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Abstract 

 

Synthesis and Analysis of Graphene Quantum Dots and 

Their Therapeutic Applications to Ulcerative Colitis 

 

Juhee Kim 

Department of Chemistry 

The Graduate School 

Seoul National University 

Graphene-based nanomaterials (GBNs) have been applied in the photocatalyst, 

displays, energy storage devices due to tunable properties and stability. Among them, 

graphene oxides (GOs) and graphene quantum dots (GQDs) exert high 

biocompatibility and low toxicity, depending on their characteristics. Besides, due to 

the superb antioxidant effect, GBNs can scavenge radical oxygen species and have 

been applied to numerous inflammatory diseases. As the toxicity depends on various 

factors such as size, surface charge, and concentration, it is essential to control and 

functionalize for the appropriate usage. Some GBNs emit high intensity of 

photoluminescence, facilitating their usage in bioimaging. Due to the large surface 

area, they have also been used as cargo for drug delivery. Recently, GQDs have been 

proved to interact with the pathogenic protein α-synuclein physically. GQDs 

degraded preformed fibrils and even inhibited the fibrils' formation when co-

incubated with monomers, suggesting a new therapy method for Parkinson's disease. 

Based on the numerous applications of GQDs on diseases, this dissertation describes 

the synthesis and characterization of GQDs of two sizes and their applications to 

ulcerative colitis.  
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Chapter 1 starts by describing the synthesis and characterization of large 

and small GQDs. Focusing on the biomedical application of GQDs, the antioxidant 

ability and antibacterial effect of GOs and GQDs are explained. Next, the application 

of GQDs in various disease models is introduced, including a brief description of 

ulcerative colitis. As GQDs' biocompatibility and toxicity vary, we stressed that the 

toxicity differs by physicochemical properties and administration route. Lastly, some 

surface modification methods, such as conjugating small molecules to GQDs, are 

explained.  

Chapter 2 describes the application of GQDs of relatively large size as the 

alternative therapeutic agent for ulcerative colitis, one of the inflammatory bowel 

diseases (IBDs). This research was done by collaborating with the college of 

veterinary medicine, Seoul National University. GQDs were intraperitoneally (i.p.) 

injected into the DSS (Dextran Sodium Sulfate)-induced colitis model. GQDs 

alleviated excess inflammation and, through interaction with immune cells, able to 

restore immune homeostasis. When GQDs were treated to the healthy mice, no 

significant toxicity was found, with verification of safe clearance through urine. 

Chapter 3 is about applying small-sized GQDs to the same colitis model 

through oral delivery. Again, GQDs did not exert significant toxicity despite their 

different size and administration route. Considering the exposure of GQDs to acidic 

conditions such as gastric acid, we dispersed GQDs in HCl solution and analyzed 

the change in characteristics. Overall, GQDs of both sizes and administration routes 

showed the potential to be used as a treatment for IBDs. 

Key words: Graphene, graphene-based nanomaterials, graphene oxides, graphene 

quantum dots, inflammatory bowel diseases, ulcerative colitis 

Student number: 2018-26779 
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Chapter 1 

Properties and applications of graphene quantum dots 

1.1. Synthesis and Characterization of GQDs 

This part will examine how to synthesize and analyze large and small graphene 

quantum dots (GQDs) and figure out their physical and chemical characteristics. 

Among various synthesis methods, large GQDs were made by breaking down 

graphene oxides (GOs), and small GQDs were synthesized by the thermo-oxidation 

cutting of carbon fiber. The characterization of GQDs was done by TEM, AFM, 

Raman spectroscopy, FT-IR, and XPS.  

 

1.1.1. Synthesis and characterization of large GQDs 

Large GQDs were synthesized by first synthesizing GOs, according to the improved 

Hummer’s method (1). Briefly explaining, graphite powder was mixed with H2SO4, 

H3PO4, and KMnO4 and reacted at 50 oC for 24 hours. After complete cooling, H2O2 

was slowly poured in and gently mixed until the solution turns in to light yellow. 

After diluting with deionized (DI) water, we removed acid by multiple washing 

through a centrifugation. Then the GOs solution was freeze-dried to obtain GOs 

powder. The particle size was measured by FE-SEM, in which GOs had a broad size 

distribution of 5.09±2.47 μm (Fig. 1-1A). The functional groups were analyzed by 

FT-IR, showing GOs consist of hydroxyl, carboxyl, and epoxide groups with a 

graphitic domain (Fig. 1-1B).  
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Fig. 1-1. Characterization of GOs. (A) The FE-SEM image and (B) the FT-IR spectrum 

of GOs. 

Then, large GQDs were made by breaking down GOs with tip-sonication. 

By controlling GOs solution concentration and the sonication time, the large GQDs 

of size 20~30 nm were obtained (Fig. 1-2A). Again, FT-IR analysis was carried on 

to verify the oxidized structure of large GQDs (Fig. 1-2B). 

Fig. 1-2. Characterization of large GQDs. (A) The HR-TEM image and (B) the FT-IR 

spectrum of large GQDs. 
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1.1.2. Synthesis and characterization of small GQDs 

Small GQDs were synthesized by thermo-oxidation cutting of carbon fiber (2). 

Carbon fiber was mixed with H2SO4 and HNO3 at a volume ratio of 3:1, and the 

mixture solution was vigorously stirred for 24 hours at 80 oC. After complete cooling, 

the mixture was diluted by DI water of 10 times its volume, and by using 1 kDa 

dialysis tube, the remaining acids were removed. After filtering, removal of the 

excess solvent, and freeze-drying, the powder form of GQDs were obtained. 

In order to synthesize more volume of GQDs at once, we increased the total 

volume of the mixture, and the increase in temperature was necessary. When the 

solution batch was doubled, and by increasing the temperature to 90 oC, GQDs of ~ 

5 nm were obtained (Fig. 1-3A). However, when increasing the volume up to 3 times 

and raising the temperature to 110 oC, the GQDs of 2~3 nm with similar 

characteristics of GQDs made by a single batch was gathered (Fig. 1-3B).  

Fig. 1-3. The HR-TEM image of GQDs from the batch-up synthesis method. (A) GQDs 

synthesized by the double volume, at 90 oC and (B) the triple batch synthesized at 110 oC. 

Next, detailed analysis of GQDs were carried on. By the thermo-oxidation 

cutting of carbon fiber (Fig. 1-4A), GQDs of 2~3 nm were obtained (Fig. 1-4B). The 

thickness was measured by AFM, which is around 1.4 nm, referring to 2~5 layers of 

the graphene layer (Fig. 1-4C). From the Raman spectroscopy, the G band, referring 

to the graphitic domain, and the D band, implying defect sites were observed (Fig. 

1-4D). Functional groups were analyzed by FT-IR, where the C=C (1620 cm-1), O-

H (3440 cm-1), C=O (1720 cm-1), and C-O (1250 cm-1) are the major characteristic 
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peaks of GQDs (Fig. 1-4E). Quantification of the functional groups was also done 

by XPS, verifying the highly oxidized structure (Fig. 1-4F).  

Fig. 1-4. The synthesis and characterization of GQDs. (A) The schematic drawing of 

GQDs synthesis procedure. (B) The representative HR-TEM image of GQDs with size 

distribution. (C) The representative AFM image and the height distribution. (D) The Raman, 

(E) FT-IR, and (F) XPS spectrum of GQDs. 

 

1.2. Properties of GQDs 

The optical and electronic properties of GQDs depend on their sizes and chemical 

composition (3, 4). By tuning the photoluminescence, GQDs have been applied in 

displays (5), optoelectronics (6), photocatalyst (7), and even as a protecting layer in 

lithium-sulfur batteries (8). Despite this, GQDs also exert antioxidant and 

antibacterial ability, making it useful to be applied in the biomedical field.  

1.2.1. Antioxidant ability of graphene-based nanomaterials 

Among graphene derivatives, GOs and GQDs are renowned for their antioxidant 

ability. They can stabilize surrounding hydroxyl radicals by donating hydrogen 
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atoms from functional groups, or forming a new adduct on its basal plane (Fig. 1-5). 

Therefore, graphene-based nanomaterials (GBNs) work as excellent reactive oxygen 

species (ROS) scavengers and reduce oxidative stress. For example, GOs could 

prevent the oxidation of a dye by scavenging hydroxyl radicals generated from 

hydrogen peroxide and Fenton’s reagent. The electron paramagnetic resonance 

spectroscopy signal was also decreased by GOs, dose-dependently, exerting 

protective effect on DMPO oxidation (9). 

 Tuning the antioxidant ability of GQDs is also available through structure 

modification (10). By increasing the sp2 carbon content, hydrogen atom donating 

groups, and adding electronegative heteroatoms such as nitrogen, the radical 

scavenging ability of GQDs was enhanced. Exerting superb antioxidant ability, 

GQDs have been applied as the therapeutic agents to inflammatory diseases, as 

excess accumulation of ROS accompanies (11).   

Fig. 1-5. Mechanism of the antioxidant ability of GQDs. Reprinted from reference 10,  

©  2017 Elsevier Ltd. 

 

1.2.2. Antibacterial effect of graphene-based nanomaterials 

GOs are well known for their antibacterial effect. GOs can either physically 

attack bacteria by the sharp edges; or cover up bacteria, inhibiting growth (Fig. 1-6). 

Lastly, GOs exert oxidative stress and kill bacteria (12). When GBNs are orally 

delivered, they can affect the microbiome in the intestine. Therefore, verification of 
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the toxicity towards bacteria is essential before the administration. From the 

zebrafish model (13), GOs, reduced GOs, and monolayer graphene powder caused 

dysbiosis. The authors stressed that the increase of Lactobacillus could be due to the 

strain’s nature to relieve gut inflammation, pointing out the toxic effect of graphene 

derivatives on the intestinal microbiota. When GOs were treated to high-fat diet-

induced hyperlipidemic mice (14), they increased short-chain fatty acid (SCFA)-

producing bacteria, in which SCFA ameliorates hyperlipidemia by lowering 

triglycerides level. On the other hand, GQDs derived from GOs do not exhibit an 

antibacterial effect on their own (15). Instead, GQDs were applied to degrade the 

extracellular matrix of biofilm (16) or conjugated with Ag NPs and exposed to blue 

light to exert ROS and release heat for antimicrobial therapy (17). 

Fig. 1-6. The antibacterial effect of GOs. Reprinted from reference 12, ©  2019 Elsevier 

B.V. 

1.3. Application of GQDs 

As some GQDs are highly biocompatible without significant toxicity, the biomedical 

applications of GQDs have gathered attention. GQDs’ high surface area and 

fluorescence facilitate drug delivery and simultaneous tracking (18). However, 

considering the antioxidant ability of GQDs and their interaction with immune cells, 

using GQDs itself as the therapeutic agent has been extensively researched. 
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1.3.1. Biomedical application of GQDs 

GQDs were applied as the anti-fibrotic therapeutic agent for Parkinson’s disease (19). 

The fibrillation of α-synuclein is the main pathogenesis of the disease. When GQDs 

were co-incubated with the α-synuclein monomers, they prevented the fibrillation 

(Fig. 1-7A and B). When treated to the preformed fibrils, GQDs successfully 

disaggregated them (Fig. 1-7C). As GQDs have a negative surface charge, they 

interact with the N-terminus of the α-synuclein fibrils. Besides, in order to treat 

Parkinson’s disease, the drug must be delivered to the brain, overcoming the blood-

brain barrier (BBB). Due to the very small size and amphiphilic characteristics of 

GQDs, they were able to penetrate BBB and successfully function as the therapeutic 

agent. As a result, the neuronal and synaptic loss was prevented, improving the motor 

nerve.  

Fig. 1-7. GQDs exhibit anti-fibrotic ability towards α-synuclein. (A) GQDs can inhibit 

fibrillization of α-synuclein monomers and disaggregated preformed fibrils. Representative 

TEM images of (B) the fibrillization of α-synuclein with and without GQDs, and (C) GQDs 

treatment to α-synuclein fibrils at designated time point. Reprinted from reference 19,  

© 2018 Springer Nature  

Recently, GQDs were applied to treat Niemann-Pick Disease Type C (20), 

one of the lysosomal storage disorders. Due to the inability to degrade cholesterols, 

they are accumulated in the lysosome, leading to the neuronal dysfunction and 
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degeneration. As GQDs are amphiphilic material with the hydrophobic basal plane 

and hydrophilic function groups at the edges, and small enough to enter cells, GQDs 

were able to internalize to the lysosome and dissolve the aggregated cholesterol. 

GQDs also promoted autophagy, facilitating the removal of cholesterol.  

1.3.2. Application of GQDs to ulcerative colitis 

There are 6.8 million inflammatory bowel disease (IBD) patients globally, and the 

number has been steadily increasing since the 1990s. At first, there was a high 

incidence of patients in North America and western European countries; therefore, 

it had been hypothesized that eating habits could cause IBDs (21). However, later 

on, the irrelevance of eating habits was validated, and the disease spread out globally 

(22). There are two types of IBDs; one is Crohn’s disease, characterized by patchy 

inflammation along the intestine, and ulcerative colitis, of which the inflammation 

is focused at the colon, accompanied by the formation of ulcers. The pathogenesis 

of colitis is the disruption of epithelium inside the colon, and through the disrupted 

layer, the pathogenic bacteria flows out, causing inflammation (23). The causes of 

IBDs are weakening in the immune system, genetic or environmental factors; 

however, an exact cause has not been revealed. The symptoms are inflammation 

along the large intestine and colon, the formation of ulcers, diarrhea, bleeding, and 

weight loss. When the symptoms are not too extreme, anti-inflammatory drugs or 

immune system suppressors are being treated. 

 IBDs are still not curable, and there are some problems in the current 

treatment. First, dysbiosis has not been proven to be the direct cause or effect of 

IBDs, although the phenomenon is observed in the patients (24). Therefore, when 

antibiotics, probiotics, or fecal transplantation were applied, the improvement was 

not significant or only affected a certain stream of bacteria (25). Anti-inflammatory 

drugs and immune suppressors are commonly prescribed; however, side effects such 

as weight gain, headache, and bone marrow damage can occur.  
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 As GQDs are highly biocompatible and have the antioxidant ability, they 

have been applied as alternative therapeutic agents in other inflammatory diseases 

(11). Therefore, GQDs were applied as therapy for colitis, as it accompanies excess 

inflammation. A detailed explanation of the result is described in Parts 2 and 3. 

1.4. Biocompatibility and toxicity of GQDs 

The size, surface properties, and concentration of GQDs influence their toxicity and 

biocompatibility. Therefore, to utilize GQDs as therapeutic agents, it is essential to 

synthesize highly biocompatible material and find a proper delivery method and 

optimized concentration. 

1.4.1 Toxicity of GQDs depends on various properties 

First, the size of GBNs affects toxicity (26). Generally, larger GOs exert more 

toxicity than small-sized GQDs, whereas GQDs of less than 10 nm have high cell 

viability. Due to their small size, GQDs are quickly and safely cleared out through 

urine; or degraded by natural enzymes such as horseradish peroxidase and 

myeloperoxidase (27, 28). The concentration of GBNs should also be considered, as 

a higher dosage increases toxicity.  

The surface charge and chemical composition also affect toxicity. When 

nanoparticles are injected in vivo, negatively charged particles are less prone to 

provoke immune stimulation and inflammation than positively charged ones (29). 

The surface of GBNs is negatively charged due to the oxygen-containing functional 

groups, making them suitable to be applied in inflammatory diseases. For example, 

the less oxidized GOs triggered more cytotoxicity due to the increased ROS 

generation (30).  
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1.4.2 Toxicity depending on delivery route 

There are various delivery routes to introduce GQDs in vivo. First, when GQDs of 

size 2~3 nm are intraperitoneally injected, they did not exert long-term toxicity until 

6 months and were excreted safely through urine, with a half-life of 2 weeks (19). 

When relatively large GQDs (~20 nm) were injected by the same route, their 

clearance through urine was also verified (31). In the case of GOs, larger GOs caused 

more inflammation than smaller ones, showing the significance of the size (32). 

When GQDs are intravenously injected, they are also quickly cleared by the kidney 

(33) and did not provoke an increase in inflammatory cytokine level or caused 

oxidative damage in DNA. Some toxicity was observed when GQDs were orally 

administered, depending on the material (34). When hydroxylated GQDs were 

administered orally, at high concentration, they suppressed the proliferation of crypt 

cells and caused oxidative damage in DNA. 

 Overall, the size and chemical composition of GQDs must be tuned to 

control biocompatibility and toxicity. GQDs’ long-term toxicity should be further 

examined, and the mechanism of the GQDs’ toxicity depending on each 

physicochemical characteristic should also be analyzed. By doing so, GQDs would 

be able to function as the therapeutic agent for various incurable diseases.   

 

1.5. Surface modification and further analysis of GQDs 

1.5.1. Conjugation of biotin to GQDs 

Biotin was conjugated to GQDs to quantify the amount of GQDs excreted or 

remaining in the kidney through biotin-streptavidin assay (Fig. 1-8). The carboxyl 

group of GQDs was activated by EDC reagent, and the reaction was carried on in 

MES buffer to prevent hydrolysis of the agent. After that, NH2-PEG3-biotin was 

added, and dialysis was carried on to remove unreacted molecules.  
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Fig. 1-8. The method of conjugating biotin to GQDs. 

The above procedure was applied to both large and small GQDs, of which 

the success in the reaction was verified by FT-IR spectra (Fig. 1-9). Based on the 

biotin-streptavidin assay, we were able to figure out the amount of GQDs excreted 

through urine (Fig. 1-10). 

Fig. 1-9. The FT-IR spectra of pristine and biotin-conjugated GQDs. 

[By Dr. D. Kim / Biographene Inc.] 

Fig. 1-10. The biotin-streptavidin assay analysis of large GQDs cleared through urine. 

Reprinted from reference 31, ©  2020 American Association for the Advancement of Science 
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1.5.2. Conjugation of rhodamine to GQDs 

To verify the fate of GQDs after injected in vivo and to find out where GQDs are 

precisely located or where they are more prone to be deposited in organs and tissues, 

developing a method for tracking GQDs is essential. Although GQDs are known to 

have inherent fluorescence, the carbon fiber-derived GQDs only emit weak 

photoluminescence. GQDs highly absorb a wide range of UV-Vis light (Fig. 1-11), 

and when GQDs are directly attached to the dyes, they quench fluorescence. 

Therefore, GQDs and rhodamine were conjugated with a PEG linker to prevent 

quenching of the dye. 

Fig. 1-11. The UV-Vis absorbance spectrum of pristine GQDs.  

 

In order to link GQDs with rhodamine by PEG, first, modification of the 

carboxyl groups of GQDs was required. After activating the carboxyl group by EDC 

reagent, NH2-(CH2)2-NHBoc was added, and after 24 hours, TFA was added to 

remove the protecting group (Fig. 1-12). FT-IR was used to verify the success of the 

reaction.  

Fig. 1-12. The synthesis of GQDs-NH2. 
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As a result, about 10 times of improvement in the intensity of 

photoluminescence was obtained (Fig. 1-13). When GQDs-Rh were treated to the 

mouse embryonic fibroblast (MEF) cells, compared to GQDs, we were able to 

observe GQDs internalized to the cytoplasm (Fig. 1-14). 

Fig. 1-13. The photoluminescence spectrum of pristine GQDs and GQDs-Rhodamine 

excited at 490 nm and 550 nm, respectively. 

 

[By. Dr. J. Ahn / Biographene Inc.] 

Fig. 1-14. The confocal image of GQDs and GQDs-Rhodamine treated MEF cells. 
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Chapter 2 

Graphene quantum dots as anti-inflammatory therapy for colitis 

2.1 Introduction 

Intestinal bowel diseases (IBDs) including Crohn’s disease and ulcerative colitis are 

destructive, relapsing tissue disorders that involve dysregulation of the local immune 

response and compromised intestinal barrier function (1). The pathophysiology of 

IBDs is associated with exaggerated T cell responses (2) and related macrophages, 

which are one of the most abundant myeloid cells in the peritoneal cavity, including 

intestinal mucosa. The extensive interactions between T cells and macrophages 

deteriorate inflammation. Therefore, understanding the mechanism of macrophage's 

regulation on T cell differentiation is essential in developing novel therapeutics for 

IBDs. Many approaches have been made to find a way to cure IBDs, and alternative 

therapeutics are in urgent need as the disease prevails throughout the world (3). 

Although the use of immunosuppressive drugs is one of the main treatments (4) and 

methods to increase the drug delivery to lesion have also been developed (5), the 

treatments for IBDs are often accompanied by complications such as infections and 

malignancies (6). Thus, alternative drug with less side effects is still needed. Recent 

studies have suggested suitable mouse models for Crohn’s disease by introducing 

genetic modifications and particular microorganisms (7). Nevertheless, impaired 

intestinal barrier function and subsequent dysregulated immune response still are 

considered as a crucial factor for disease onset (1). To address this issue, we tried 

graphene quantum dots (GQDs) as therapeutics in colitis model mice because 

previous research has shown that graphene derivatives interact with immune cells 

including macrophages and T cells (8).  

*This chapter is reproduced from: B. –C. Lee†, J.Y. Lee†, J. Kim, J.M. Yoo, I. Kang, J. Kim, 

N. Shin, D.J. Kim, S.W. Choi, D. Kim, B.H. Hong*, K. Kang* B. –C. Lee et al., 2020, Sci. 

Adv. 6 : eaaz2630 ©American Association for the Advancement of Science  
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Graphene derivatives, especially GQDs, have high biocompatibility and 

antioxidant effect, so GQDs have been exploited as a potential therapeutic agent for 

treating inflammatory diseases (9). GQDs can scavenge reactive oxygen radicals by 

delocalizing electron density in the conjugated ring structure; hence, they are able to 

reduce oxidative stress. Besides, there are abundant anionic functional groups on the 

edges, in which the property is known to provoke fewer immune responses compared 

to positively charged nanoparticles (10). In addition, previous studies showed the 

potential uses of graphene materials in vaccines, immunotherapeutics and 

immunosuppressive agents (11). However, there are few reports on graphene 

material’s roles in autoimmune diseases including IBDs.  

IBDs have frequently been studied using the dextran sulfate sodium (DSS) 

colitis animal model due to its simplicity, reproducibility and rapidity (12). Notably, 

the clinical and histological features of DSS-induced animals are very similar to 

those observed in human patients. DSS disrupts colonic epithelium, leading to the 

entry of luminal bacteria and antigens into the mucosa and resulting in stimulation 

of immune cells and secretion of proinflammatory cytokines and chemokines (13). 

Furthermore, a polarized T helper 1 (TH1) response and proinflammatory 

macrophages have been reported to aggravate the inflammatory response in DSS 

colitis model. For these reasons, we used the DSS colitis model to identify the 

inhibitory effects of GQDs on acute and chronic colitis. 

 Our previous study showed that GQDs have protective effects on 

Parkinson’s disease by direct interaction with alpha-synuclein fibrils without toxicity 

and can be excreted by urine (14). In this study, we also confirmed the therapeutic 

effects of GQDs on colitis model mice without any complications. The ex vivo and in 

vitro analyses were proceeded to investigate the underlying mechanisms of the 

therapeutic effects of GQDs, which regulated T cell and macrophage subsets to 

facilitate the disease recovery. When GQDs were intraperitoneally (i.p.) injected (Fig. 
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2-1A), GQDs treatment inhibited the loss of body weight (Fig. 2-1B), lowered the 

disease activity index score (Fig. 2-1C), and prevented shortening of the colon (Fig. 

2-1D). The inhibition of intestinal epithelium damage and fibrosis was also verified 

(Fig. 2-1E), with the decrease of the pro-inflammatory cytokine expressions (Fig. 2-

1F). Furthermore, GQDs did not cause significant toxicity to the healthy mice, 

confirmed from the no significant difference in the body weight (Fig. 2-2A), the 

amount of water and food consumption (Fig. 2-2B), and the major organ weights 

(Fig. 2-2C) compared to the PBS-treated group. GQDs accumulated in abdominal 

fat were gradually reduced and were excreted through urine (Fig. 2-2D and E). 
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[By Dr. B-.C. Lee, College of Veterinary Medicine, SNU] 

Fig. 2-1. Intraperitoneal injection of GQDs effectively alleviates DSS-induced chronic 

colitis in mice. (A) Experimental scheme for DSS-induced chronic colitis and GQDs 

administration. 3.5% DSS water was repetitively administered to mice to induce colitis. 

GQDs were injected intraperitoneally (300 μg/head) 10 days after the administration of 

DSS. B-F, Mice received i.p. injections of GQDs after chronic DSS-colitis induction. On day 

27, mice were sacrificed for further investigation. (B) The percentage of body weight change 

and (C) the DAI for colitis severity was monitored for clinical assessment. (D) After 27 days 

from colitis induction, the lengths of the colons obtained from each group were measured. 

(E) Left: Representative images of colon sections stained with H&E and PSR staining for the 

assessment of histology and fibrosis. Scale bar=200 μm. Right: Histopathologic evaluations 

were conducted to examine lymphocyte infiltration and intestinal damage. Quantitative 

analysis of the fibrotic area (stained in red).  (F) Serum was collected from the colitis mice, 

and the secreted levels of the indicated cytokines were assessed using CBA analysis. (N=4-5 

mice/group). *P<0.05, **P<0.01, ***P<0.001. Results are shown as the mean ± SD. Photo 

credit: Byung-Chul Lee (Adult Stem Cell Research Center and Research Institute for 

Veterinary Science, College of Veterinary Medicine, Seoul National University) 



21 

[By Dr. B-.C. Lee, College of Veterinary Medicine, SNU] 

Fig. 2-2. GQDs are excreted from mice without generating toxicity. Without DSS 

induction, biotin-labeled GQDs were injected into normal mice by the same method and 

dosage and monitored for 16 weeks (N=5 mice/group). (A) Body weights and (B) water and 

food consumption were measured at each time point. (C) Mice were sacrificed at the 

indicated time points, and organ weights were assessed. (D) The FITC-labeled anti-biotin 

antibody was used to detect the presence of GQDs in the abdominal mesenteric fat. (E) 

Excretion of GQDs was investigated in urine collected from the mice. *P<0.05, **P<0.01, 

***P<0.001. Results are shown as the mean ± SD.  
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2.2 Results 

Characterization of GQDs  

GQDs were synthesized by the improved Hummer’s method according to the 

previous literature (Fig. 2-3A) (15). Transmission electron microscopy (TEM) image 

showed the lateral size distribution of the GQDs, which had an average size of 28.5 

± 9.7 nm (Fig. 2-3B). The height of the synthesized GQDs was determined by atomic 

force microscopy (AFM), which showed 7.1 ± 1.8 nm (Fig. 2-3C). The properties of 

GQDs were further determined by Raman spectroscopy (Fig. 2-3D), exhibiting 

distinctive D and G bands at 1360 and 1600 cm-1, which are the characteristic peaks 

of graphene-based materials. GQDs displayed intense and broad D band, which arose 

from the presence of many defect sites. Functional groups of GQDs were verified by 

Fourier-transform infrared spectroscopy (FT-IR), elemental analysis (EA), and x-ray 

photoelectron spectroscopy (XPS). The major peaks from the FT-IR (Fig. 2-3E) 

spectrum of GQDs were O-H (3430 cm-1), C=O (1730 cm-1), C=C (1620 cm-1), and 

C-O (1220 cm-1), showing the presence of hydroxyl, carboxyl groups, and epoxide 

rings. Successful coupling of biotin was proved by the appearance of new peaks at 

1400 cm-1 (C-H), and at 1080 cm-1 (C-O), both derived from polyethylene glycol 

(PEG). More intense transmittance was observed around 3420 and 1610 cm-1 due to 

the newly formed amide bond. The ratio of oxygen to carbon of GQDs was measured 

by EA (Table 2-1), and the value 0.73 showed the highly oxidized state of graphite. 

Through XPS (Fig. 2-3F), the binding energy of C-C (284.50 eV), C-O (286.68 eV), 

and C=O (288.36 eV) bonds was measured. The C-C bond showed the highest 

content of 50.54%, and the percentage of C-O and C=O was 38.21% and 11.25%, 

respectively. The surface charge of GQDs was evaluated by zeta potential, in which 

the measured value -52.2 ± 6.85 mV showed a highly negatively charged surface and 

well-dispersed property. On the basis of the measured properties of GQDs, we sought 

to explore the impact of its therapeutic effects against DSS-induced mice.  
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[By Dr. J.M. Yoo, and J. Kim, College of Natural Sciences, SNU, Dr. D.J. Kim, Program in 

Nano Science and Technology, Graduate School of Convergence Science and Technology, 

SNU] 

Fig. 2-3. Synthesis and characterization of GQDs. (A) Schematic representation of the 

synthesis process for GQDs. (B) Representative TEM image of GQDs and the size 

distribution (n=62). (C) Representative AFM image and line profile analysis of GQDs, and 

the height distribution (n=22). (D) Representative Raman spectra of GQDs. (E) FT-IR spectra 

of GQDs and biotin-labeled GQDs. (F) XPS spectrum of GQDs, C1s. 

 

 

[By J. Kim, College of Natural Sciences, SNU] 

Table 2-1. Elemental Analysis of GQDs  
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Fig. 2-4. Schematic diagram of the GQDs’ effect on colitis. 

 

2.3 Discussion 

GQDs recovered intestinal immune homeostasis by suppressing excessive 

inflammation and facilitating the development of a regulatory loop of T cells (Fig. 

2-4). The underlying mechanism of GQDs on immunosuppression is still under 

research; however, we could interpret the mode of actions based on its structure. As 

GQDs have a conjugated graphitic domain and abundant hydrogen-donating 

functional groups on the edges, it is well known for its potent antioxidant effect. 

Because inflammation is associated with the imbalance between oxidative stress and 

antioxidants, GQDs’ ability to scavenge reactive oxygen species (ROS) can assist in 

regulating inflammation.  

 Another factor to consider is that GQDs have a negative surface charge due 

to carboxyl and hydroxyl groups. The research on the effect of nanoparticle’s surface 

charge on inflammation and immunoregulation has been carried on, and many 

studies revealed that negatively charged nanoparticles are less prone to provoke 

immunostimulation (10). As the leading treatment target of colitis is to ameliorate 
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excessive immune responses, injected particles must not induce additional 

stimulation on the immune system.   

Although these findings suggest that the properties of GQDs, including the 

lateral size, height, and functional groups, are suitable for the use in a clinical 

application against colitis, it needs to be further investigated whether modifications 

to GQDs, such as changes to the surface charge, the ratio between functional groups, 

or addition of a bactericidal effect to the materials, may cause different therapeutic 

outcomes (16).  

Despite the fact that GQDs were found in the abdominal cavity, when GQDs 

are intraperitoneally or intravenously injected, they are distributed through the whole 

organs and are mainly accumulated in the liver and spleen (17). In line with the 

previous study, we found that injected GQDs preferred to accumulate on greater 

omentum and mesentery near spleen and colon. Then, the particles are mostly 

excreted through urine or removed by hepatocytes in the liver through endocytosis 

(18). Also, as GQDs are composed of the hydrophobic graphitic domain and 

hydrophilic functional groups, and due to their small size, luminal uptake through 

endocytosis is probable (19). Besides the clearance of GQDs through urine, enzymes 

such as myeloperoxidase and horseradish peroxidase are known to degrade GQDs (20). 

Once they are degraded and become smaller particles, it is much easier to be cleared 

out through the kidney, as particles smaller than 5 nm are proved to be rapidly 

excreted through urine (21). Therefore, GQDs could be cleared out naturally without 

generating noticeable toxicity. Nevertheless, validation of the therapeutic efficiency 

of GQDs via oral administration remains to be determined for actual therapeutic use 

in practice. With oral administration, the effect of GQDs can be relatively limited to 

a specific organ, reducing systemic side effects that appeared by any chance. 

Overall, intraperitoneally injected GQDs attenuated intestinal inflammation 

in both acute and chronic DSS-induced experimental colitis models. GQDs 
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effectively regulated excessive immune responses and prevented tissue damage by 

indirectly inducing colonic and splenic infiltration of regulatory T cells and 

converting classical macrophages (M1) to alternative macrophages (M2), 

particularly the M2b subtype, in the pro-inflammatory milieu. With negligible 

toxicity and natural clearance, GQDs were able to maintain intestinal immune 

homeostasis, showing a potency to be utilized in treating IBDs. 

 

2.4 Methods 

Preparation of GQDs 

First, pristine graphene oxides (GOs) were synthesized through the improved 

Hummer’s method (15). To prepare GQDs, the obtained solution of GOs in DI water 

(3 mg/ml) was vigorously tip-sonicated for 3 hours and vacuum-filtered with 

cellulose nitrate membrane filter (0.45 μm, GE Healthcare Life Science, 

Buckinghamshire, UK).  

Biotinylation of GQDs 

The biotinylation of GQDs was achieved by EDC coupling. First, 10 mg of N-(3-

Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride, EDC reagent (Sigma, 

St. Louis, MO, USA) was added to 10 ml of GQDs solution (3 mg/ml) to replace the 

edge carboxyl groups with EDC reagents. After 30 minutes, 20 mg of Amine-PEG3-

Biotin (Thermo Scientific, San Jose, CA, USA) was subsequently added to the 

solution to form amide bonds between activated edges of GQDs, and reactive amine 

groups of biotin for 24 hours. The solution was then dialyzed with a MWCO 1 kD 

nitrocellulose membrane bag (Fisher Scientific, Hampton, NH, USA) to discard 

unreacted EDC and biotin molecules. The concentration of the final product was 

measured by obtaining powder after freeze-drying small amount of the solution. 
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TEM imaging 

The sample solutions (10 μg/ml) were adsorbed to 300 mesh lacey carbon coated 

copper grids (Ted Pella, Inc., Redding, CA, USA) for 30 mins. The grids were rinsed 

with a few drops of DI water and thoroughly dried in a desiccator before imaging. 

The samples were analyzed by a high resolution – transmission electron microscope 

(HR-TEM, JEM-3010, JEOL Ltd.) and the images were collected by a Gatan Digital 

Camera (MSC-794) coupled to the microscope.  

AFM 

The GQDs sample was prepared on a silicon wafer and was measured by XE-100 

AFM (Park Systems, Suwon, Republic of Korea) by non-contact mode. The image 

size of 25 µm2 was obtained at the scan rate of 0.8 Hz. 

Raman spectroscopy 

The powder products were prepared on SiO2 substrates for the Raman spectra 

measurements. The spectra were obtained by a Renishaw micro-Raman spectrometer 

with 514.5 nm Ar excitation laser.  

FT-IR spectroscopy 

Prior to the Fourier-transform infrared spectroscopy (FT-IR) spectra measurements, 

the powder samples were fully dried in a desiccator to prevent undesirable oxygen 

containing peaks. The spectra were measured by the conventional KBr pellet method 

(Nicolet 6700, Thermo Scientific). 

Elemental Analysis 

The GQDs powder was obtained by freeze-drying the solution, and was kept in a 

desiccator for more than 3 days to avoid contamination from other elements. The 

weight percentage of each elements was measured by automatic elemental analyzer 

(FLASH 2000, Thermo Scientific)   
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XPS 

The GQDs powder was prepared by the same method as for EA. The binding energy 

of C1s was measured by X-ray photoelectron spectroscopy (AXIS-HSi, KRATOS). 

Zeta Potential 

The GQDs solution (50 μg/ml) was filtered by 200 nm syringe filter, and the zeta 

potential was measured by Zetasizer Nano ZS, Malvern.  
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Chapter 3 

Oral administration of microbiome-friendly  

graphene quantum dots as therapy for colitis 

3.1 Introduction 

Inflammatory bowel diseases (IBDs) comprising ulcerative colitis and Crohn’s 

disease are characterized by gastrointestinal (GI) damage and intermittent intestinal 

inflammation resulting in disabilities (1). The impairment of intestinal barrier 

function could be triggered by several causes categorized as genetic susceptibility, 

environmental factors, spontaneous immune response, and abnormal changes in 

intestinal microbiota (2). Undesirable translocation of commensal bacteria through 

the ruptured intestinal epithelium subsequently activates first line defence cells, 

macrophages (3), dendritic cells (DC) (4), and even intestinal epithelial cells (5) 

themselves through innate immune pathways. Antigen presenting cells robustly 

secrete proinflammatory cytokines including TNF-α, IL-12, and IL-23 to recruit 

helper T (Th) cells into inflamed sites, while inhibiting the function of regulatory T 

cells (Tregs), resulting in loss of immune homeostasis. Thus, activated Th1 cells 

cause excessive immune response during intestinal inflammation by producing their 

prominent cytokine, IFN-. Furthermore, Th17 cells and associated cytokine IL-17 

reportedly play an important role in IBD pathogenesis (6). 

Therefore, the restoration of microbiome balance is an indispensable target 

of treatment. Although the exact correlation of dysbiosis of the gut microbiome and  

 

*This chapter is reproduced from: B.-C. Lee†, J.Y. Lee†, J. Kim†, N. Shin, J.M. Yoo, I. Kang, 

J.-J. Kim, S.-E. Lee, D. Kim, S.W. Choi, B.H. Hong*, K.-S. Kang* (Submitted) 
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pathogenesis is vague, several studies revealed dysbiosis in the DSS-induced colitis 

model and patients (7-9). Though antibiotics, probiotics, and fecal transplantation 

have been attempted to regulate microbiome, improvements were insignificant or 

found in certain species (10, 11). Anti-inflammatory drugs and immune suppressors 

are currently being used to alleviate immune responses, yet full recovery has not 

been achieved with side effects. The difficulty of treatment arises from drug delivery 

to the lower GI tract due to undesirable degradation or release from the upper track; 

therefore, enteric coating to protect from gastric acid is essential (12). 

Graphene-based nanomaterials have attracted attention due to their tunable 

properties and numerous possible applications. Among them, graphene quantum 

dots (GQDs) are zero-dimensional nanoparticles consisting of a graphitic domain 

and oxygen-containing functional groups around the edges. GQDs exhibit great 

potential for various optoelectronic applications through their size-dependent and 

edge-sensitive photoluminescence properties (13). We have used GQDs to enhance 

the efficiency of organic photovoltaic cells by balancing light absorptivity and 

conductivity of active layers (14, 15). GQDs were mainly synthesized from graphene 

oxides (GOs) by chemical exfoliation under a strongly acidic environment. While 

nitrogen-functionalization or doping can regulate the intrinsic properties of GQDs, 

it requires further complicated wet-chemical reactions. Thus, we developed a 

straightforward solvent-free method to prepare nitrogen-doped GQDs (N-GQDs) by 

directly applying nitrogen plasma to as-grown graphene on Cu (16). The resulting 

N-GQDs could be transferred as a film-like layer or easily dispersed in an organic 

solvent. We confirmed that the N-GQDs of sizes narrowly distributed around ~5 nm 

show strong photoluminescence when excited at 365 nm, which makes it useful in 

the wide range of optoelectronic (17-19), photocatalyst (20),  and energy storage 

applications (21-23). 
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Furthermore, graphene-based nanomaterials have been applied in the 

biomedical field. The extent to which toxicity and biocompatibility occur in 

graphene-based nanomaterials ranges due to varying sizes and surface chemistry 

(24). In terms of sizes, small nGOs less than 40 nm do not cause significant toxicity 

at moderate concentration and are excreted through the kidney (25, 26), while large 

nGOs cause inflammation (27). On the other hand, GQDs, which are less than 20 

nm, are quickly cleared out, relative to nGOs, through the kidney and liver (28). 

GQDs have a negative surface charge, and in general, nanoparticles of negative 

surface charge are less prone to stimulate immune responses and cause toxicity than 

those with a positive surface charge (29-31). Although GQDs are renowned for 

antioxidant ability, it is still controversial as, in some cases, they instead produce 

reactive oxygen species (32). Therefore, GQDs’ toxicity depends on concentration 

and surface chemistry, and those that are biocompatible have been applied in drug 

delivery in conjugation with other small molecules (33) or photodynamic therapy 

(34). Moreover, with the discovery of the therapeutic efficacy of GQDs, a new field 

of therapy for incurable diseases opens (35, 36). 

Applying GQDs with high biocompatibility and anti-oxidant ability, we 

recently published the protective effect of GQDs on colitis, of which GQDs regulated 

excessive immune responses and eased symptoms of IBDs (37). In the study, GQDs 

around 20 nm of lateral size were intraperitoneally (i.p) injected into a DSS-induced 

colitis mice model, and GQDs notably inhibited the development of Th1 cells, the 

primary source of proinflammatory cytokines. Besides, GQDs restored immune 

homeostasis through inhibiting polarization of Th17 and inducing infiltration of 

Tregs. GQDs’ effect on macrophages led to the increased polarization toward M2b-

specific under the proinflammatory milieu, therefore relieving excess inflammation. 

This study aimed to examine whether smaller GQDs, of 2~3 nm, could show 

a similar effect on colitis when administered orally. We chose smaller GQDs as it 
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has been proven to be highly biocompatible with negligible toxicity (35, 36), and 

changed the administration route for the ease of treatment and limiting the effect 

organ-specifically. As GQDs enter the stomach, they are exposed to gastric acid, and 

whether they can survive and manage to reach the lower intestine was an issue; 

therefore, its physical and chemical characteristics were analyzed after exposure to 

HCl. Besides, it turned out that GQDs do not exhibit an antibacterial effect, which 

GOs are well known for, suggesting GQDs as a microbiome-friendly drug. Herein, 

we showed a more practical application of GQDs as the treatment for experimental 

colitis, verifying GQDs can be delivered to the intestine orally and express 

therapeutic effect. 

 

3.2 Results  

3.2.1 Stable physical and chemical properties of GQDs in acidic conditions. 

Whether graphene derivatives can activate or suppress immune responses is still 

controversial due to the complexity in the immune system and the existence of the 

materials varying on size, oxidation, surface charge, etc (38, 39). It has been proved 

that the nanoparticles with positive surface charge are relatively more toxic (40) and 

cause inflammation (41) than the ones with negative surface charge. Therefore, 

whether the physical and chemical properties of GQDs could change due to the harsh 

acidic condition of gastric acid was studied.  

GQDs used in this study were synthesized by thermo-oxidative cutting of 

carbon fiber (Fig. 3-1A) (42). The lateral size was measured by FE-TEM (Field 

Emission Transmission Electron Microscope), showing the size of 2.51±0.55 nm 

(Fig. 3-1B). The thickness was measured by AFM (Atomic Force Microscopy), 

which is 1.68±0.50 nm (Fig. 3-2A). In order to find out whether GQDs could 

withstand acidic conditions, GQDs powder was dispersed in HCl solutions at pH2 
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and pH3 to mimic the gastric acid condition and assessed properties after removing 

acid through dialysis. From the FE-TEM images, GQDs exposed to pH 2 and 3 

solutions had sizes of 2.64±0.71 nm and 2.93±0.73 nm, respectively (Fig. 3-1B). As 

shown in the magnified inset, the distance between the carbon lattice is 

approximately 0.3~0.33 nm, showing the non-destructive graphitic domain structure.  

The Raman spectrum of pristine GQDs showed a G band and D band, 

referring to the graphitic domain and the defect sites, respectively (Fig. 3-1C). GQDs 

exhibit higher G band shift (1590~1600 cm-1) than graphene (~1580 cm-1) due to 

oxidation and defect sites. The G band’s redshift of GQDs exposed to the acidic 

solution can be explained by the loss of carboxyl groups, leading to the relative 

increase of the C=C bonds on the graphitic domain (43), which was confirmed by 

FT-IR and XPS (Fig. 3-1D). The D band over G band ratio (ID/IG) indicates the extent 

of defects, and there was no significant difference between GQDs samples, implying 

no substantial structural disorder in the graphitic domain (44). To clarify, an 

additional freeze-drying process was required to get a powder form of GQDs after 

dispersion to acid. Therefore, we validated the effect of the extra drying process by 

dispersing GQDs powder in DI water and re-drying it. As a result, the conserved G 

and D bands were detected from the re-dried sample (Fig. 3-2B). 

As mentioned above, we used FT-IR (Fourier-transform Infrared 

Spectroscopy) to figure out the types of functional groups in GQDs (Fig. 3-1E). 

GQDs have abundant hydroxyl (3419 cm-1) and carboxyl groups (1718, 1225 cm-1), 

with sp2 carbon domain (1623 cm-1). The carboxyl group (1718 cm-1) and the sp2 

carbon bond transmittance ratio is 1.21, showing the highly oxidized structure. In the 

case of GQDs dispersed in pH 2 and pH 3 solution, while other peaks were conserved, 

the decrease in the carboxyl groups’ transmittance (~1730 cm-1, ~1250 cm-1) was 

noticeable. The FT-IR spectrum of the re-dried GQDs also exhibited the reduced 

transmittance of carboxyl groups (Fig. 3-2C), implying the drying process 
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contributes to the loss of carboxyl groups. The percentage of each bonding was 

quantified by XPS (X-ray Photoelectron Spectroscopy) analysis (Fig. 3-1F), where 

the carboxyl group content of pH2, 3, and re-dried samples decreased (Fig. 3-2D).  

Besides, we measured the Zeta potential of each sample as the surface charge 

affects immune response and toxicity. The surface charge of pristine GQDs was -

13.7±4.90 mV, exhibiting a negative charge due to the oxygen-containing functional 

groups. The surface charge of GQDs dispersed in HCl solutions increased due to 

protonation (45), which was -0.59±3.93 mV, and -5.43±11.1 mV for pH2 and pH3 

solution, respectively, yet maintaining net negative charges.  

Finally, we conjugated biotin to the carboxyl groups of GQDs to verify the 

cellular uptake of GQDs. The carboxyl group was activated by EDC reagent, and 

amine-PEG-linked biotin was attached. The characteristic Raman peaks of GQDs 

were maintained after the conjugation process (Fig. 3-2E). The successful reaction 

was confirmed through FT-IR (Fig. 3-2F) by the decrease of transmittance in the 

carboxyl group (1731, 1241 cm-1) and newly formed C-H  (1382 cm-1) and C-O 

(1089 cm-1) peak. 
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[By J. Kim, College of Natural Sciences, SNU] 

Fig. 3-1. Synthesis and physicochemical characteristics of GQDs after acid exposure. (A) 

GQDs are synthesized through the thermo-oxidative cutting of carbon fiber with strong acids. 

(B) Representative FE-TEM images and the size distribution of pristine GQDs, and GQDs 

treated with HCl solutions of pH 2 and 3. Graphitic lattice is visible in the inset. (pristine 

GQDs: N=59, pH 2-GQDs: N=44, pH 3-GQDs: N=49) (C) Representative Raman spectra of 

pristine GQDs and GQDs resuspended in HCl solutions. (D) The Raman shift of G peak and 

ID/IG value of GQDs at each condition. (N=10 for each group). (E) The FT-IR spectra and (F) 

the XPS spectra of pristine GQDs, GQDs treated by pH2, and pH3 HCl solution. Results are 

shown as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001; DI vs. pH 2 or pH 3. #P<0.05; 

pH2 vs. pH 3.   
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[By J. Kim, College of Natural Sciences, SNU] 

Fig. 3-2. Characterization of GQDs. (A) The representative AFM image and the height 

distribution of pristine GQDs. (N=124) (B) The Raman, (C) the FT-IR, and (D) the XPS 

spectrum of re-dried GQDs. (E) The Raman and (F) the FT-IR spectra of pristine GQDs and 

biotin-conjugated GQDs. 
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3.2.2 Orally administered GQDs suppress degeneration on the DSS-induced 

colitis mouse model. 

Although graphene-derived material’s behaviors and biological effects after 

inhalation and intravenous injection into mice have been actively investigated, the 

oral feeding effects of GQDs in disease model still remain unclear (46, 47). We 

previously confirmed the therapeutic roles of i.p. injected GQDs on colitis-induced 

mice (37). Given the results from i.p injection experiments with smaller GQDs 

(Fig. 3-3), we next tried oral administration of GQDs to assess suppressive effects 

on the acute colitis mouse model. After the induction of colitis, 300 μg of GQDs (1 

mg/ml, 300 μl/injection) were orally administered every 3 days (Fig. 3-4A), and 

after 11 days, we assessed the severity of colitis based on body weights, disease 

activity index (DAI), and colon length. GQDs protected mice from the loss of 

bodyweights induced by colitis and relieved disease severity measured by DAI 

scores (Fig. 3-4B and C). Consistent with the relieved symptoms, we observed a 

decrease in the shortening of the colon length which is one of the hall marks of 

experimental colitis (Fig. 3-4D). Therefore, we confirmed that orally delivered 

GQDs could also ameliorate the DSS-induced colitis similar to i.p injection. 



40 

[By Dr. B-.C. Lee, College of Veterinary Medicine, SNU] 

Fig. 3-3. Intraperitoneal injection of GQDs suppress DSS-induced colitis in mice. (A) 

Mice were fed with 3% DSS in drinking water for 7 days and GQDs were administered 

intraperitoneally to the mice on day 1. (B) Body weights were monitored until the end of the 

experiments. (C) DAI was assessed on day 10. (D) At the end of the experiment, mice were 

sacrificed and colon’s length was measured. (N=4-5 mice/group). *P<0.05, ***P<0.001. 

Results are shown as the mean ± SD.  

 

 

 

 

 

 



41 

[By Dr. B-.C. Lee, College of Veterinary Medicine, SNU] 

Fig. 3-4. Oral administration of GQDs alleviates DSS-induced colitis. (A) Mice were fed 

with 3% DSS in drinking water for 7 days and GQDs were orally administered to the mice 

on the indicated days (1 mg/ml, 300 μl/injection). (B) Body weights were measured every 

day. (C) Disease severity was determined under criteria of DAI on day 7 and 10. (D) On day 

11, mice were sacrificed and colon’s lengths were measured. (N=5 mice/group). *P<0.05, 

***P<0.001. Results are shown as the mean ± SD. Photo credit: Byung-Chul Lee (Adult 

Stem Cell Research Center and Research Institute for Veterinary Science, College of 

Veterinary Medicine, Seoul National University) 
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3.2.3 Orally administered GQDs mitigate intestinal inflammation and tissue 

damage. 

We sought to investigate whether orally administered GQDs have anti-

inflammatory effects in the colitis-induced mice. Histologic analyses of colons 

showed that GQDs attenuated the destruction of crypts and decreased neutrophil 

infiltration (Fig. 3-5A). GQD treatment protected colon from a loss of crypts 

caused by DSS-induced colitis. Due to inflammatory cell infiltration, submucosa 

showed significant edema in DSS group. GQD treatment significantly decreased 

the edema and immune cell infiltration. GQDs also reduced excessive collagen 

deposition and fibrosis in the colons, reflecting decreased colonic inflammation 

(Fig. 3-5B). We then addressed the suppressive effect of GQDs on systemic 

inflammation in colitis-induced mice by detecting the level of pro-inflammatory 

cytokines in the serum of mice. Consistent with decreased intestinal pathology, 

pro-inflammatory cytokines, including IL-6, TNF-α, MCP-1, and IL-12, were 

attenuated in GQDs treated mice (Fig. 3-5C), and displayed decreased 

splenomegaly compared with control mice (Fig. 3-6A). This data suggests that 

orally delivered GQDs can effectively inhibit colonic inflammation and damage 

induced by DSS. 

 

 

 

 

 

 

 



43 

[By Dr. B-.C. Lee, College of Veterinary Medicine, SNU] 

Fig. 3-5. Effects of GQDs on colonic inflammation and inflammatory cytokines in serum. 

(A) Representative images of H&E-stained colons (left) and histological scores of colons 

measuring lymphocyte infiltration and intestinal damage (right). A loss of crypts (arrow) and 

neutrophil infiltration (circle) can be seen. Scale bar=200 µm. (B) Representative images of 

picro-sirius red (PSR) stained colons (left) and quantification of fibrotic regions (Right). 

Scale bar=200 µm. (C) The levels of pro-inflammatory cytokines were measured in mice 

serum. (N=5 mice/group). **P<0.01, ***P<0.001. Results are shown as the mean ± SD. 

Photo credit: Byung-Chul Lee (Adult Stem Cell Research Center and Research Institute for 

Veterinary Science, College of Veterinary Medicine, Seoul National University) 
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3.2.4 GQDs modulate immune cell composition by intracellular infiltration. 

The decreased spleen’s size after administration of GQDs to DSS-induced mice 

suggests that GQDs can suppress systemic inflammatory responses (Fig. 3-6A). To 

assess the direct effects of GQDs on immune cells, we treated GQDs in primarily 

cultured immune cells. GQDs suppressed proliferation of concanavalin A-activated 

human mononuclear cells (hMNCs) dose-dependently (Fig. 3-6B). Among 

hMNCs, the percentages of T cells (CD3, CD4, CD8), macrophages (CD14), and 

myeloid cells (CD33) were compromised in response to GQDs treatments (Fig. 3-

6C), which indicates the suppressive effect of GQDs on inflammation by directly 

inhibiting external stimuli-dependent proliferation of immune cells.  

Next, the inhibitory effects of GQDs on T cells and macrophage 

differentiation were examined. First, we observed cytoplasmic location of GQDs 

using biotin-conjugated GQDs in cultured CD4+ T cells (Fig. 3-7A). Interestingly, 

GQDs inhibited the proliferation of CD4+ T cells (Fig. 3-7B), and the treatment of 

GQDs on Th1 differentiated T cells decreased the excretion of Th1 responsive 

cytokines (Fig. 3-7C). Furthermore, GQDs increased the Treg population within 

hMNC pool (Fig. 3-7D) and directly accelerated differentiation of Tregs implying a 

resolution of excessive inflammation in the colitis model (Fig. 3-7E). In addition, 

GQDs suppressed the activity of pro-inflammatory M1 macrophages, which 

contribute to colitis development. As shown in T cells, GQDs were also detected in 

the cytoplasm of macrophages (Fig. 3-8A). GQDs inhibited M1 polarized 

macrophage’s proliferation (Fig. 3-8B) and decreased M1 macrophage-specific 

genes (Fig. 3-8C). In addition, GQDs significantly suppressed phagocytosis, which 

represents functional features of classically activated M1 macrophages (Fig. 3-8D 

and E). These results demonstrate that GQDs relieved intestinal inflammation by 

direct regulation of pro-inflammatory immune cells. 
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[By Dr. B-.C. Lee, College of Veterinary Medicine, SNU] 

Fig. 3-6. GQDs suppress immune cell activity. (A) Images of spleens from mice (right) and 

spleen weights (left). (N=4-5 mice/group). (B) Proliferation of hMNCs and (C) frequency of 

each immune cells were measured in hMNCs after treatments of GQDs (20 g/ml). *P<0.05, 

**P<0.01, ***P<0.001. Results are shown as the mean ± SD. Photo credit: Byung-Chul Lee 

(Adult Stem Cell Research Center and Research Institute for Veterinary Science, College of 

Veterinary Medicine, Seoul National University) 
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[By Dr. B-.C. Lee, College of Veterinary Medicine, SNU] 

Fig. 3-7. GQDs have an effect on the CD4+ T cells. CD4+ T cells from hMNCs were 

differentiated in vitro under Th1 or Treg-promoting conditions with GQDs. (A) After biotin-

conjugated GQDs treatment (20 g/ml) for 2 days, GQDs were detected using GFP-anti 

biotin antibody for the localization. F-actin was stained to show a contour of the cell. Right: 

Z-stack image of GQDs treated CD4+ T cells. Scale bar=5 m. (B) CD4+ T cell’s proliferation 

was measured using BrdU assay kit. (C) Levels of IFN-γ, IL-6 and TNF-α were analyzed in 

the supernatant of cultured cells. (D) To assess effects of GQDs on regulatory T cell’s 

emergence, CD4+FoxP3+ cell’s population was analyzed using flow cytometry in hMNCs. 

(E) Regulatory T cells were polarized and the proportion of CD4+CD25+FoxP3+ cells were 

determined by flow cytometry. *P<0.05, **P<0.01, ***P<0.001. Results are shown as the 

mean ± SD.  
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[By Dr. B-.C. Lee, College of Veterinary Medicine, SNU] 

Fig. 3-8. GQDs suppress M1 macrophage’s activity. A-D, CD14+ cells were isolated from 

hMNCs and differentiated into M1 macrophages using IFN-γ (20 ng/ml) and LPS (1 μg/ml) 

with treatment of GQDs (20 g/ml). (A) After biotin-conjugated GQD treatments, GQDs 

were detected using GFP-anti biotin antibody for the localization. F-actin was stained to show 

a contour of the cell. Right: Z-stack image of GQDs treated macrophages. Scale bar=5 m. 

(B) Cell viability was measured using CCK-8. (C) Indicated pro-inflammatory cytokine 

expressions were measured by quantitative PCR. D-E, Phagocytic activities of macrophages 

were assessed using latex beads. (D) Representative images. (E) Mean fluorescence intensity. 

*P<0.05, ***P<0.001. 
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3.2.5 Orally infused GQDs does not show any harmful effect. 

To test inflammatory effects in normal state, we delivered GQDs orally in the 

normal mice and assessed the level of inflammatory cytokines in serum (Fig. 3-

9A). Most of pro-inflammatory cytokines were not increased or suppressed in 

response to GQDs delivery suggesting lack of immune toxicity. In addition, we 

also measured the number of proliferating cells in the intestinal epithelial cells 

using Ki67 (Fig. 3-9B). GQDs didn’t affect the proliferation of intestinal cells 

implying that GQDs alleviated colitis by suppressing excessive inflammatory 

responses in the intestine. Evaluation of the GQD's effect on microbiota was 

critical as large GOs are known as antibacterial, and beneficial bacteria must have 

been preserved. In comparison with GQDs, we prepared GOs synthesized by the 

improved Hummer’s method (48). GOs have a broad size distribution of 4.50±2.93 

μm (Fig. 3-10A). From the FT-IR spectrum, the hydroxyl (3421, 1383 cm-1) and 

carboxyl groups (1736 cm-1) with C=C bonds (1624 cm-1) and epoxide C-O (1223, 

1053 cm-1) were found (Fig. 3-10B). When GQDs of various dosages were treated 

to BL21 E. Coli and monitored colony formation, no significant bacterial toxicity 

was found (Fig. 3-9C and D). However, when GOs were co-incubated, the number 

of colonies decreased notably at 0.1 mg/ml (Fig. 3-9E and F). Taken together, oral 

administration of GQDs do not cause harmful effect in intestinal cells and gut 

microbiota.
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[A-B, By Dr. B-.C. Lee, College of Veterinary Medicine, SNU / C-F, By Dr. D. Kim, 

Biographene Inc.] 

Fig. 3-9. Oral administration of GQDs does not exert toxic effects. A-B, Mice were orally 

injected with GQDs (1 mg/ml, 300 μl/injection) and sacrificed after 24 hours of injection. 

Blood and intestine samples were collected at the time of sacrifice. (A) The levels of 

cytokines were measured in mice serum. (B) Representative images of Ki67-stained upper 

intestinal part (left) and quantification of Ki67 expressing cells/crypt (right). Scale bar=100 

µm. (C) Representative image of the BL21 colony after GQDs treatment. (D) Compared to 

the control group, when GQDs were treated at 0.001 to 0.1 mg/ml, no significant decrease in 

the number of colonies was found. (E) Representative image of the BL21 colony after GOs 

treatment. (F) A significant decrease in the number of colonies was observed due to the high 

toxicity of GOs. (N=3 mice/group). *P<0.05, **P<0.01, ***P<0.001. Results are shown as 

the mean ± SD. Photo credit: (B) Byung-Chul Lee (Adult Stem Cell Research Center and 

Research Institute for Veterinary Science, College of Veterinary Medicine, Seoul National 

University), (C, E) Donghoon Kim (Biographene Inc.) 
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[By J. Kim, College of Natural Sciences, SNU] 

Fig. 3-10. Characterization of GOs. (A) The representative FE-SEM image and the size 

distribution of GOs. (N=68) (B) The FT-IR spectrum of GOs.  

 

  



51 

3.3 Discussion 

Graphene-based nanomaterials have been widely applied in inflammatory diseases; 

however, its immunomodulatory functions by oral delivery have not been fully 

assessed (49, 50). Herein, we investigated the anti-inflammatory effects of orally 

administered GQDs on the DSS-induced colitis model, showing the potential of 

GQDs as an edible treatment in chronic colitis by relieving intestinal inflammation. 

In the present study, we showed that oral administration of GQDs alleviated 

disease severity in experimental colitis model by partially restoring body weight and 

physiological signs. Consistent with those phenotypes, we detected significant 

resolution of intestinal inflammation and fibrotic tissue degeneration in histologic 

assessment after oral delivery of GQDs similar to our previous study using i.p. 

injection such as infiltration of neutrophils and hyperemia. In this study, we set the 

same amount of GQDs for single delivery and delivered the materials repetitively 

considering presumable rapid wash out than i.p injection. Fortunately, we achieved 

meaningful outcomes with initial setting, and for this reason, no additional 

optimization process was performed. Orally delivered GQDs suppressed the 

expression of pro-inflammatory genes by restraining T cell activation and viability 

of primarily cultured macrophages, consistent with validation from THP-1 

macrophage cell line (51). As micro-sized GOs significantly increased the secretion 

of inflammatory cytokines in macrophages (52), and transient increase of the 

cytokine levels was found from the previous study (37), GQDs’ smaller size can be 

responsible for restraining excess inflammation. Furthermore, GQDs treatment 

inhibited phagocytosis of M1 macrophage, examined by the reduced uptake of 

microbeads. This implies a suppressed pro-inflammatory property of macrophages, 

suggesting GQDs as a macrophage modulator regulating inflammatory responses. 

Future studies can be done with regulatory pathways in macrophages, involving 

phagocytosis reduction and the release of pro-inflammatory cytokines. Intracellular 
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or pericellular location of GQDs in macrophages or T cells can be investigated to 

determine GQDs and immune cells’ exact interaction mechanism. 

Oral administration is one of the ideal ways of drug delivery due to its 

simplicity, convenience, and durability, especially in controlling chronic diseases 

(53). However, orally delivered materials can lose their activity in digestion by 

biological obstacles such as an acidic environment in the stomach, resident time of 

the drug, and bacterial population in the GI tract. Therefore, several materials, 

including graphene and carbon nanotubes, were assessed for protection to enhance 

drug delivery efficiency (54). As GQDs were synthesized at harsh acidic conditions, 

GQDs used in this study did not show significant physical and chemical property 

changes when exposed to stomach acid-like conditions. The characteristic Raman 

peaks were preserved, with no significant difference in the ID/IG value. The acidic 

environment formed by HCl would not cause a significant effect on carboxyl groups. 

Under acidic conditions, carboxyl groups are protonated and able to form hydrogen 

bonding with the chloride ions (55). As dialysis proceeds and the pH rises, chloride 

ions will be desorbed, and deprotonation would follow, revealing the anionic 

carboxyl group. Continuous exposure to various ions in water during dialysis and 

freeze-drying conditions could have led to carboxyl groups’ loss. For example, 

decarboxylation of salicylic acid is available by various metal cation-involved 

benzoate salts catalysts (56). Despite the additional experimental procedures, yet 

GQDs maintained the oxidized structure. While few-layer graphene and GOs were 

unstable in low pH environments, which exhibited a positive Zeta potential value 

(57), GQDs’ surface charge maintained a negative value in pH2 and 3 solutions, 

implying a possible immunosuppressive effect. 

Although graphene-based nanomaterials showed a therapeutic effect in 

diverse disease models (35, 58), enhancement in efficacy has been made by surface 

modification (59-61) or conjugating to cytokine DNAs (49, 61). In some cases, 

surface modification is required as large-sized GOs are known to cause oxidative 
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stress. However, our previous and current results showed GQDs’ therapeutic 

efficacies against colitis without adjustments due to their negligible toxicity. In 

addition to this, adequate clearance is needed for therapeutic applications. In our 

previous study, we employed i.p. injection route and observed an accumulation of 

GQDs near the intestinal tissues (37). Although we were not able to detect any toxic 

effect, some researcher elucidated that large size of graphene derivates cause a toxic 

effect in the body or individual cells (62). Orally administered GOs have been 

reported to be excreted completely within a week (63). Thus, we assumed that oral 

administration of GQDs would take an advantage of rapid wash out in the aspect of 

accumulation and its possible toxic effect. However, GQDs were not found in either 

urine or feces after one day of administration, which could be due to degradation by 

natural enzymes such as horseradish peroxidase and myeloperoxidase (64), fast 

digestion, or difficult detection due to dilution.  

Considering the safety issue by oral delivery, Yu et al. have recently reported 

that daily oral injection of hydroxylated GQDs caused intestinal injury by oxidative 

stress and apoptosis in intestinal epithelial cells and intestinal stem cells (65). The 

effect of orally administered GOs on dysbiosis has been studied in zebrafish (66) and 

the hyperlipidemic mouse model (67), where GOs caused dysbiosis by increasing or 

decreasing specific strains of bacteria such as Lactobacillus and Clostridium. 

Although we administered GQDs orally more often than the previous i.p. injection 

method, GQDs did not cause immune toxicity or affect the intestinal epithelial cells’ 

proliferation. Furthermore, GQDs exhibited no effect in the proliferation of 

commensal bacteria when treated during the bacterial culture, suggesting the 

promising potential of GQDs as a microbiome-friendly nano-drug. Moreover, by 

adopting a smaller size of GQDs than previous ones (37), it is expected that the risk 

of potential toxicity(62) can be further reduced. 
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In conclusion, orally administered GQDs relieved excessive inflammation 

in the DSS-induced colitis model without causing side effects. GQDs were able to 

survive harsh acidic conditions similar to the stomach, preserving its 

physicochemical properties. Furthermore, the negligible toxicity of GQDs toward 

bacteria potentiates GQDs as alternative therapeutics in inflammatory diseases 

through oral administration. 

 

3.4 Methods 

Synthesis of GQDs  

GQDs were synthesized by the previously reported method (42). Briefly, carbon 

fiber was cut into small pieces and mixed with the sulfuric acid and nitric acid 

solution of volume ration 3:1. The reaction was carried on at 80 oC for 24h, with 

vigorous stirring. After dilution, acid was removed through dialysis (MWCO 

(Molecular Weight Cut-Off) 1 kD nitrocellulose membrane bag, Thermo Fisher 

Scientific, USA) and vacuum-filtered, using 100 nm and 20 nm anodisc filter in a 

row (AnosicTM 47, Whatman, GE Healthcare Life Sciences, Germany). The solvent 

was removed through the rotary evaporator, and freeze-dried to obtain a powder. The 

final product was kept in a desiccator and resuspended for later use.  

GQDs-biotinylation 

GQDs were suspended in the MES buffer (BupHTM MES Buffered Saline Packs, 

Thermo Fisher Scientific, USA), and EDC (N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride, Sigma-Aldrich, USA), was added to activate 

carboxyl groups. After 20 mins of stirring, NH3-PEG3-biotin (EZ-LinkTM, Thermo 

Fisher Scientific, USA) was added to react with the activated carboxyl groups on 

GQDs. After the reaction, the solution was dialyzed to remove unreacted species and 

freeze-dried to obtain GQDs-biotin powder.  
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Synthesis of GOs and FE-SEM (Field Emission Scanning Electron Microscope) 

analysis 

GOs were synthesized by the improved Hummer’s method (48). Graphite powder 

(M14A028, Alfa Aesar, USA) and potassium permanganate were mixed with the 

sulfuric acid and phosphoric acid of 9:1 volume ratio and stirred at 50 oC for 24 h. 

After complete cooling, hydrogen peroxide was slowly added and diluted with DI 

water. Multiple cleaning was done by a centrifuge to remove acid and freeze-dried 

to obtain a powder. Then, the GOs solution was spin-coated on a silicon wafer and 

dried multiple times. The images were taken by FE-SEM (SUPRA 55VP, Carl Zeiss, 

Germany) and used ImageJ software 1.52a (US National Institutes of Health, USA) 

for size analysis.  

GQDs stability in HCl solution 

The solution of pH1 and pH2 was made by using HCl (Hydrochloric acid, ACS 

reagent, 37%, Sigma-Aldrich, USA). GQDs of 5 mg/ml was mixed with the HCl 

solution so that the final concentration is 1 mg/ml and pH to become 2 or 3. The 

mixture was stirred for 2 hours and dialyzed to remove the acid. The solutions were 

then freeze-dried to obtain a powder. 

FE-TEM (Field Emission Transmission Electron Microscope) 

GQDs were suspended in water at a concentration of 2 μg/ml. Before usage, the TEM 

grid (Lacey Carbon, 300 mesh, Cu, 01895-F, TedPella, USA) was coated with 

graphene, and the GQDs solution was dropped on the grid and air-dried. The images 

were taken by FE-TEM (JEM-F200 (TFEG) (JEOL Ltd, Japan), with CCD Camera 

(OneView camera, Gatan, USA), and the size was measured by ImageJ software 

1.52a (US National Institutes of Health, USA). 

Raman Spectroscopy 

GQD samples for Raman spectroscopy were prepared as same as AFM samples. For 
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the verification of GQDs in various tissues, the tissues were ground with tip-

sonication, and after 200 nm syringe filtering, the solution was drop-casted on the Si 

wafer. All the spectra were obtained by Raman spectrometer (Micro-Raman 

spectrometer, Renishaw, UK) using a 514 nm laser. 

FT-IR (Fourier-transform Infrared Spectroscopy) 

GQDs and GOs powder was used to make a KBr pellet, and the spectra were 

measured by the FT-IR spectrometer (Nicolet 6700, Thermo Scientific, USA). 

XPS (X-ray Photoelectron Spectroscopy) 

The GQDs powder was coated on the Cu tape, and the binding energy was measured 

by XPS (AXIS-HSi, KRATOS, UK), and the spectra were deconvoluted using Casa 

XPS program (Casa Software Ltd., UK). 

AFM (Atomic Force Microscopy) 

GQDs solution was spin-coated on a silicon wafer and dried multiple times. The area 

of 10x10 µm2 was measured by AFM (Park Systems, Republic of Korea) through 

non-contact mode. 

Zeta Potential 

The pristine GQDs dispersed in DI water, pH2 and pH3 HCl solutions were prepred 

at the final concentration of 50 ug/ml. Each solution was filtered with a 0.20 µm 

syringe filter, and the zeta potential was measured by Zetasizer Nano ZS (Malvern 

Instruments Ltd, Malvern, UK). 

GQDs and GOs toxicity to bacteria 

GQDs and GOs concentration of 0.001, 0.01, and 0.1 mg/ml were treated to BL21 

and incubated at 37 oC for 6 hours. The bacteria were spread on an LB agar plate 

(Thermo Fisher Scientific, USA) and kept overnight and counted the number of 
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colonies. 

DSS-induced colitis and GQD administration 

For acute colitis, 6-week old C57BL/6 mice (Orientbio, Sungnam, Republic of Korea) 

received 3% (w/v) DSS in drinking water for 7 days. 300 µl of GQDs (1 mg/ml) 

were orally (4 times, once every 3 days) or intraperitoneally (single) administered to 

mice at indicated days (figure 2(a)). Body weights were monitored daily and the 

disease activity index (DAI) was measured by evaluation of body weight loss, 

activity, stool consistency, bleeding and hair condition at day 7 and 10. Mice were 

sacrificed for further ex vivo assessments. All animal studies were carried out in 

accordance with the approved guidelines of Seoul National University Institutional 

Animal Care and Use Committee (IACUC No. SNU-170523-4). 

Histological assessment 

Colon samples were fixed in 10% formalin for 24 hours and were processed into 

dehydration with ethanol, clearing with xylene and wax infiltration with paraffin. 

Paraffin-embedded blocks were cut into 5-μm sections and stained with hematoxylin 

and eosin (H&E) and picrosirius red (PSR). H&E stained colon sections were scored 

by symptomatic criteria including loss of goblet cells, hyperemia/edema, infiltration 

of immune cells, the presence of crypt abscesses and loss of epithelium. The area of 

fibrotic tissue was measured in PSR stained sections by picrosirius red and quantified 

using ImageJ software version 1.46r (US National Institutes of Health, USA). 

Immunohistochemistry 

To determine the toxicity on intestinal regeneration, upper intestinal part samples 

were obtained from mice a day after GQD oral administration. The samples were 

processed as described above and the paraffin slides were deparaffinized and then 

blocked with 5% normal goat serum solution. The sections were incubated with Ki67 

antibody (Abcam, Cambridge, MA, USA) for 12 hours. Then, the sections were 
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incubated with secondary antibody, Alexa Fluor 488 (Invitrogen) followed by DAPI 

staining. Images were captured using a confocal microscope (Eclipse TE200, Nikon, 

Japan). 

Cytokine secretion measurements 

IFN-γ, TNF-α, IL-6, MCP-1, IL-10 and IL-12 levels in cell culture supernatant and 

mouse serum were measured using a Cytometric Bead Array (CBA) kit for mouse 

inflammation (BD Biosciences, San Jose, CA, USA) according to manufacturer’s 

instruction. The CBA kit for Th1/Th2/Th17 (BD Bioscience) was used to evaluate 

cytokine secretion of the primary cells in vitro. The results were detected using flow 

cytometer. 

Isolation and culture of hMNCs 

Isolation of hMNC was conducted as previously described (68). Briefly, the blood 

samples were mixed with HetaSep solution (Stem cell Technologies, Vancouver, 

Canada) at a ratio of 5:1 and placed at room temperature for one hour. After the 

incubation, supernatant layer was collected and carefully layered upon Ficoll 

avoiding intermingling of the two phases. Mononuclear cells were acquired using 

density gradient centrifugation (2,500 rpm for 20mins). The acquired cells were 

washed twice in PBS and used for further experiments. All experimental procedures 

involving human umbilical cord blood or UCB-derived cells were carried out in 

accordance with the approved guidelines of the Boramae Hospital Institutional 

Review Board (IRB) and the Seoul National University IRB (IRB No.1707/001-008).  

Cell proliferation assay 

To assess the proliferation of the cells, the cell proliferation ELISA kit (Roche, 

Indianapolis, IN, USA) was used according to the manufacturer’s instructions. The 

cells were incubated with 100 μM of BrdU-labeling reagent for 2 hours at 37°C in a 

humidified atmosphere with 5% CO2. After 30 minutes of fixation with the FixDenat 
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solution, the cells were incubated in anti-BrdU antibody solution for 90 minutes and 

subsequently incubated in the provided substrate (tetramethyl-benzidine; TMB) 

solution for 5 to 30 minutes at room temperature. The level of cell proliferation was 

quantified by measuring the absorbance at wavelengths of 450 nm and 690 nm (as a 

reference). 

Isolation and Polarization of T cells 

Naïve CD4+ T cells were separated from freshly isolated hUCB-MNCs with the 

human Naïve CD4+ T cell isolation kit II (Miltenyi Biotec, Bergisch Gladbach, 

Germany) according to the manufacturer’s instruction. Naïve CD4+ T cells were 

cultured in RPMI1640 (Gibco BRL, Grand Island, NY, USA) supplemented with 10% 

of Fetal Bovine Serum (FBS), anti-CD3/28 bead activator and 20 ng/ml of IL-2, 

which were essential for the proliferation of the T cell subsets. To differentiate the 

cells toward T cell subtypes, type-specific cytokines were added to the growth media 

(20 ng/ml of IFN-γ and 20 ng/ml of IL-12 for type-1 helper T cells and 20 ng/ml of 

TGF-β1 for Treg cells) and cultured for 5 days at 37 °C in a humidified atmosphere 

with 5% CO2 in the presence/absence of GQDs. Polarized Th1 and Treg cells were 

verified with type-specific staining and flow cytometry. For Th1 cells, surface 

staining with CD4 antibody followed by intracellular staining for IFN-γ, CD4, CD25 

and FoxP3 antibodies was carried out for the Treg analysis. 

Isolation and Polarization of Macrophages 

Macrophages were separated from freshly isolated hUCB-MNCs with the human 

CD14+ monocyte-like cells isolation kit (Miltenyi Biotec, Bergisch Gladbach, 

Germany) according to the manufacturer’s instructions. CD14+ monocyte-like cells 

were cultured in RPMI1640 (Gibco BRL, Grand Island, NY, USA) supplemented 

with 10% Fetal Bovine Serum (FBS) and stabilized for 2 days with GM-CSF for M1. 

20 ng/ml of IFN-γ and 1 μg/ml of LPS were added to the growth media and cultured 

for 5 days at 37°C in a humidified atmosphere with 5% CO2 in the presence/absence 
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of GQDs.  

Flow cytometric analysis 

Cell surface molecules including CD3, CD4, CD8, CD14, CD25 and CD33 were 

stained in PBS with 0.5% BSA. Intracellular staining was performed after surface 

staining to detect FoxP. Data were collected with FACS Calibur (BD bioscience, San 

Jose, CA, USA) and results were analyzed with FlowJo software (FlowJo, LLC, 

Ashland, OR, USA). 

RNA isolation and Quantitative PCR 

Total RNAs were isolated with TRIzol (Invitrogen, Carlsbad, CA, USA) according 

to the manufacturer’s instructions. cDNAs were prepared with SuperScript III 

Reverse Transcriptase (Invitrogen). Quantitative PCR was performed on an ABI 

7300 detection system (Applied Biosystems, Foster City, USA) using SYBR Green 

PCR Master Mix. The measurement of each gene expression was repetitively 

conducted 3 times. Detailed sequence for primers were described in Table 3-1. 

[By Dr. B-.C. Lee, College of Veterinary Medicine, SNU] 

Table 3-1. Quantitative RT-PCR primers 

Phagocytosis assay 

Primary CD14+ monocyte/macrophage cells were isolated from hMNCs using 

human CD14+ monocyte-like cells isolation kit (Miltenyi Biotec, Bergisch Gladbach, 

Germany). The cells were stabilized in the presence of GM-CSF and subsequently 

polarized with M1 type-specific trophic factors, 20 ng/ml of IFN-γ and 1 μg/ml of 

LPS for 5 days. Then, the cells were incubated in the media containing red 

fluorescent microbeads, FluoroSpheres (Thermo Fisher scientific, USA) for 2 hours. 

Gene Species Forward Reverse

IRF5 human TGCGGACTGATGTGGAGATG CTGACCAGACCAGAGACAGC

CD86 human  AGGCAACAATGAGCAGACCA ACTATGGCTTGTTGGGTGGG

IL-12 human ACCGTAAGTGTCTGGAAGGC TCTGTCTGCTTCTCACAGGG

IL-23 human AAATCTACCACCCCAGGCAC AATCCTCCCCAAACTGTCCC 

GAPDH human AAGGACACTGAGCAAGAGAGG GTATTCAAGAGAGTAGGGAGGGC
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After the incubation, phagocytic activity was determined by flow cytometer or 

confocal microscopy.   

Immunofluorescence analysis 

Cells were fixed with 4% paraformaldehyde (PFA) in PBS for 15 minutes at room 

temperature, and then permeabilized with 0.25% Triton X-100 (Sigma) for 10 

minutes. The fixed cells were incubated with blocking solution (5% normal goat 

serum) for 1 hour at room temperature and incubated with primary antibodies 

overnight at 4°C. The cells were incubated with secondary antibodies labeled with 

Alexa Fluor 594 (Invitrogen). DAPI (Sigma) staining was conducted for 5 minutes 

for the nuclei.  

Statistical analysis 

The results are expressed as the mean ± SD. Statistical analyses were conducted 

using Student’s 3-tailed t-test or one-way ANOVA followed by the Bonferroni post-

hoc test for multi-group comparisons using GraphPad Prism version 8.0 (GraphPad 

Software, San Diego, CA, USA). Statistical significance is indicated in the figure 

legends. 
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Abstract in Korean 

 

초록 

그래핀 양자점 합성 및 분석과  

염증성 장질환에서의 적용 

 

서울대학교 대학원 

화학부 물리화학 전공 

김 주 희 

그래핀 기반 나노물질은 특성을 조절하기 쉽고 안정하기 때문에 광촉매, 

디스플레이, 에너지 저장 장치 등에 적용되었다. 그 중, 산화 그래핀과 

그래핀 양자점은 그 특성에 따라 높은 생체적합성과 낮은 독성을 갖는 

것으로 알려져 있다. 또한, 이러한 물질들은 매우 뛰어난 항산화 효과를 

띄기 때문에 주변의 활성산소 라디칼을 안정화할 수 있음으로 다양한 

염증성 질환에 적용되었다. 독성은 크기, 표면 전하, 투여 농도 등에 

따라 변하기 때문에 적합한 용도 맞도록 특성을 조절하는 것이 

필수적이다. 일부 그래핀 기반 나노물질은 빛을 조사했을 때 매우 높은 

강도의 형광을 방출하기 때문에 바이오 이미징 기법에도 적용이 

가능하며, 표면적이 넓기 때문에 약물 전달을 위한 매개체로 사용되기도 

한다. 최근에 그래핀 양자점은 발병성 단백질인 알파 시뉴클레인과 

물리적으로 상호작용하는 것이 밝혀졌는데, 이미 형성된 알파시뉴클레인 
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섬유를 분해하거나, 섬유화 과정 자체를 억제함으로써 파킨슨병의 

새로운 치료제로서의 가능성을 보였다. 이러한 그래핀 양자점의 질병에 

치료제로서의 적용 사례를 기반으로 이 논문은 두 가지 크기의 그래핀 

양자점의 합성과 분석법과 염증성 장 질환에 치료제로서 적용한 연구에 

관해 설명한다. 

1장은 두 가지 크기의 그래핀 양자점의 합성과 특성 분석에 

대한 설명으로 시작한다. 그래핀 양자점의 생물 의학적 적용에 집중하여, 

산화 그래핀과 그래핀 양자점의 항산화 및 항균 효과에 관해 설명하였다. 

그 후, 그래핀 양자점이 다양한 질환 모델에 적용된 사례를 소개하며, 

이번 연구의 질환 모델인 염증성 장 질환에 대한 설명도 포함하였다. 

그래핀 양자점의 생체적합성과 독성은 다양한 요인에 의해 변하기 

때문에, 물리 화학적 특성과 투여 경로에 따라 독성 정도가 다른 점을 

강조하였다. 

2장에서는 염증성 장 질환 중 하나인 궤양성 대장염에 크기가 

비교적 큰 그래핀 양자점을 치료 목적으로 적용한 연구에 대한 결과이다. 

본 연구는 서울대학교 수의과대학과 공동 연구를 통해 그래핀 기반 

나노물질이 면역계 질환에 어떠한 영향을 미치는지에 대해 밝혔다. 

그래핀 양자점을 Dextran Sodium Sulfate로 유도한 궤양성 대장염 

마우스 모델에 복강 주사로 투여하였다. 그래핀 양자점은 과한 

염증반응을 완화하고, 다양한 면역세포와의 상호작용을 통해 면역 

항상성을 복구할 수 있었다. 그래핀 양자점을 건강한 마우스에 투여했을 

때는, 뚜렷한 독성이 발견되지 않았으며, 소변을 통해 체외로 배출되는 

것을 확인하였다.  

 



71 

 3장에서는 작은 그래핀 양자점을 같은 궤양성 대장염 마우스 

모델에 경구로 투여하여 효능을 확인한 연구의 결과이다. 마찬가지로, 

그래핀 양자점은 다른 크기와 투여 경로에도 불구하고 독성을 확인할 수 

없었다. 그래핀 양자점을 경구로 전달하면서, 위산에 노출되기 때문에 

염산 용액에 그래핀 양자점을 분산시킨 후, 물질의 특성 변화를 

분석하였다. 결과적으로 두 가지 크기의 그래핀 양자점을 두 가지 

경로로 투여했을 때 모두 염증성 장 질환에서의 효능을 보여 새로운 

치료제로서의 가능성을 보였다.  

중심어: 그래핀, 그래핀 기반 나노 물질, 산화 그래핀, 그래핀 양자점, 

염증성 장 질환, 궤양성 대장염 

학번: 2018-26779 
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