 

rehydrate to hydrogel, showing a swelling ratio of 757.8 ± 15.9% over 2 h, 

whereas Cas9/PAH exhibited no such swelling function (Fig. IV-2E). Finally, 

SEM revealed that the hydrogel had different morphologies in the presence 

or absence of Cas9/sgRNA: PAH exhibited a porous structure (Fig. IV-2F) 

while Cas9/PAH failed to show any porosity (Fig. IV-2G). 
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Figure IV-2. Physicochemical properties of the hydrogel  

(A) Morphologies of PAH in the absence and presence of Cas9/sgRNA. 

Photographs show (left) PAH before addition of Cas9/sgRNA, with the 

container inverted to show the gel property, and (right) Cas9/PAH incubated 

for 4 days, with the container inverted to show the loss of gelation. (B and 

C) The storage modulus and loss modulus were measured for PAH (B) and 

Cas9/PAHincubated for 4 days (C). (D) Viscosity was measured for PAH 

and Cas9/PAH incubated for 4 days. (E) The swelling rate of Cas9/PAH was 

tested by soaking the lyophilized powder in triple distilled water. (F and G) 

SEM images of PAH (F) and Cas9/PAH incubated for 4 days (G) were 

presented in different magnification ratios. Scale bars indicate 10 µm. 
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3.3. In vitro Cas9-edited cleavage of PAH 

We used an in vitro study to examine the cleavage of PAH by 

Cas9/sgRNA at different ratios of hydrogel, Cas9, and sgRNA. 

Electrophoretic experiments revealed that when the weight ratio of PAH, 

Cas9, and sgRNA was 10:2:1, complete cleavage of the hydrogel (i.e., full 

liberation of the PD-1 aptamer) was observed within 3 days (Fig. IV-3). 
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Figure IV-3. Cas9/sgRNA-edited cutting and release of the PD-1 

aptamer from PAH 

The cutting and release of the PD-1 DNA aptamer from PAH was tested 

by gel electrophoresis. PD-1 aptamer, PAH alone, or Cas9/PAH (incubated 

together for the indicated days) were electrophoresed on an agarose gel. 
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3.4. In vivo degradation of hydrogel at the injection site 

PD-1 aptamer solution, PAH, and Cas9/PAH differed in their retention at 

the subcutaneous injection site of mice. Measurement of retention 

performed using a Cy5.5-tagged complementary probe revealed that both 

PAH and Cas9/PAH were retained longer than the free aptamer solution in 

mice. The group treated with PD-1 aptamer solution showed rapid 

disappearance of the fluorescence signal within 1 day post-injection. The 

group treated with PAH showed a prolonged fluorescence signal up to 3 

days after administration. Compared to PAH, Cas9/PAH showed faster 

degradation at the injection site (Fig. IV-4). 
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Figure IV-4. Retention of Cas9/PAH at the injection site 

 Mice were subcutaneously injected with various samples tagged with 

Cy5.5 fluorescent probe. The retention of each sample at the injection site 

was observed using an IVIS®  Spectrum CT. 

 

 

 

 

 



 

 １０１ 

3.5. In vitro splenocyte-blocking effect of Cas9/PAH 

To examine the Cas9/sgRNA-mediated liberation of PD-1 aptamers from 

PAH, we monitored the secretion of IL-2 from splenocytes. The in vivo 

interaction of PD-1 with PD-L1 was mimicked by culturing splenocytes on 

PD-L1-precoated or un-coated plates. The interaction between PD-1 on the 

splenocytes and PD-L1 on the plate was expected to suppress the secretion 

of IL-2 by splenocytes, as illustrated in Figure 5A. The results revealed that 

the secretion of IL-2 differed among splenocytes treated with PD-1 aptamer, 

PAH, and Cas9/PAH (Fig. IV-5B). Compared to splenocytes cultured on a 

plain culture plate, whose IL-2 secretion was designated 100% and used for 

normalization, those cultured on precoated plates exhibited a sharp 

reduction in IL-2 secretion (down to 25%). When splenocytes cultured on a 

PD-L1-coated plate were treated with PD-1 aptamer solution, PAH alone, or 

Cas9/PAH, their IL-2 secretion was recovered to 52.4 ± 5.4%, 63.3 ± 7.5%, 

and 85.6 ± 3.0%, respectively. The recovery of IL-2 secretion triggered by 

Cas9/PAH was significantly higher than that obtained with PAH alone. 
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Figure IV-5. In vitro activation of splenocytes by Cas9/PAH 

 (A) Splenocytes were cultured on PD-L1-precoated plates and exposed to 

the various treatments, and their IL-2 secretion was measured. (B) The 

levels of IL-2 secreted by the various treatment groups, as assessed by 

ELISA (n=4).  
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3.6. In vivo antitumor effect of PD-1 DNA aptamer hydrogel plus 

Cas9/sgRNA 

The co-treatment of tumor-bearing mice with PD-1 DNA aptamer 

hydrogel plus Cas9/sgRNA (Cas9/PAH group) showed the highest antitumor 

effect among the tested interventions. The dosing schedule is depicted in 

Figure 6A. The groups treated with free PD-1 aptamer or PAH alone did not 

exhibit any significant between-group difference in tumor volume (Fig. 6B 

and 6C). Compared to these groups, Cas9/PAH-mice showed a significantly 

smaller tumor volume (Fig. IV-6D). In the survival study, the free PD-1 

aptamer- and PAH-treated groups both had 0% survival, whereas the 

Cas9/PAH-treated group exhibited 60% survival at day 45 after tumor 

inoculation (Fig. IV-6E). 
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Figure IV-6. In vivo antitumor effect of Cas9/PAH 

 (A) B16F10 tumor-bearing mice (10 mice per group) were repeatedly 

treated with the various formulations at 4-day intervals from day 4 after 

tumor inoculation. The tumor volumes of each mouse were plotted with 

time. (B) At day 20 after the tumor inoculation, the survived mice in each 

group were photographed. (C) The mean tumor volume of each group was 

presented with error bars over time. (D) The survival rates of each group 

were recorded up to 52 days after tumor inoculation. 
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3.9. Infiltration of T cells into tumor tissues 

To begin examining the mechanism by which Cas9/PAH conferred higher 

antitumor efficacy, we assessed the infiltration of T cells in the tumor tissues. 

In the group treated with free PD-1 aptamer, the infiltration of tumor tissues 

was less than 0.05% for both CD4+ T cells (Fig. IV-7A) and CD8+ T cells 

(Fig. IV-7B). In the PAH group, the infiltration of T cells was slightly but 

not  significantly increased to 0.09 ± 0.03% for CD4+ T cells and 0.10 ± 

0.03% for CD8+ T cells (Fig. IV-7C). Notably, the Cas9/PAH group showed 

significantly higher infiltration of T cells: that of CD4+ T cells was 4.5 ± 

1.0%, which was a 50.1-fold increase compared to the PAH group (Fig. IV-

7C); and that of CD8+ T cells was 3.8 ± 0.4%, which was a 38-fold increase 

relative to the PAH group (Fig. 7D). 
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Figure IV-7. Infiltration of T cells to tumor tissues 

  B16F10 tumors were repeatedly treated with the various formulations 

from day 4 after tumor inoculation, with 4-day intervals. At day 28 after 

tumor inoculation (6 doses), tumor tissues were digested and stained with 

APC tagged rat anti-mouse CD3 antibody and PE tagged rat anti-mouse 

CD4 antibody and PerCP/cyanine5.5 tagged rat anti-mouse CD8a antibody. 

The populations of tumor-infiltrating CD3+ CD4+ (A, C) and CD3+CD8+ 

(B, D) T cells were analyzed by flow cytometry. Representative dot plots of 

single-cell suspensions subjected to flow cytometry for CD3+ CD4+ T cells 

(A) and CD3+ CD8+ T cells (B). Percentages of CD3+CD4+ (C) and 

CD3+CD8+ (D) T cell populations in the tumor tissues (n = 4). 
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4. Discussion 

 

For DNA polymerized aptamer therapy, the precise editing and release of 

aptamers is crucial, but not has been accomplished as yet. In this study, we 

demonstrated that Cas9/PAH can be precisely edited by Cas9/sgRNA in 

vitro and in vivo to liberate accurately cutted aptamers. We used RCA to 

prepare PAH containing the sgRNA-binding sequence. The Cas9-mediated 

degradation of PAH liberated PD-1 DNA aptamers in a prolonged manner at 

the injection site. PAH/Cas9 exerted a significantly higher antitumor effect 

compared with free PD-1 aptamer solution or PAH alone. Moreover, the 

local injection of PAH/Cas9 increased the infiltration of T cells to the tumor 

site by more than one order of magnitude compared to the other groups.  

In the PAH system developed herein, the cleavage of the long RCA-

generated template to single units of the PD-1 aptamer was sequence-

specifically controlled by sgRNA-guided Cas9 editing of the hydrogel. We 

previously reported that complementarily bound RCA products can carry 

and deliver antisense oligonucleotides [23] but improvement was needed in 

the liberation of antisense oligonucleotides from a single strand after cellular 

uptake. Another study showed that RCA could protect the encoded aptamers 

from nuclease-mediated degradation, but this work did not clearly resolve 

the site-specific release of aptamers [24]. The Cas9/sgRNA-mediated site 

specific cleavage of RCA products to single-stranded sequences can be 

widely applied to the delivery of nucleic acids that function as single strands. 
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Although we herein used the PD-1 aptamer, the concept can be extended to 

the delivery of antisense oligonucleotides.  

We experimentally confirmed that PD-1 aptamers of the correct size were 

released following Cas9/sgRNA treatment (Fig. IV- 3A, 4B). This specific 

cleavage of RCA products with Cas9 may help reduce off-target cleavage. 

In a previous study, CpG sequences were cleaved from RCA products by 

restriction enzyme treatment [25]: the RCA products were co-administered 

with restriction enzyme and anti-PD-L1 antibody, which enabled the gradual 

release of the CpG fragments and the antibody. However, the restriction 

enzyme-mediated cleavage an aptamer hydrogel can reportedly encounter 

problems with non-specific cleavage and inconsistencies in the tertiary 

structure of the released aptamers [26]. Whereas restriction enzymes usually 

recognize a specific restriction site composed of 4-8 base pairs, Cas9 can 

recognize 20-base pairs of double-stranded DNA under the guidance of an 

sgRNA. Thus, Cas9/sgRNA offers an exquisitely specific cutting system 

[27] that may provide higher precision than that governed by restriction 

enzymes.  

For hydrogel formation, we used two types of RCA templates that differed 

only in that one contained the sgRNA target sequence while the other 

harbored the complementary binding sequence. The use of two templates 

can serve dual purposes. First, the double-stranded sequence generated by 

base pairing of the RCA products is recognized by Cas9/sgRNA. Second, 

viscoelasticity is created by the natural crosslinking of RCA loci, forming 
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the hydrogel. In our previous study, we used an additional condensing 

molecule (e.g., a cationic peptide) to condense the RCA DNA products by 

electrostatic interaction [23]. Here, we used endogenous crosslinking 

between the two RCA strands by hydrogen bonding. Complementary 

sequence-based DNA hydrogel provided the desirable hydrogel behaviors, 

such as a higher storage modulus than loss modulus (Fig. IV- 2B), which is 

a characteristic feature of gel-like materials [28]. Our in vivo study revealed 

that neither free PD-1 aptamer nor PAH exerted an efficient antitumor effect. 

For free PD-1 aptamer, this might reflect its rapid degradation and clearance 

from the injection site and from the body. To prolong the circulation time of 

the PD-1 aptamer, researchers previously conjugated it to the 5’ terminus of 

40-kDa polyethyleneglycol [15] The authors found that intraperitoneally 

administered pegylated PD-1 aptamer suppressed MC-38 (colon carcinoma) 

cell-derived tumors in an orthotopic tumor model, potentially by extending  

the half-life of the aptamer. In the present study, we found that 

intratumorally administered Cas9-edited hydrogel exerted a significantly 

greater antitumor effect than the free aptamer. The enhanced effect of 

Cas9/PAH is likely to reflect at least in part the prolonged presence of the  

PD-1 aptamer as it is gradually liberated from the hydrogel at the tumor site.   

Our molecular imaging data support the notion that free PD-1 aptamers 

injected in solution rapidly disappeared from the injection site. Moreover, it 

was reported that free aptamers are rapidly cleared from the body due to 

renal clearance and their instability in biological conditions [16]. PAH 
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showed a longer retention at the injection site, but did not provide 

significantly improved antitumor effects compared to those seen in the 

untreated or PD-1 aptamer solution treated groups. Thus, our data indicate 

that the Cas9-mediated site-specific liberation of the PD-1 aptamer is 

needed for the ability to exert efficient anticancer effects. 

It would be unlikely that the Cas9/sgRNA used in this study could edit the 

genome of human cells. Although Cas9/PAH showed a longer retention than 

free PD-1 aptamer solution in vivo we observed a gradual decrease of 

imaging density that indicated that Cas9/PAH underwent biodegradation in 

the body, such as via the actions of endogenous enzymes (e.g., nucleases 

and proteases). Moreover, the Cas9/sgRNA complex itself is a 

macromolecule, and thus cannot penetrate into the cytoplasm of cells. 

Finally, the selected sgRNA sequence reportedly lacks any overlap with the 

human genome [29].   

Finally, we found that the populations of T cells infiltrating the tumor 

tissues were correlated with the in vivo antitumor effects. Notably, 

PAH/Cas9 triggered increased infiltration of cytotoxic CD8+ T cells, to a 

level more than one order of magnitude higher than seen in the other groups. 

This is likely to reflect the ability of the aptamer to decrease the interaction 

between PD-1 on immune cells with PD-L1 on tumor cells. B16F10 cells, 

which were used as a model in the present study, exhibit high-level 

expression of PD-L1. High-level surface expression of PD-L1 could enable 

the tumor cells to interact with PD-1-expressing immune cells of the tumor 
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microenvironment, weakening the activity of these immune cells. Blockade 

of the interaction between PD-L1 and PD-1 by Cas9-liberated PD-1 

aptamers would inhibit this immune cell activity. The results of our in vitro 

splenocyte study support the notion that the immune checkpoint-blocking 

interaction between PD-L1 and PD-1 could be inhibited by PD-1 aptamers 

released from hydrogel by the action of Cas9/sgRNA. 
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Conclusion 

 

 In this study, we developed DAGO, a dsDA-Aptamer and rGObased nano 

detectors for speedy and specific detection of the target protein in biological 

and clinical patient samples. Detecting target protein by monitoring changes 

in fluorescence intensity of a FAM-labeled aptamer that occur upon target 

binding required minimizing the quenching of FAM fluorescence upon 

complexation of the aptamer with rGO. This was accomplished by forming 

a double-stranded structure, and introducing two anchoring moieties. 

DAGO showed specificity and sensitivity to target protein in serum samples 

over a five-orders-of-magnitude dynamic range, and was capable of rapidly 

measuring the concentrations of target protein in patient serum samples with 

only less than 10 min for whole process. Collectively, our results 

demonstrate that an rGObased fluorescent aptamer-based DAGO nano 

detectors could have a wide spectrum of applications for monitoring various 

target proteins in human clinical samples at a reduced cost and time. 

Next, we provided evidence that 7F4D motif can be used for anchoring 

functional peptide Bu on rGO without hampering its biological property. 

The use of 4D contributed to minimize the undesirable interaction of Bu 

with rGO, resulting in the substantially enhanced cell penetrating property 

of Bu, as compared to native Bu, or 4G spacer residues. These results 

suggest the wide application of 7F4D motif for non-covalent tethering of 

functional peptide onto rGO for protein delivery as well as broad spectrum 
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of peptide-based biosensors on rGO nanosheets.   

Lsat we designed an RCA-based DNA hydrogel that can release PD-1 

aptamers via Cas9/sgRNA-mediated specific editing. The use of 

Cas9/sgRNA as a precise editing system means that our system may be 

broadly applied to various aptamers and single-stranded DNA nucleotides. 

The hydrogel exhibits prolonged retention at tumorsites in vivo, while its 

gradual Cas9-mediated liberation of PD-1 aptamers inhibits the activity of 

immune cells in the tumor microenvironment. Although we used PD-1 

aptamers in this study, the Cas9-editedliberation of specific aptamers from 

RCA products can be used to design systems for the sustained release of 

other aptamers from RCA DNA hydrogels. 

In conclusion, we have utilized GO and RCA based biomaterials for 

biosensor, anticancer treatment and cancer immunotherapy. Following our 

study, the utility of functionalized biomaterials indicates the promise to 

further extend application area of biomedical fileds. 
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요약 

 

그래핀과 DNA 기반 생체재료의  

활용을 통한 진단과 항암 치료 연구 

 

서울대학교 융합과학기술대학원 

 분자의학 및 바이오제약학과 

분자의학 및 바이오제약학 전공 

이재우 

 

질병의 진단과 치료에 있어서 생체재료의 활용은 최근 그 분야를 넓혀

가고 있으며, 특히 생체적합성의 특징으로 인해 부작용을 최소화 하는 

물질로 각광받고 있다. 그래핀 옥사이드 나노 시트는 그 자체의 표면적

이 넓고 풍부한 자유전자로 인해 아로마틱 링 구조를 가진 화합물질과 

결합력이 뛰어나다. 뿐만 아니라 DNA 단일가닥, 지질사슬과도 뛰어난 

결합력을 가지므로 다양한 물질로 표면 수식이 가능하다. 이러한 물질들

로 표면이 수식되면 생체내 안정성을 증진 될 뿐만 아니라 세포내 침투

력을 강화시켜 약물전달을 효율적으로 시킬 수 있다. 그래핀 표면의 수

식 방법 및 수식 물질에 의해 변화무쌍하게 활용될 수 있으며 그 효율 
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또한 극대화 시킬 수 있다. 본 논문에서는 아로마틱 링 구조를 포함한 

페닐알라닌 펩타이드를 활용하여 그래핀 나노 시트의 약물 전달체로서의 

효과를 극대화시켰으며, 그 수식 방법을 간소화 함으로써 활용범위를 다

변화 시켰다. 7개의 페닐알라닌 잔기를 기능성 펩타이드(세포 침투 보조 

펩타이드)에 추가하여 키메릭 펩타이드를 합성하였고, 이를 그래핀 나노

시트에 파이-파이 결합으로 수식하여 세포내 침투율을 높혔다. 근적외

선을 쪼여 줌으로써 그래핀의 광열효과까지 확인하였다. 

그래핀 옥사이드 나노시트에 특정 물질 감응형 aptamer를 형광과 함

께 수식하면 질병의 진단영역에 활용할 수 있다. 그래핀 옥사이드는 형

광물질과 쉽게 결합하며 발광을 억제 시킬 수 있는 생체재료이다. 형광

물질에 DNA 이중가닥을 수식시키면 그래핀으로부터 이격되어 발광을 

유지시킬수 있는 원리를 이용하여 DNA-그래핀 기반 질병 진단체를 개

발하였다. DNA 이중가닥은 특정 물질에 감응하여 단일가닥으로 해체되

고 그로 인해 단일가닥 DNA에 수식되어 있는 형광은 물질 특이적으로 

빛을 잃게 된다. 본 연구에서는 인터페론 감마 특이적 aptamer를 활용

하여 HIV 진단체를 설계하였다. 

마지막으로 Rolling circle amplification(RCA) 법을 활용한 DNA중합

체는 생체적합한 물질일 뿐만 아니라 생분해성이기에 약문전달분야에서 

널리 활용되고 있다. 무엇보다 그 서열의 조작이 용이하여 다양한 결과

물을 생산할 수 있어 그 용도가 무궁무진하다. 본 연구에서는 RCA-

DNA 중합체를 면역항암치료에 접목하였다. 뿐만 아니라 정교한 유전자 

가위인 CRISPR Cas9을 도입하여 RCA-DAN 중합체가 생체 내에서 정
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확한 서열의 치료 aptamer(PD-1 aptamer)를 방출하도록 하였다. 그 

결과 대조군 대비 뛰어난 항암 면역치료 효과를 확인할 수 있었으며, 이 

시스템을 활용하여 다양한 aptamer의 항암 치료 효과 극대화를 기대해 

본다. 

주요어: Graphene oxide, Diagnosis, Chimeric peptide, Photothermal therapy, 

Cas9 editing, PD1 DNA polyaptamer hydrogel, Immune checkpoint 

blockade, Immunotherapy 
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