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The increasingly worrisome impact of the Ebola virus has been headlining news in recent weeks. While 

virtually all contraction cases have been in the West Africa region, there is a huge potential threat of the virus 
spreading to other parts of the world. As such, the World Health Organization is working with many countries to 
establish common procedures and protocols to have a high level of preparedness.

Like Ebola, there are many issues in the modern world that require a collective international response. For 
example, the solutions for global concerns such as climate change, infectious disease, and way to secure 
sustainable food, water and energy resources will require extensive collaboration among many countries. 

KIST has long recognized the value of teamwork, and is advancing research 
activities which combine expertise in various fields from both national and 
international institutions. It is taking the lead in open research programs in which 
corporations, universities, and research institutes work together over issues of 
mutual concern. To date, open research programs have addressed issues such as 
early dementia, spread of green algae, and bird flu, and also addressed projects 
involving neuroscience and medical engineering. 

In this issue of KISToday, you can explore some of the work we 
are doing in areas of international importance ranging from methods 
for targeting drug delivery to the development of novel materials for 
enhancing energy storage capacity and stability. We would welcome any 
comments you have regarding this research or suggestions on ways 
we might collaborate on future projects of mutual interest and concern. 
Working together we have the best chance to make a real impact on 
the complex problems facing us all.

As KIST is preparing to tackle the next 50 years, all members 
at KIST promise to journey into the new 50 years with even more 
enthusiasm and hard work to open up the new future for the people 
and society.

Dr. Byung Gwon Lee 

President of KIST

Foreword
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 The application of nanoparticles in biomedical research is one of the 

most successful examples of nanotechnology in this century and has 

opened an entirely distinct field termed nanomedicine. Various kinds 

of nanoparticles have shown promising results in imaging and drug 

delivery for diagnostics and therapy [1]. They can provide improved 

pharmacokinetics and multifunctionality compared to traditional imaging 

agents or drugs because they are composed of such small molecules [2, 

3]. Of particular importance is the ability of nanoparticles to exhibit relatively 

high accumulation in angiogenic disease sites like tumors via the enhanced 

permeation and retention (EPR) effect [4]. Because the tumor-targeting ability 

of nanoparticles can be enhanced by optimizing their physical characteristics 

or by adding biological targeting moieties, researchers have focused on the 

physical properties of suitable nanoparticles, such as their size and surface 

properties, as well as specific biological molecules (e.g., peptides, antibodies 

or aptamers) to enhance the binding and uptake of nanoparticles to target 

cells [5]. However, despite the intense focus on such promising methods, the 

tumor-targeting ability of nanoparticles has remained limited and is still not 

meeting expectations for better imaging and therapy [6]. For example, the 

biological method using receptor-binding molecules has intrinsic limitations 

because the number of receptors on a tumor cell surface is limited, and 

thus, fewer nanoparticles can be bound to these cells [7]. Furthermore, the 

heterogeneity of tumor cells complicates the situation since these various 

subpopulations of tumor cells express different kinds and amounts of 
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receptors [8]. 

The use of click chemistry in conjunction with 

nanoparticles is showing considerable promise in getting 

around some of the problems associated with prior 

methods of using nanoparticles to target tumors. Click 

chemistry was initially named for the [3+2] azide-alkyne 

cycloaddition catalyzed by copper, but more recently, 

this term has been broadly used for chemical reactions 

that have high yield, orthogonality, and a good kinetic 

reaction rate [9, 10]. Because metal catalysts like copper 

have severe cytotoxicity, many chemists have tried to 

remove the copper catalyst during a reaction by using 

cyclic ring-strain. Several years ago these trials finally 

resulted in a method to successfully perform “copper-

free” click chemistry [11]. This copper-free click chemistry 

has enabled the study of bioorthogonal chemical 

reactions in vivo [12]. As a result, it has been broadly 

applied in biological or biomedical fields for the analysis 

of metabolic pathways, monitoring of zebrafish growth, 

three-dimensional assembly of cells, specific labeling 

of nucleotides or proteins, and surface-modification of 

nanoparticles [13-20]. 

In pr ior work, our team had shown that the 

biodistribution of nanoparticles after intravenous 

injection can be controlled by bioorthogonal copper-

free click chemistry in vivo [21]. We used a metabolic 

glycoengineering technique to generate azide groups 

for click chemistry. Metabolic glycoengineering uses the 

intrinsic glycan synthesis of cells to introduce unnatural 

glycans with specific chemical groups by feeding the 

precursors used as a building block [22]. Using this 

technique, we artificially introduced azide groups on the 

tumor cells that could then be used for click chemistry 

in vivo. Even though this research demonstrated that 

changing the pharmacokinetics of nanoparticles is 

feasible without biological binding molecules, this method 

was not ideal because it required an intratumoral injection 

to deliver the precursor molecules to generate azide 

groups for click chemistry; intratumoral pre-treatment is 

highly undesirable from a clinical point of view because 

it requires knowledge of the exact location of the tumor 

tissue, which may not be possible without surgery.

Given this background, we developed a two-

step tumor-targeting strategy for nanoparticles using 

intravenous injections without any biological binding 

molecules. This technique can increase the tumor-

targeting efficiency of nanoparticles via site-specific 

metabolic glycoengineering on tumor tissue and copper-

free click chemistry in vivo (Figure 1). First, tetraacetylated 

N-azidoacetyl-d-mannosamine (Ac4ManNAz), the 

precursor for azide group generation, is loaded into our 

glycol chitosan nanoparticle (CNP) with an amphiphilic 

structure via hydrophobic interactions. Then these 

Ac4ManNAz-loaded CNPs are intravenously injected into 

tumor-bearing mice. This first injection can result in site-

specific generation of azide groups on tumor tissue by 

tumor-targeted delivery of CNPs based on the EPR effect 

followed by site-specific metabolic glycoengineering. 

Second, bicyclo[6.1.0]nonyne (BCN)-modified CNPs are 

intravenously injected into the same mice again. Copper-

free click chemistry between BCN on CNPs and azide 

groups on tumor tissue can result in enhanced tumor-

targeting of BCN-CNP without any biological targeting 
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Figure 1.  Schematic illustration of the two-step in vivo tumor-targeting 
strategy for nanoparticles via metabolic glycoengineering and click 
chemistry.



and animal studies. For the second injection, BCN was 

conjugated to the amine groups of CNP via amide bond 

linkages (Figure 2C). BCN was selected for click chemistry 

in vivo because it has a fast reaction rate against azide 

groups and is relatively small and less hydrophobic than 

DBCO, the material used in our previous paper [28]. 

In addition, Ce6, a photosensitizer, was conjugated to 

the second CNP instead of 5β-cholanic acid groups for 

photodynamic therapy of tumors [29]. About 39 molecules 

of Ce6 and 37 molecules of BCN were conjugated to 

one glycol chitosan polymer, based on 1H-NMR and UV-

vis absorbance data after conjugation. The sizes and 

shapes of CNPs were not significantly changed after 

loading Ac4ManNAz into the first CNP and conjugation 

of BCN and Ce6 to the second CNP design (Figures 2D 

and 2E). Their diameters of around 300 nm are suitable 

for blood circulation and accumulation in tumor tissue by 

the EPR effect [30]. After laser irradiation of the second 

CNP conjugated with BCN and Ce6 (BCN-Ce6-CNP), 

singlet oxygen was successfully generated, as shown in 

moieties. When chlorine e6 (Ce6), a photosensitizer, is 

also conjugated onto the BCN-CNP, the enhanced tumor-

targeting can increase the efficacy of photodynamic 

therapy in vivo. Importantly, this strategy is significantly 

distinct from numerous traditional studies that simply 

conjugate biological molecules on nanoparticles and 

induce binding to intrinsic receptors on target cells. Our 

approach generates “receptor-like” chemical groups 

on the surface of target cells by nanoparticles alone to 

further enhance the targeting ability of drug-containing 

nanoparticles injected later by copper-free click chemistry. 

These chemical groups are more advantageous than 

biological receptors because their small size and physical 

properties allow them to be expressed on cell surfaces in 

large quantities, regardless of the kinds or subpopulations 

of tumor cells.

Synthesis and characterization of 
Ac4ManNAz-CNP and BCN-Ce6-
CNP

CNP was synthesized by conjugation of hydrophobic 

5β-cholanic acid groups to the hydrophilic glycol chitosan 

backbone (Figure 2A) [23]. This amphiphilic conjugate 

can self-assemble into spherical nanoparticles with a 

diameter of about 260 nm [24]. We used Ac4ManNAz as 

a precursor for azide group generation because it can 

act as a building block in cell metabolism to make sialic 

acid, which is the most abundant glycan on a tumor 

cell surface (Figure 2B) [25, 26]. Due to the hydrophobic 

character of Ac4ManNAz, it can be successfully loaded 

into our self-assembled CNPs based on hydrophobic 

interactions using a traditional dialysis method [27]. The 

feed amount of Ac4ManNAz was 20 wt% of CNP, and 

the loading efficiency of the precursor was 95.73% in the 

final Ac4ManNAz-loaded CNPs (Ac4ManNAz-CNP). The 

loading efficiency decreased to 88.26% when the feed 

was increased to 30 wt%, therefore a 20 wt% feed of 

Ac4ManNAz was maintained in the subsequent cellular 
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Figure 2.  Physical loading of Ac4ManNAz into glycol chitosan 
nanoparticle (CNP) and BCN modified second CNP containing Ce6. 
Chemical structures of (a) CNP, (b) Ac4ManNAz, and (c) BCN-Ce6-CNP. 
Sizes and shapes of (d) Ac4ManNAz-CNP and (e) BCN-Ce6-CNP.



CNP treatment groups (Figure 3A). These images show 

that Ac4ManNAz-CNP can generate azide groups on 

the cell surface similarly to free Ac4ManNAz treatment. 

Western blot analysis using phosphine-PEG3-biotin and 

streptavidin-HRP further demonstrated the generation of 

azide groups on the tumor cell surface after the treatment 

of free Ac4ManNAz or Ac4ManNAz-CNP (Figure 3B) 

[33]. Coomassie staining results showed that the total 

amount of proteins was similar in all groups of cell lysates. 

Interestingly, Ac4ManNAz-CNP enabled longer duration 

of azide groups compared to free Ac4ManNAz, which 

may be due to the sustained release of Ac4ManNAz from 

the CNP and into the cytosol (Figure 3C). We believe 

that this longer duration can be advantageous for further 

use of these azide groups. Next, we observed binding 

between the generated azide groups and BCN-Ce6-

CNP. As expected, large amounts of BCN-Ce6-CNP 

(labeled with FITC) can bind to tumor cells pre-treated 

with Ac4ManNAz-CNP (Figure 4A). The fluorescence 

intensity of these cells was similar with the tumor cells 

pre-treated with free Ac4ManNAz, and higher than the 

control cells with no pre-treatment (Figure 4B). These 

the study using p-nitroso-N,N'-dimethylaniline (RNO) as 

an indicator [31].

Azide group generation on the 
tumor cell surface and nanoparticle 
binding by click chemistry

To examine our strategy in vitro, we used A549 human 

lung cancer cells. First, azide group generation on the cell 

surface was evaluated by cellular imaging and western 

blot analysis. Free Ac4ManNAz or Ac4ManNAz-loaded 

CNP was treated to A549 tumor cells, and generated 

azide groups were determined by binding with DBCO-

sulforhodamine B (red fluorescence) [32]. In microscopic 

images, the generation of azide groups was successfully 

observed in both free Ac4ManNAz and Ac4ManNAz-
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Figure 3.  Azide group generation on cell surface after pre-treatment 
of Ac4ManNAz-CNP. (a) Visualization of azide groups on the surface of 
A549 tumor cells after treatment of Ac4ManNAz-CNP. (b) Coomassie 
staining and western blot analysis of cells treated with Ac4ManNAz-
CNP. (c) Time-dependent duration of azide groups generated by free 
Ac4ManNAz (top) and Ac4ManNAz-CNP (bottom).
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Figure 4.  Cellular binding and uptake of BCN-Ce6-CNP by copper-
free click chemistry. (a) Fluorescence images of cells treated with 
Ac4ManNAz-CNP first and BCN-Ce6-CNP second. (b) Flow cytometry 
analysis of (a). (c) Time-dependent cellular uptake of BCN-Ce6-CNP into 
cells pre-treated with Ac4ManNAz-CNP. (d) Viability of tumor cells treated 
with Ac4ManNAz-CNP and BCN-Ce6-CNP after laser irradiation.



Cy5.5 displayed high accumulation in tumor tissue after 

intravenous injection, like bare CNP or CNPs loaded 

with other chemical drugs referred to in our previous 

reports (Figure 5A) [17, 23]. In ex vivo analysis, tumor 

tissue exhibited the highest fluorescence intensity of 

Ac4ManNAz-CNP as compared to any other organ 

(Figures 5B and 5C). Generated azide groups on tumor 

tissue were determined by western blot analysis and 

histochemical staining. After intravenous injection of saline, 

free Ac4ManNAz, and Ac4ManNAz-CNP, the major organs 

and tumors were collected and analyzed. Compared to 

saline and free Ac4ManNAz, the tumor tissue from mice 

injected with Ac4ManNAz-CNP revealed a strong band 

in western blot analysis (Figure 5D). The image shows 

that a large number of azide groups were generated 

results demonstrate that azide groups can be generated 

on a tumor cell surface by Ac4ManNAz-CNP and can 

increase the binding of BCN-Ce6-CNP by copper-free 

click chemistry. 

For drug delivery and tumor therapy, drug-containing 

nanoparticles should move into the cells after being 

bound to the cellular membrane by click chemistry. 

Analysis of FITC fluorescence intensity demonstrated fast 

binding of BCN-Ce6-CNP to the cell membrane by click 

chemistry (Figure 4C). On the other hand, the intrinsic 

fluorescence of Ce6 was negligible initially and gradually 

increased as time went on. This increase in fluorescence 

is in accordance with the results from our previous 

paper reporting that CNP containing photosensitizers 

does not generate intrinsic fluorescence outside of 

cells due to the self-quenching effect, but can recover 

fluorescence after cellular uptake [29]. Therefore, these 

cumulative results indicate cellular uptake of BCN-Ce6-

CNP and the possibility of intracellular drug delivery with 

our strategy. After laser irradiation, the viability of A549 

tumor cells treated with Ac4ManNAz-CNP and BCN-Ce6-

CNP showed the fastest decrease over time among all 

groups, as measured by an MTT assay (Figure 4D). There 

was negligible cell death after BCN-Ce6-CNP treatment 

without laser irradiation, showing that the decreased 

viability originated from singlet oxygen generation. These 

results demonstrate that enhanced binding of drug-

loaded nanoparticles by our two-step strategy can result 

in more effective cell death.

Specific azide group generation 
on tumor tissue by intravenous 
injection of Ac4ManNAz-CNP

The most important step of our strategy is the site-

specific generation of azide groups on the tumor cell 

surface in vivo by tumor-targeted delivery of Ac4ManNAz-

CNP followed by metabolic glycoengineering. In A549 

tumor-bearing mice, Ac4ManNAz-CNP labeled with 
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Figure 5.  Intravenous injection of Ac4ManNAz-CNP and metabolic 
glycoengineering on tumor tissue in vivo. (a) Whole body images of mice 
after intravenous injection of Ac4ManNAz-CNPs (Cy5.5-labeled). (b) Ex 
vivo fluorescence images of major organs and tumors from each group 
72 hours post-injection of Ac4ManNAz-CNPs (c) Fluorescence intensities 
of major organs and tumor tissues from (b). (d) Western blot analysis of 
tumor tissues after intravenous injection of saline, free Ac4ManNAz, or 
Ac4ManNAz-CNP. (e) Western blot analysis of major organs and tumor 
tissue after intravenous injection of Ac4ManNAz-CNP. (f) Histological 
staining of tumor tissues from (d). (g) Histological staining of major 
organs and tumor tissue from (e).



This shows that more CNPs accumulated in the tumor 

region after azide generation. After 48 hours, the mice 

were sacrificed for ex vivo analysis of major organs 

and tumors. In ex vivo fluorescence images, the tumor 

tissue from mice pre-treated with Ac4ManNAz-CNP was 

significantly brighter than any other organ or tumor tissue 

after saline or free Ac4ManNAz pre-treatment (Figure 

6B). The fluorescence intensity of tumor tissue from mice 

pre-treated with Ac4ManNAz-CNP was also about two 

fold higher than groups pre-treated with saline or free 

Ac4ManNAz (Figures 6C and 6D). For precise analysis 

of this enhanced tumor-targeted delivery of the second 

CNPs, we made a mice model bearing two A549 tumors 

on the back and Ac4ManNAz-CNP was injected into 

these mice intravenously. Then we treated left tumors 

on tumor tissue by Ac4ManNAz-CNP and metabolic 

glycoengineering. Importantly, the band intensity of 

tumor tissue was higher than those of any other organ, 

demonstrating the advantage of using CNPs for tumor-

targeted delivery of Ac4ManNAz (Figure 5E). Otherwise, 

free Ac4ManNAz-injected mice showed strong bands in 

the liver and kidney, which are major excretion organs, 

over the tumor tissue. Immunohistological staining also 

showed extensive generation of azide groups in tumor 

tissue of the mice injected with Ac4ManNAz-CNP over 

the case of free Ac4ManNAz (Figure 5F). Compared to 

other organs, the dark brown spots were more intense 

in tumor tissue after injection of Ac4ManNAz-CNP 

(Figure 5G). These results demonstrate that metabolic 

glycoengineering can specifically occur on the tumor 

tissue after intravenous injection of Ac4ManNAz-CNP. 

A large number of azide groups can be successfully 

generated on tumor tissue in vivo.

Enhanced tumor-targeting of BCN-
Ce6-CNP by copper-free click 
chemistry in vivo

Encouraged by these results, we used these azide 

groups generated on tumor tissue for the tumor-targeted 

delivery of second CNPs by copper-free click chemistry. 

BCN-Ce6-CNPs were intravenously injected into 

tumor-bearing mice which were pre-treated with either 

saline, free Ac4ManNAz, or Ac4ManNAz-CNP. Then the 

biodistribution of BCN-Ce6-CNPs were analyzed by time-

dependent whole-body imaging and ex vivo fluorescence 

analysis [34]. Over time, the intense fluorescence signals 

of the second CNP emerged in tumor tissue of all groups 

compared to free Ce6, because CNPs have a tumor-

targeting ability based on the EPR effect (Figure 6A). 

The signal intensity in tumor tissue was about 1.8 fold 

higher in the mice pre-treated with Ac4ManNAz-CNP than 

the saline or free Ac4ManNAz pre-treated groups and 

more than 10 fold higher than with free Ce6 treatment. 
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Figure 6.  In vivo biodistribution of BCN-Ce6-CNP in tumor-bearing 
mice after pre-treatment of Ac4ManNAz-CNP. (a) Whole-body images 
of mice after intravenous injection of BCN-Ce6-CNP, pre-treated with 
Ac4ManNAz-CNP. (b) Ex vivo fluorescence images of major organs and 
tumors from each group 48 hours post-injection of BCN-Ce6- CNPs. 
(c) Fluorescence intensities of major organs and tumor tissues from (b). 
(d) Fluorescence images of tumor tissues after intravenous injection of 
BCN-Ce6-CNP to tumor-bearing mice pre-treated with saline (left panel) 
or Ac4ManNAz-CNPs (right panel). * indicates difference at the p < 0.01 
significance level.



In vivo photodynamic therapy by a 
two-step tumor-targeting strategy 
using Ac4ManNAz-CNP and BCN-
Ce6-CNP

Finally, we evaluated the therapeutic efficacy of our 

two-step strategy using the same A549 tumor-bearing 

mice. After laser irradiation, significant bleeding and 

black scab generation was observed in mice treated 

with Ac4ManNAz-CNP and BCN-Ce6-CNP. This is direct 

evidence of the destruction of tumor tissue by excessive 

by direct injection of tris(2-carboxyethyl)-phosphine 

(TCEP) for chemical quenching of azide groups [10]. 

After intravenous injection of BCN-Ce6-CNP, the time-

dependent fluorescence changes in the tumor site were 

significantly different between the left and right tumors 

(Figure 7A). As shown in both in vivo and ex vivo analysis, 

the accumulation of BCN-Ce6-CNP decreased by about 

half in the case of TCEP-injected left tumors (Figures 7B, 

7C, and 7D). This result signifies that chemical binding 

between BCN and azide groups caused the increased 

accumulation of BCN-Ce6-CNPs in the tumor tissue of 

mice pre-treated with Ac4ManNAz-CNP. Cumulatively, the 

results demonstrate that more BCN-Ce6-CNP can be 

delivered to tumor tissue after intravenous injection using 

copper-free click chemistry with azide groups which were 

generated by the first injection of Ac4ManNAz -CNP.

A

B

Figure 8.  In vivo photodynamic therapy with Ac4ManNAz-CNP and 
BCN-Ce6-CNP in tumor-bearing mice. (a) Tumor images of mice treated 
with free Ce6 or nanoparticles and irradiated with a laser. (b) Measured 
tumor growth for 21 days after photodynamic therapy. * indicates 
difference at the p < 0.01 significance level.
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Figure 7.  Biodistribution of BCN-Ce6-CNPs in mice bearing two 
tumors after intravenous injection of Ac4ManNAz-CNPs, with and 
without TCEP treatment. (a) Whole-body fluorescence images of mice 
after intravenous injection of BCN-modified CNPs (Cy5.5-labeled), pre-
treated with intravenous injection of Ac4ManNAz-CNPs, with (left tumor) 
and without (right tumor) TCEP treatment. (b) Fluorescence intensities of 
tumor tissues from (a). (c) Ex vivo fluorescence images of major organs 
and tumors from each group 24 hours post-injection of BCN-modified 
CNPs. (d) Fluorescence intensities of major organs and tumor tissues 
from (c). * indicates difference at the p < 0.01 significance level.



azide groups can enhance the tumor-targeting ability of 

a second intravenous injection of BCN-Ce6-CNPs by 

copper-free click chemistry in vivo. Therefore, a large 

amount of drugs can be delivered by the second round of 

drug-containing nanoparticles. The successful therapeutic 

results we obtained in vivo distinctly prove the advantage 

of this strategy. Importantly, this system uses no biological 

binding molecules, which are traditionally used to enhance 

the tumor-targeting ability of nanoparticles. Instead of 

biological molecules, receptor-like chemical groups can 

be generated by the nanoparticle itself, and copper-free 

click chemistry can enhance the tumor-targeting ability 

of the next nanoparticle injection. Furthermore, the whole 

procedure is composed of intravenous injections only, 

allowing it to be applied to tumor therapy even when the 

location of the tumor tissue is unknown. Therefore, our 

strategy significantly showed the usefulness of copper-

free click chemistry in nanoparticle delivery and may have 

great potential for further biomedical applications.

Note

This article and images are drawn from “Chemical 

tumor-targeting of nanoparticles based on metabolic 

glycoengineering and click chemistry” in ACS Nano 2014, 

vol. 8 (3), pp. 2048-2063.
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Introduction

Alzheimer’s disease (AD) is the most common cause of dementia and 

is characterized by a progressive decline of memory and other cognitive 

functions. The causes of memory impairment have been extensively 

investigated, and so far the proposed mechanisms underlying this 

impairment include neuronal death induced by -amyloid (A) oligomer 

toxicity, glutamate excitotoxicity, oxidative stress, synaptic dysfunction by 

A, and tau pathology. Whereas neuronal death has taken center stage in 

many previous studies, the possible role of glia in memory impairment has 

been generally overlooked. However, in the brains of subjects with AD, glia 

undergo prominent changes in morphology and gene expression. Astrocytes 

become reactive, particularly around amyloid plaques, as indicated by a 

hypertrophy of the main processes and increased glial fibrillary acidic protein 

(GFAP) expression. Moreover, astrocytes of Alzheimer’s model mice show 

an elevated intercellular Ca2+ level [1], which may potentially lead to an 

enhanced release of various gliotransmitters, such as glutamate, D-serine, 

ATP and GABA. Consequently, changes in gliotransmitter release are 

expected after reactive astrocytosis in AD, but to date, this research avenue 

has not been extensively explored. Among these gliotransmitters, GABA is 

the major inhibitory transmitter in the adult mammalian brain, and subjects 

with AD show elevated GABA levels in their cerebrospinal fluid [2], although 
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and made direct measurements of GABA release from 

single astrocytes using the sniffer-patch technique. Upon 

stimulation with TFLLR, which increases intracellular 

Ca2+ in astrocytes [4], we detected GABA release with a 

whole-cell patch-clamped sensor cell expressing GABAC 

receptors (Figures 2a, b). TFLLR-induced GABA release 

from astrocytes of APP/PS1 mice was higher and more 

frequently observed (Figure 2b) compared to that seen in 

astrocytes of wild-type littermates. Furthermore, TFLLR-

induced GABA release from astrocytes of APP/PS1 mice 

was completely blocked by pretreatment with natriuretic 

peptide B (NPPB), an anion channel blocker (Figure 2b), 

suggesting that GABA release from reactive astrocytes 

might be mediated by GABA-permeable, NPPB-sensitive 

Best1 channels [5].

GABA synthesis by Maob

GABA can be produced by the degradation of 

putrescine in the brain and in cultured astrocytes, as 

previously reported. Of the three enzymes known to 

be involved in the putrescine degradation pathway 

[6], Maob is the key enzyme, and its activity has been 

shown to have increased in the postmortem brains of 

subjects with AD. Maob is predominantly expressed in 

astrocytes in the hippocampus [7] and primarily found 

in the mitochondria of astrocytes [8]. We observed that 

reactive astrocytes of APP/PS1 mice showed an increase 

in Maob expression compared to wild-type astrocytes 

(Figure 3a). To determine whether Maob activity is 

enhanced in APP/PS1 mice, we performed a colorimetric 

assay for Maob (Figure 3b). We separated subregions of 

the hippocampus by cutting acutely isolated hippocampi 

and prepared a mitochondria-rich fraction from tissue 

the mechanism of GABA elevation is unknown. Therefore, 

we hypothesized that an abnormal increase in tonic GABA 

release from reactive astrocytes in the hippocampus may 

be directly responsible for the memory impairment in AD.

Results

Reactive astrocytes abnormally release GABA

Both in Alzheimer’s model mice and in the brains of 

subjects with AD, dentate gyrus (DG) is one of the first 

and most plaque-deposited areas. DG is also known as 

the principal gateway of cortical input to the hippocampus 

and is critical for the formation and recall of memory [3]. 

For this reason, we focused our efforts on DG, where we 

observed many reactive astrocytes before 12 months of 

age with no observed neuronal death in APP/PS1 mice, 

a widely used model of AD. We used immunostaining 

procedures with antibodies against GABA to determine 

whether there is an aberrant increase in astrocytic 

GABA content. We found that normal astrocytes in wild-

type mice showed minimal immunoreactivity for GABA, 

whereas reactive astrocytes in APP/PS1 mice were 

strongly immunoreactive (Figures 1a, b), along with a 

significant increase in immunoreactivity for Gfap (Figures 

1b, c). The intensity of neuronal GABA did not change 

significantly (Figures 1b, c). To confirm whether the GABA 

found in reactive astrocytes is able to be released, we 

acutely dissociated astrocytes from hippocampal slices 
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Figure 1.  Increased GABA immunoreactivity in reactive astrocytes.
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in dentate granule neurons, we performed whole-

cell current-clamp recordings and measured the spike 

probability of synaptically elicited excitatory post-synaptic 

potentials (EPSPs) upon electrical stimulation of perforant 

path fibers. Spike probability in APP/PS1 mice was 

markedly reduced compared to wild-type littermates 

at stimulation intensities above 100 A (Figures 4a, b), 

indicative of impaired synaptic probability. The maximum 

spike probability in APP/PS1 mice never reached a 

probability of 1, even at a stimulation intensity of 1,000 

A (Figure 4b), but instead plateaued at a probability of 

around 0.6. This impaired spike probability was almost 

fully restored by bath application of both the GABAA 

receptor antagonist bicuculline and the GABAB receptor 

antagonist CGP55845 (Figures 4c, d), suggesting that 

GABAergic inhibition is underlying the impaired spike 

probability in APP/PS1 mice. Furthermore, impaired spike 

probability in APP/PS1 mice was fully rescued after oral 

administration of selegiline for a week (Figures 4c, d). 

Consistently, gene silencing of Maob or Best1 by lentivirus 

carrying Maob shRNA or Best1 shRNA also resulted in 

full rescue of spike probability compared to the scrambled 

shRNA in APP/PS1 mice (Figures 4e, f). These findings 

demonstrate that GABA production and tonic release 

from reactive astrocytes impair spike probability at the 

perforant-path-to-dentate-granule-cell synapse and that a 

blockade of Maob or gene silencing of Best1 fully rescues 

the observed impairment.

homogenates (Figure 3b). In the DG samples, Maob 

activity was significantly elevated in APP/PS1 mice, 

whereas the Ammon’s horn (cornu ammonis, CA) region 

and whole hippocampus showed no significant difference 

(Figure 3c). We investigated the possible role of Maob in 

GABA production in reactive astrocytes with the use of a 

selective and irreversible inhibitor of Maob, selegiline. This 

inhibitor has been approved by the US Food and Drug 

Administration (FDA) and is prescribed to patients with 

Parkinson’s disease. We then tested whether inhibition 

of Maob has any effect on TFLLR-induced GABA release 

from acutely dissociated astrocytes detected by the 

sniffer-patch technique (Figure 2a). We found that a 2-h 

incubation of acutely dissociated astrocytes of APP/PS1 

mice with selegiline completely eliminated the TFLLR-

induced GABA release (Figures 3d, e). These results 

strongly suggest that the Maob-mediated putrescine 

degradation pathway is responsible for GABA production 

in reactive astrocytes.

Maob inhibitors fully rescue impaired spike 

probability

To determine the consequence of GABA from reactive 

astrocytes on synaptically elicited action potential firing 
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address this issue, we tested the effect of selegiline on 

spike probability of dentate granule neurons by varying 

the administration period. The spike probability was 

progressively and significantly decreased after a 2- and 

4-week administration period compared to a 1-week 

administration of selegiline in APP/PS1 mice (Figures 6a–

d). The short-lived action of selegiline is attributed to the 

irreversibility of its action. To test the idea of reversibility, 

we assessed the effect of prolonged administration of 

a reversible Maob inhibitor, safinamide. We found that a 

2-week administration of safinamide significantly rescued 

the spike probability at 200 A stimulation intensity in 

APP/PS1 mice, even to the untreated wild-type level, 

whereas a 2-week administration of selegiline started to 

show a wearing-off effect (Figures 6a–d). These results 

indicate that, unlike treatment with selegiline, prolonged 

treatment with a reversible inhibitor shows prolonged 

efficacy on spike probability.

Increased GABA and MAOB in AD

In order to assess the clinical importance of GABA 

production in reactive astrocytes, we obtained temporal 

cortex brain samples from 11 individuals with AD and 

11 human control subjects. Using the GABA-specific 

antibody, we saw an enhanced immunoreactivity for 

GABA throughout the temporal cortex in samples from 

Maob inhibitor restores synaptic plasticity and 

memory

We expected that the suppression of spike probability 

in DG would strongly influence synaptic plasticity and 

learning and memory-related behaviors. To address the 

role of tonic GABA release from reactive astrocytes in 

synaptic plasticity, we recorded eEPSCs from dentate 

granule neurons before and after a high-frequency 

stimulation protocol (200 Hz, 40 ms, eight times at 2-s 

interval) to induce long-term potentiation (LTP). We found 

that LTP was significantly impaired in APP/PS1 mice 

compared to wild-type littermates, but it was fully restored 

by oral administration of selegiline for a week (Figures 

5a, b). To address the role of tonic GABA release from 

reactive astrocytes in hippocampus-dependent learning 

and memory, we subjected mice to a passive avoidance 

paradigm in which they learned to avoid a dark chamber 

after exposure to an electrical foot shock, followed by a 

retention test on the next day. Learning and memory were 

impaired in APP/PS1 mice, as evidenced by a significant 

reduction in latency to enter the dark chamber (Figures 

5c, d). Oral administration of selegiline for a week mostly 

restored the learning and memory impairment of APP/

PS1 mice in the passive avoidance paradigm (Figures 

5c, d). However, selegiline is known to lose its efficacy 

when administered over long periods of time [9]. To 
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GABA acting as a gliotransmitter, working in concert with 

other pathological factors to influence neural networks in 

diseased brain [10]. Not only in AD but also in other brain 

diseases such as Parkinson’s disease, reactive astrocytes 

are commonly observed. Our study provides an insight 

into the role of glia-neuron interactions via GABA in 

understanding and treating brain diseases. As with GABA, 

the roles of other gliotransmitters, such as glutamate, 

D-serine, taurine, glycine and ATP, in AD and in other 

brain diseases, are awaiting further investigations, offering 

new challenges for future research.

individuals with AD, compared to control samples (Figure 

7a). We then measured mRNA expression levels of GFAP 

and MAOB by performing quantitative real-time PCR. 

The mRNA expression levels of both GFAP and MAOB 

(Figures 7b–d) were significantly higher in individuals with 

AD than in control subjects. Consistent with the mouse 

model, immunostaining showed a marked increase 

of GFAP, MAOB and GABA in reactive astrocytes in 

brain samples from individuals with AD (Figure 7e). We 

can thus conclude that reactive astrocytes showing an 

aberrant increase in MAOB and GABA are also present in 

individuals with AD.

Conclusion

We have investigated here the detailed molecular and 

cellular mechanisms of GABA synthesis and release in 

reactive astrocytes of AD model mice (Figure 8). To the 

best of our knowledge, our study provides insight into the 

causes of memory impairment in AD: reactive astrocytes 

are actively involved in glia-neuron interactions, with 
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Note

This article and images are drawn from “‘GABA from 

reactive astrocytes impairs memory in mouse models of 

Alzheimer’s disease” in Nature Medicine, Vol. 20, pp.886–

896.
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Summary

The term “epigenetics” was introduced over 70 years ago to explain 

biological events that are not easily described by genetic principles. Since 

then, epigenetics has evolved into a distinct field of science that investigates 

the connection between genotypes and phenotypes that don’t change 

the DNA sequence. In this context, epigenetics provides a very suitable 

explanation for unknown features and mechanisms underlying the control 

of gene activity that is regulated by other processes beyond DNA sequence 

mutation. Epigenetic modifications encompass an array of molecular 

modifications to both DNA and histone protein, including regulation of 

noncoding RNAs. A growing body of evidence suggests that epigenetic 

modifications constitute a basic molecular mechanism and contribute to 

the pathogenesis of brain disorders. Hence, understanding epigenetic 

mechanisms can provide salient insights in the search to find novel biological 

markers and therapeutic targets to treat brain disorders. 

Over the last decade, our lab has examined how histone modifications 

are linked to the pathogenesis of Huntington’s disease (HD) and other 

neurodegenerative diseases. Importantly, epigenetic modifications are highly 

reversible; therefore, the therapeutic targeting of epigenetic components 

offers considerable promise for the development of successful treatments 

for brain disorders. Accordingly, we investigated the therapeutic effects of 

small compounds on histone modifications in the treatment of HD. Another 
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issue we addressed was how “H3K9me3 histone 

code” contributes to neuronal dysfunction in HD. Using 

chromatin immunoprecipitation (ChIP)-sequencing 

and RNA-sequencing followed by platform integration 

analysis, we determined that H3K9me3-landscaped 

epigenomes associated with neuronal transmission and 

synaptic activity are down-regulated in HD. These data 

indicate that epigenetic mechanisms driven by aberrant 

heterochromatin condensation directly contribute to 

neuronal dysfunction in HD. These research findings in 

conjunction with continued research and development 

of therapeutic compounds and approaches for targeting 

valid epigenetic components, suggest that effective 

treatments for brain disorders are likely to be identified in 

the near future.

Introduction

The changes in proteins called histones, which bind 

to DNA and regulate gene expression, are suspected of 

involvement in brain disorders, yet little is known about 

how these changes occur. KIST’s Laboratory for Neuronal 

Gene Regulation and Epigenetics at the Center for 

Neuromedicine conducts studies on which enzymes and 

factors control histone modification and affect neuronal 

gene expression in the brain. This research is providing 

new information about how DNA and its associated 

proteins are organized in the nucleus of neurons and is 

expected to lead to the identification of novel biological 

markers for diagnosing the onset and progression of brain 

diseases. Such findings would allow us to develop new 

therapeutic approaches for use in preclinical and human 

trials with the ultimate objective of curing brain disorders. 

This article discusses some of the issues being examined 

at KIST and includes an overview of Huntington’s disease 

(HD), how nerve cell damage occurs in this fatal hereditary 

brain disease, which epigenetic changes (including 

histone modifications) are associated with HD, and what 

the possible therapeutic approaches might be for treating 

epigenetic problems in brain disorders.

What is Huntington’s disease?

HD is a progressive neurodegenerative disorder 

referred to as chorea or “dancing disorder” and is 

characterized by uncoordinated motor movement, 

emotional disturbance, and memory problems (dementia) 

[1, 2]. This brain disorder is inherited in an autosomal 

dominant manner and is more common in Western 

European countries than in Asia or Africa [3]. The initial 

manifestation of HD occurs in midlife and progressive 

decline after onset inevitably leads to death. This 

devastating brain disorder was initially reported by 

a physician named George Huntington in 1872 [4]. 

More than a century after its initial clinical description, 

we now know that HD is associated with numerous 

neuropathological changes [5, 6]. These changes 

include significant neuronal loss, astrogliosis, and gross 

degeneration of the caudate nucleus, the putamen, 

Epigenetic changesGenetic mutation

Neuronal damage & Neurodegeneration

III. RNA interference

I. DNA methylation

Transcriptional
dysfunction

mtHTT
aggregation

mtHTT
proteolysis

?
mtHTT protein

Mutant: > 38 CAG

huntingtin (HTT) gene

Chromosome 4

II. Histone
modification

non-coding RNA

post-transcripional
deregulation

miRNA

miRNA

Me
Me

Me

K4 methylation
ON

Acetylation

Methylation
OFF mRNA

WT:    < 35 CAG

p16.3(IT 15)

Figure 1.  Genetic and epigenetic changes are associated with 
the pathogenesis of HD. Genetic mutation of huntingtin (HTT) gene 
(previously known as interesting transcript 15 (IT15)) leads to epigenetic 
alterations in neurons. DNA methylation is changed in the promoter 
region of neuronal genes in HD (left panel). The post-translational 
modifications of histone and the structural changes of chromatin 
deregulate gene transcription in HD (right panel). The expression of 
neuronal genes is turned on (active) or off (silenced) depending upon the 
acetylation versus methylation status of histone. Changes of non-coding 
RNA (ncRNA) and microRNA (miRNA) activity affect gene expression 
at the transcriptional and post-transcriptional levels. Ultimately, both 
genetic and epigentic changes contibute to neuronal damage and loss 
in HD.

20 Bio / Medical   Feature Articles



normal HTT protein in the survival of neurons [17, 18]. 

Heterozygous HD expresses the normal HTT gene as well 

as the mutant allele. The role of mtHTT and its proteolytic 

fragments in pathologic protein-protein interactions 

and cellular pathway alteration is well understood. The 

influence of mtHTT protein results in the susceptibility 

of neurons to greater generic stresses, subsequently 

causing neuronal dysfunction and death. Unfortunately, 

even though HD has been extensively investigated, there 

is currently no applicable clinical treatment that can delay 

the onset and progression of this brain disorder.  

How has epigenetic failure been identified as a 

pathological mechanism of HD?

Dr. Conrad Hal Waddington first introduced the word 

“epigenetics” in an effort to describe biological events 

and the cortex [7-9]. Moreover, the earliest phase of HD 

exerts the greatest influence on medium-sized spiny 

neurons while intrinsic locally arborizing aspiny striatal 

interneurons are comparatively unaffected. This indicates 

that a particular neuronal vulnerability and topographic 

susceptibility is selectively patterned in the striatum [9-12].

In 1993, genetic investigation by the Huntington’s 

Disease Col laborat ive Research Group (HCRG) 

discovered that individuals with HD had mutations on 

“interesting transcript 15 (IT15),” which is located in 

human chromosome 4 [13]. This gene was genetically 

linked to HD and was given the name huntingtin (HTT). 

The mutation on the HTT gene was identified as a 

repeated expansion of CAG trinucleotide on the wild-

type HTT allele. In exon 1, this wild-type HTT allele 

ordinarily contains 15-35 CAG triplets, but in HD, mutant 

HTT allele contains more than 38 CAG triplets so that 

the N-terminus of mutant huntingtin (mtHTT) protein has 

greater than 38 polyglutamine (polyQ) repeats (Figure 1). It 

has been shown that HD patients with a higher number of 

CAG repeats experience onset of the disease at an earlier 

age, implying a critical inverse correlation between the 

length of CAG repeats and the age of HD onset.

How does neuronal damage occur in HD?

Several hypotheses of the pathologic mechanisms 

for the HTT gene have been suggested, but a direct 

mechanism to explain the path from genetic mutation 

to neuronal atrophy has not yet been found. Though 

the clear function of wild type huntingtin (HTT) protein 

is still not known, this cytoplasmic protein is present 

heterogeneously in neurons of the brain. It has been 

suggested that the mtHTT protein is negatively involved 

in transcription, autophagy, intracellular transport, signal 

transduction, and mitochondrial function (Figure 2) [2, 14, 

15]. In addition, mtHTT inhibits fast axonal transport and 

destabilizes microtubules within neurons [16]. This toxic 

mtHTT sets off the pathologic cascades of the disease 

via a gain of function. Similarly, deletion of the normal 

HTT gene is also lethal and indicates the significance of 
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Figure 2.  Mutant huntingtin (mtHTT) protein causes neuronal 
damages through several mechanisms. MtHTT aggregates 
translocate to the nucleus and produce nuclear inclusion body 
where they disrupt CBP-dependent transcriptional regulation and 
result in epigenetic alterations such as chromatin condensation and 
deregulation of neuronal gene expression. CBP, CREB (cyclic-AMP-
response element-binding protein) binding protein; Sp1, specificity 
protein 1. MtHTT aggregates negatively modulate energy metabolism in 
mitochondria. Neurotoxins such as malonate and 3-nitropropionic acid 
(3-NP) inhibit succinate dehydrogenase (SDH), which is part of complex 
II of the electron transport chain, lead to energetic failures, and cause 
HD symptoms. MtHTT aggregates also affect the autophagy pathway in 
neurons.
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chromatin landscaping. Chromatin landscaping involves 

highly active interactions between DNA and histone 

proteins within the nucleus (Figure 1, right panel) [24-

26]. As a basic unit of chromatin, nucleosome is made 

up of core histone proteins (H2A, H2B, H3, and H4) 

that organize into an octamer with tightly wound DNA 

(147 base pairs). The nucleosome can be in either a 

heterochromatin or euchromatin state. Heterochromatin 

is seen when the nucleosome is configured to a 

distinguishable compact histone/DNA conformation to 

cause gene silencing. Contrastingly, euchromatin is seen 

when the nucleosome is less densely packed and looser 

in structure to result in active gene transcription [27, 28]. A 

significant element of chromatin organization is reversibly 

governed by various post-translational modifications 

(PTMs), also called the “histone code,” which directly 

influences the chromatin structure’s plasticity [29, 30]. 

The amino (N)-terminal tails of core histones are strongly 

basic and consist of precise amino acid residues that are 

suitable as sites for various PTMs, such as acetylation, 

methylation, phosphorylation, and ubiquitination. These 

various types of PTMs dictate the histone code. For 

instance, acetylation of histone H3K9 residue configures 

euchromatin, and this stimulates transcription. However, 

hypermethylation of histone H3K9 residue corresponds 

to heterochromatin for the repression of transcription [21, 

22]. In addition, numerous enzymes catalyze PTMs of 

histone molecules, and these enzymes include histone 

acetyltransferase (HAT), histone deacetylase (HDAC), 

and histone methyltransferase (HMT). Through these 

chromatin-modifying enzymes, the pattern of histone 

modification is managed and sustained as the enzymes 

concert to add or remove modifications on histone tails 

in response to cellular signals. For a perspective on 

HD, histone modifications, including hypoacetylation 

and hypermethylation, have been analyzed by our 

group in cell line, animal, and human models with 

HD.  There is a correlation between hypo-acetylation 

of histone proteins and down-regulation of genes in 

HD. Moreover, therapeutically inhibiting HDAC activity 

that could not be explained by principles of genetics [19]. 

Today, epigenetics is regarded as an important field of 

science that integrates genotype and phenotype without 

DNA sequence change [20]. As such, epigenetics can be 

one of the most effective approaches in understanding 

the unknown components and mechanisms of processes 

other than DNA sequence mutation that modulate the 

temporal and spatial regulation of gene activity [21]. 

There is a wide range of epigenetic modifications which 

can include DNA methylation, histone modifications, 

and non-coding RNA (ncRNA) regulation (Figure 1) 

[22, 23]. Ordinarily, DNA methylation sites called CpG 

islands are present in the promoters of many genes. 

Because of these CpG islands, marked hypo- or hyper-

DNA methylation may potentially account for significant 

components of the molecular and pathogenic complexity 

of human genomes [23]. There is also a growing body 

of evidence that points toward epigenetic modification 

as being part of a fundamental molecular mechanism 

involved in HD pathogenesis [21]. Thus, the key to 

discovering biological markers and therapeutics for 

the treatment of HD may potentially be through the 

understanding of epigenetic mechanisms. This article 

provides a general summary of the current findings 

regarding epigenetic modifications of histone and 

chromatin landscaping, ncRNAs and microRNAs, and 

DNA methylation that are associated with the pathology 

of HD. Additionally, epigenetic components as therapeutic 

targets will be discussed for the potential treatment of HD. 

Epigenetic changes associated 
with the pathology of HD

Alterations of histone and chromatin structure 

found in HD

There are two main components that act in concert to 

regulate gene expression: (1) the binding of transcriptional 

activators and repressors and (2) the changing of 

chromatin structure regulated by histone modification and 
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synaptic CHRMs is pivotal for modulating the striatal 

activity (Figure 3). Accordingly, the net effect of MSNs 

is dependent upon the expression type and location of 

the muscarinic receptors [34]. Consequently, as CHRM1 

is a major muscarinic receptor transducing intracellular 

Ca2+ signaling, the reduced CHRM1 protein levels result 

in the deregulation of intracellular Ca2+ release from ER in 

response to Ach in HD striatal cells [34] (Figure 3).

Epigenetic components as therapeutic targets in 

HD

Genetic mutations are irreversible, but epigenetic 

modifications are reversible. In the context of therapeutics, 

this means that epigenetic components and modifications 

are potentially invaluable as drug targets. For instance, 

small compounds can dynamically regulate the structure 

of chromatin through the post-translational modification 

of histones and the condition of DNA methylation through 

the inhibition of DNA methyltransferase activity. Similarly, 

HTT allele mutation can potentially be repaired through the 

use of noncoding small RNAs. Thus, a key area of interest 

in HD-related research is the development of drug agents 

that can restore an abnormal epigenetic balance, and 

consequently, recover HD-related epigenetic deficiencies. 

Therapy by histone deacetylase (HDAC) inhibitors 

HDAC inhibitors  can either activate or suppress 

the transcription by making conformational changes 

of chromatin structure more relaxed in a gene context-

dependent manner [35]. Preclinical tests for HDAC 

inhibitors on numerous neurodegenerative conditions, 

such as animal models of HD, amyotrophic lateral 

sclerosis, and multiple sclerosis have been performed [31, 

36-43]. The first compounds identified in HD transgenic 

mice for the efficacy of HDAC inhibition and histone 

modification were suberoylanilide hydroxamic acid (SAHA) 

and sodium butyrate [38, 44]. Mice treated with SAHA 

or sodium butyrate showed improvement in memory 

formation. Polyglutamine is typically observed to decrease 

histone acetylation in cellular models of HD. HDAC 

recovers the histone acetylation levels and enhances the 

neuropathology and the motor symptom apparent in HD. 

Our group has found that the levels of ESET/

SETDB1, a histone H3K9-specific methyltransferase, 

and trimethylated histone H3K9 (H3K9me3) are elevated 

in striatal neurons of HD patients and HD transgenic 

animal models [31, 32]. These data indicate that altered 

levels of ESET and H3K9me3 are considered markers 

of the nucleosomal dysfunction in HD [33]. By extension 

from the finding on the alteration of ESET and H3K9me3 

levels, a recent study has confirmed a novel epigenetic 

pathway whereby H3K9me3-dependent heterochromatin 

condensation leads to transcriptional deregulation of 

acetylcholine receptor M1 (CHRM1) by occupying its 

promoter in HD striatal cells [34]. Because acetylcholine 

(Ach) plays a key role in the regulation of striatal output 

by influencing the activity of medium spiny neurons 

(MSNs), the interaction of Ach with pre- and post-
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Figure 3.  The increase of H3K9me3-dependent chromatin 
condensation by abnormal activity of histone methyltransferase 
leads to synaptic failure and striatal dysfunction in HD. ESET/
SETDB1 increases H3K9me3-mediated heterochromatin condensation 
and results in the repression of CHRM1 gene in medium spiny neurons 
(MSNs). Down-regulation of CHRM1 fails to respond to acetylcholine 
(Ach) from cholinergic interneurons and to transduce G-protein-coupled 
intracellular Ca2+-dependent signaling pathway, which affects the 
synaptic function of MSNs. Consequently, the deregulation of CHRM1-
dependent striatal synaptic function contributes to neuronal and striatal 
dysfunction in HD. 
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efficacy and could potentially be used as a therapeutic 

for individuals suffering from HD. Overall, whether HDAC 

inhibitors up-regulate survival genes that are inhibited 

in HD or suppress pro-death genes that are increased 

in HD, HDAC inhibitors show considerable promise 

in the improvement of HD phenotypes. Nevertheless, 

future investigations are still required to comprehend 

the mechanisms which HDAC inhibitors use to regulate 

neuronal activity. 

Therapy by DNA binding drugs

Anthracyclines are highly effective DNA intercalating 

agents and include mithramycin A and chromomycin A3. 

Mithramycin is extracted from Streptomyces argillaceous 

and chromomycin from Streptomyces griseus [56-59]. 

Anti-tumor features are exhibited in mithramycin and 

chromomycin A as they suppress cellular replication 

and transcription. In addition, these DNA-binding drugs 

are understood to selectively regulate expression/

transcription of genes by impeding transcription activators 

and repressors that bind to the gene promoter regions 

abundant in guanine-cytosine (G-C). The neuroprotective 

features of mithramycin and chromomycin are correlated 

with their capacity to prevent the binding of DNA 

transcription factors Sp1 and Sp3 to their cognate G-C 

box in a feedback from oxidative stress or DNA damage 

[60]. Intriguingly, mithramycin activity contributes to 

epigenetic compensation by decreasing the condensation 

of pericentromeric heterochromatin, and this improves the 

clinical and neuropathological phenotype and prolongs 

the survival of transgenic HD (R6/2) mice. The expression 

of SETDB1/ESET is repressed by mithramycin A, and this 

DNA-binding drug also normalizes H3K9me3 levels, which 

are elevated in R6/2 mice compared to the wild type [31, 

38]. These findings support the hypothesis that epigenetic 

modification plays a neuropathogenic role in a HD R6/2 

model and indicate that DNA-binding drugs function by 

moderately repairing disconcerted histone modifications. 

Correspondingly, chromomycin administration realigns the 

balance of acetylation and methylation of histone H3K9 in 

inhibitors have been found to decrease polyglutamine-

induced toxicity [45]. Additionally, HDAC inhibitors 

have been examined to enhance the phenotypes of 

transgenic Drosophila and mouse models of HD [39, 46-

50]. Currently, there are several HDAC inhibitors that are 

under development to act as therapeutics in the targeting 

of neurodegenerative diseases. Among several HDAC 

inhibitors, sodium butyrate is the most developed for 

clinical application and its bioavailability within the central 

nervous system is well recognized [51, 52]. Sodium 

butyrate itself has low toxicity, and both human and 

animal studies indicated appropriate tolerance for it. It 

also functions to regulate epigenetic histone modification, 

enhance motor movement and neuropathologic sequelae, 

and significantly prolong the survival of transgenic HD 

(R6/2) mice [50]. 

Phenylacetate is the metabolized form of phenylbutyrate 

that exhibits HDAC inhibitory functioning with a high 

degree of brain bioavailability [53]. Phenylbutyrate is 

already approved by the Food and Drug Administration, 

and the prevalence of pharmacokinetic, toxicity, and 

available dosing information makes it a suitable compound 

for clinical testing in HD. Phenylbutyrate is also able to 

reconfigure chromatin structures and improve the motor 

deficiencies and neuropathological phenotype present 

in HD mice [39]. Having considered the benefit of HDAC 

inhibitors in the overall HD phenotype (neuropathology 

and mortality) for animal models, HDAC inhibitors have 

been introduced in the clinical testing of individuals with 

HD. To identify the safety and tolerability of phenylbutyrate 

in HD patients, a multicenter, double blind, and placebo-

controlled study consisting of open-label follow-up has 

been performed [54, 55].

In HD transgenic (R6/2) mice, a pimelic diphenylamide 

HDAC inhibitor 4b (HDACi 4b) ameliorated HD phenotype 

and transcriptional abnormality. Furthermore, HDACi 

4b administration recovered histone H3 acetylation and 

repaired levels of mRNA expression in HD mice [48]. 

Studies involving HDACi 4b demonstrated that this 

specific inhibitor has beneficial biological activity and 
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and one wild-type HTT allele in the HTT locus, a major 

question in gene therapy is how to nullify only the mutant 

allele without affecting the expression of the wild-type 

allele (Figure 4). Accordingly, the development of nucleic 

acid therapy by non-coding small RNAs is necessary 

and the most ideal approach to mutant HTT gene-

selective silencing [62, 63].  It has been proven that RNA 

interference using AAV-shRNA improves motor function 

deficit and neuropathological phenotypes in a transgenic 

(N171-82Q) mouse model of HD [64]. Most RNA 

interference studies using adenovirus-shRNA, lentivirus-

shRNA, AAV-miRNA, cholesterol-conjugated siRNA 

(siRNA-Cholesterol) have shown the reduction of mtHTT 

aggregates, the improvement of motor behavior and 

neuropathological sequelae [65-71]. On the other hand, 

antisense nucleotides and siRNAs with central mismatch 

have been applied. Most recently, single-stranded 

siRNAs (ss-siRNAs) have shown a 100-fold more potent 

effect than unmodified RNA on the inhibition of mtHTT 

expression [72]. Interestingly, chemically modified 

mismatched bases in ss-siRNAs mimic miRNA targeting 

and optimally distinguish mutant HTT from wild-type HTT 

alleles. Intraventricular infusion of ss-siRNA selectively 

nullifies the expression of mutant HTT allele in an animal 

model of HD [126]. This study suggests that strategically 

designed ss-siRNAs play a role through Argounate (Ago) 

and RNA-induced silencing complex (RISC)-dependent 

pathway and may be applicable to allele-specific drugs for 

HD clinical trials.

Conclusions 

Abnormality in epigenetic components and modifica-

tions are closely associated with HD pathogenesis. The 

several pathological mechanisms evident in HD are 

due to alterations of biogenesis of miRNA biogenesis, 

histone methylation/acetylation, and DNA methylation. 

These could be important therapeutic targets in the 

treatment of HD. In this context, targeting mutant HTT 

the direction of higher acetylation in R6/2 and N171-82Q 

mice [33]. In consequence of this, chromomycin generates 

transcriptionally active packaging and ameliorates HD-

associated deficiencies and HD phenotype. Though 

mithramycin and chromomycin are anticancer drugs, they 

have not been extensively therapeutically applied due to 

their dose-related toxicity in humans. Thus, it is imperative 

to continue the efforts to develop safer DNA-binding 

drugs that may eventually be beneficial to individuals with 

HD.     

Therapy by RNA interference and non-coding 

small RNAs

Because HD is caused by a mutation at exon1 of the 

HTT gene, gene therapy for eliminating the expression 

of lethal gene (mutant HTT) using non-coding RNAs has 

been proposed and actively investigated over the last 

few years [61]. In general, wild-type htt protein functions 

as a survival factor that is indispensable for neuronal 

function, whereas mutant htt protein presents cytotoxic 

effects to neurons. Considering the fact that most HD 

patients possess one heterozygous mutant HTT allele 
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Figure 4.  Therapy by non-coding RNAs (miRNA, shRNA, and ss-
siRNA). The therapeutic strategy by non-coding small RNAs is the most 
ideal approach to mutant HTT gene-selective silencing without affecting 
the expression of wild-type (WT) HTT allele. miRNAs, ss-siRNAs, and 
shRNAs can target either the coding sequence (CDS) or 3-UTR region 
of mutant HTT mRNAs. As a result, they induce mRNA degradation 
through Argounate (Ago) and RNA-induced silencing complex and nullify 
the cytotoxic effect of mutant HTT protein. 

25Vol. 7  No. 2  November 2014KISTodayFeature Articles



[7] Vonsattel JP, Myers RH, Stevens TJ, et al. J Neuropath Exp 

Neurol. 1985; 44: 559-577.

[8] Kowall NW, Ferrante RJ. In: W.R. Markesbery (Ed.), Neuro-

pathology of Dementing Disorders. Oxford University Press, 

New York, 1998: pp 219-256. 

[9] Hersch SM, Rosas HD, Ferrante RJ. in W. Koller (Ed.), 

Neurologic principles and practice. Mcgraw-Hill, New York, 

2004: pp 503-526. 

[10] Ferrante RJ, Kowall NW, Beal MF, et al. Science 1985; 230: 

561-563.

[11] Graveland GA, Williams RS, DiFiglia M. Science 1985; 227: 

770-773.

[12] Kowall NW, Ferrante RJ, Martin JB. TINS. 1987; 10: 24-29.

[13] Huntington’s Disease Collaborative Research Group. Cell 

1993; 72: 971-983.

[14] Beal MF, Ferrante RJ. Nat Rev Neurosci. 2004; 5: 373–384.

[15] Ryu H, Rosas HD, Hersch SM, Ferrante RJ. Pharmacol 

Ther. 2005; 108: 193-207.

[16] Trushina E, Dyer RB, Badger JD, et al. Mol Cell Biol. 2004; 

24: 8195–8209.

[17] Cattaneo E. News Physiol Sci. 2003;18: 34–37.

[18] Zhang Y, Li M, Drozda M, et al. J Neurochem. 2003; 87: 

102–106.

[19] Waddington CH. Endeavour. 1942; 1: 18.

[20] Goldberg AD, Allis CD, Bernstein E. Cell 2007; 128: 635-

638.

[21] Lee J, Hwang YJ, Kim KY, Kowall NW and Ryu H. Neuro-

therapeutics 2013; 10: 664-676.

[22] Sadri-Vakili G, Cha JH. Nat Clin Pract Neurol. 2006; 2: 330-

333.

[23] Bird AP. Nature 1986; 321: 209-213.
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allele through non-coding small RNA-based therapy 

could potentially be a beneficial therapeutic strategy. 

However, the application of non-coding small RNA-based 

treatment requires the development of precise targeting 

of mutant HTT allele, efficacy, and region-specific delivery. 

It is important to recognize that the consideration of 

epigenetic modifications as a basic element of HD 

pathogenesis still requires clarification. Additionally, it will 

be vital to understand whether the correlation between 

the disease severity of HD patients and the length of CAG 

triplet repeat is aligned with the severity of epigenetic 

dysfunctions. Extensive mechanistic investigations are 

needed to identify how epigenetic modifications are 

significantly involved in the onset and progression of HD. 

Accordingly, persistent research involving epigenetic 

mechanisms will help in identifying novel biomarkers and 

therapeutic approaches that will be effective in treating 

HD and other brain disorders.  

Note

This article and images are drawn from “Epigenetic 

mechanisms of neurodegeneration in Huntington’s 

disease” in Neurotherapeutics, Vol 10, pp 96-102.
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Abstract

Crystalline Mg-based alloys with a distinct reduction in hydrogen evolution 

were prepared through both electrochemical and microstructural engineering 

of the constituent phases. The addition of Zn to Mg-Ca alloy modified 

the corrosion potentials of two constituent phases (Mg + Mg2Ca), which 

prevented the formation of a galvanic circuit and achieved a comparable 

corrosion rate to high purity Mg. Furthermore, effective grain refinement 

induced by the extrusion allowed the achievement of a much lower 

corrosion rate than that of high purity Mg. Animal studies confirmed the large 

reduction in hydrogen evolution and revealed good tissue compatibility with 

increased bone deposition around the newly developed Mg alloy implants. 

The medically acceptable corrosion rate and high strength of these Mg-Ca-

Zn alloys indicate their significant potential for use in a new generation of 

biodegradable implants.

Introduction

Owing to their high strength, ductility, and good corrosion resistance, 

metallic materials such as stainless steels, titanium alloys, and cobalt-based 

alloys represent an important class of materials in hard tissue replacement. 

These materials are used as load-bearing implants for the repair or 
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replacement of diseased or damaged tissues. These 

metallic materials are essentially neutral in vivo and remain 

inside the body after implantation as permanent fixtures, 

which must be removed by a second surgical procedure 

after the tissue heals sufficiently [1]. However, additional 

surgery increases costs to the health care system and 

causes additional stress to the patient. 

To eliminate the need for additional surgery, a new 

avenue of research in metallic implants is focusing on 

biodegradable implants that can dissolve in the biological 

environment after a certain length of functional use. When 

applied as a biodegradable implant material, magnesium 

provides both biocompatibility and suitable mechanical 

properties. However, some challenges prevent the 

practical use of biodegradable magnesium alloys. For 

example, commercial pure magnesium and magnesium 

alloys can corrode too quickly at physiological pH (7.4–7.6) 

and under the high chloride conditions of the physiological 

environment [2]. Rapid corrosion leads to the production 

of hydrogen gas in the corrosion process at a rate that 

is too fast for the host tissue to handle. Furthermore, 

such corrosion causes loosening of the mechanical 

integrity before the tissue can sufficiently heal [3, 4]. A 

much higher inherent strength of any developed alloys 

is thus required in order to slow deterioration during the 

corrosion/degradation process. With this issue in mind, 

we investigated crystalline Mg-based alloys with a distinct 

reduction in hydrogen evolution which were prepared 

through both electrochemical and microstructural 

engineering of the constituent phases.

Investigation results 

As shown in Figure 1a, a hydrogen-evolution test 

revealed that increasing the Zn content generated a 

significant change in behavior. Specifically, Mg-5wt%Ca 

and Mg-5wt%Ca-0.5wt%Zn alloys featured strong gas 

evolution during degradation in Hank’s solution, whereas 

increasing the Zn content to more than 1 wt% induced a 

remarkable reduction in the amount of hydrogen evolved, 

with the best corrosion resistance being observed at 

1.5–3 wt%. Figures 1b–f show the scanning electron 

microscopy (SEM) images of Mg-5wt%Ca-xwt%Zn alloy 
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Figure 1.  Corrosion and corrosion microstructure measurements of crystalline Mg-Ca-Zn alloys. (a) Hydrogen-evolution measurements showing a 
distinct drop in response to the addition of Zn and by mechanical extrusion. (b–f) SEM images of Mg-5 wt%Ca-xwt%Zn alloy samples (x = 0, 0.5, 1.0, 1.5, 
3.0) after the immersion test in Hank’s solution. (g, h) SEM images of extruded Mg-5 wt%Ca-xwt%Zn alloy samples (x = 0.5, 1.0) after the immersion 
test in Hank’s solution.
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The microstructures of as-cast Mg-Ca-Zn alloys with 

more than 1 wt% Zn did not differ greatly from that of 

the alloy with 0.5 wt% Zn, except for the white contrast 

phases connected by the Mg2Ca phases. X-ray diffraction 

analysis and wavelength dispersive spectroscopy (WDS) 

map analysis revealed that the white contrast phase 

was Mg6Ca2Zn3 intermetallic compound. The volume 

fraction of this intermetallic compound increased as 

the Zn content increased. However, the corroded SEM 

images (Figures 1d, e, f) demonstrated that, rather than 

the Mg6Ca2Zn3 intermetallic compound blocking the 

corrosion, the Mg2Ca phase with dissolved Zn was not 

corrosive. As shown in Figure 1a, the effect of extrusion 

on the corrosion rate was significant. The corrosion rate 

of extruded Mg-5wt%Ca-1wt%Zn alloy was much lower 

than that of high purity Mg, which was also confirmed 

by weight loss measurements. Figures 1g, h show the 

corroded microstructures of the extruded Mg-5wt%Ca-

0.5wt%Zn and Mg-5wt%Ca-1wt%Zn alloys after being 

subjected to the immersion test for 299 hours and 408 

hours, respectively. Despite these long immersion times, 

a flat corrosion surface persisted after a slight initial 

corrosion. There are various studies reporting that the 

corrosion rate of the Mg decreases with decreasing grain 

size [5]. The average grain size of the pure Mg was refined 

to ~25 m by the extrusion whereas that of Mg-5wt%Ca-

1wt%Zn alloy was reduced to ~10 m. Effective grain 

refinement of the ternary alloy was induced by the particle 

pinning effect of the second phase and caused a larger 

drop of its corrosion rate compared to high purity Mg. 

Figure 2 shows the SEM and the corresponding 

WDS images taken to investigate the distribution of 

the dissolved Zn. Non-uniform distribution of Zn was 

observed in the Mg ternary alloys with ≥ 0.5 wt% Zn 

(Figures 2b, c, d), which indicates that the dissolved 

Zn content is out of and within the solubility limit in the 

primary Mg and Mg2Ca, respectively. In the SEM images 

shown in Figures 2b, c, d, dark gray indicates primary 

Mg and white reflects Mg2Ca phase. Figure 2e shows the 

relationship between the biodegradation rate of the Mg-

samples (x = 0, 0.5, 1, 1.5, 3) after an immersion test in 

Hank’s solution. As shown in Figure 1a, severe corrosion 

of the Mg-5wt%Ca alloy occurred immediately upon 

immersion into Hank’s solution. The microstructure of the 

Mg-5wt%Ca binary alloy is composed of a primary Mg 

phase and an eutectic phase, which is a lamella structure 

composed of Mg and Mg2Ca phases. A galvanic circuit 

forms when the alloy is immersed into Hank’s solution 

owing to differences in the electro-chemical potentials 

of the Mg and Mg2Ca phases. This galvanic circuit 

leads to swift and selective corrosion of the Mg2Ca 

phase. The corroded microstructure shown in Figure 1b 

demonstrates this corrosion mechanism. This type of 

non-uniform corrosion can result in disintegration of the 

alloy or deterioration of its mechanical strength during 

the corrosion period. As shown in Figure 1c, the selective 

corrosion of the Mg2Ca phase caused by formation of 

the galvanic circuit was remarkably suppressed by the 

addition of a small amount of Zn. The addition of 0.5 wt% 

Zn modified the microstructure significantly. Specifically, 

the microstructure composed of primary Mg and eutectic 

phases changed to a mixture of primary Mg and Mg2Ca 

(not lamella structure) with dissolved Zn. Mg2Ca phases 

were disconnected at some places, whereas all eutectic 

structures in the Mg-Ca binary alloy were connected. 

Owing to the disconnected Mg2Ca distribution and 

dissolved Zn, the selective corrosion of the Mg2Ca phase 

was remarkably reduced. When the Zn content increased 

to more than 0.5 wt% (see Figures 1 d, e, f), almost no 

corrosion occurred during the ~300 hours immersion test 

and the corrosion rates were comparable or lower than 

that of high purity Mg. This is the first reported observation 

of multi-phase Mg alloy with comparable corrosion 

resistance to that of high purity Mg. It is interesting to 

note that the Mg-Ca-Zn alloys did not experience pitting 

corrosion, which is a typical corrosion mode of Mg 

alloys. Rather, uniform and flat corrosion was observed, 

which implies that the alloys are free from the abrupt 

disintegration of the alloys and deterioration of mechanical 

strength during the corrosion/degradation process. 
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pure Mg, which prevented selective corrosion along the 

Mg2Ca and induced the uniform corrosion seen in Figures 

1d, e, f. 

The change in the work function of Mg2Ca with Zn 

contents was investigated by using the first principle 

calculation to qualitatively understand the OCP increase 

of Mg2Ca with Zn contents. It has been reported that 

the corrosion potentials of metals are proportional to 

their work functions [6] though they are a mixed potential 

and a function of various factors such as chemicals in 

Hank’s solution, complexes of positive ions and so on. 

Figure 2g shows the variation of the work function with 

Zn contents for the (0001) surface of Mg2Ca with lowest 

surface energy. The inset shows the atomic configuration 

Ca-Zn alloys and the Zn concentration inside the Mg2Ca 

phase obtained from WDS analysis. Obvious inverse 

proportionality was observed, which implies that the 

addition of Zn to Mg2Ca prevents non-uniform corrosion 

by the formation of the galvanic circuit, that is, the addition 

of Zn to Mg2Ca increases the corrosion potential of the 

Mg2Ca phase. This is also supported by measurements 

of the open-circuit potential (OCP) of the immersed 

alloys. As shown in Figure 2f, the pure Mg is nobler (OCP 

versus standard hydrogen electrode (SHE) ≈ -1.58 V) than 

Mg2Ca (OCP versus SHE ≈ -1.87 V), which demonstrates 

the non-uniform and rapid corrosion along Mg2Ca by the 

formation of the galvanic circuit. However, the addition of 

Zn to Mg2Ca pushed the OCP of Mg2Ca up to that of the 
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Figure 2.  (a–d) SEM and the corresponding WDS images showing the distribution of dissolved Zn in Mg-5 wt%Ca-xwt%Zn alloys (x = 0, 0.5, 1.0, and 
1.5 from the left). (e) Relationship between the biodegradation rate of Mg-Ca-Zn alloys and the Zn concentration inside Mg2Ca obtained from WDS 
analysis. (f) Measurement of the open-circuit potential (OCP) of the immersed Mg2Ca alloys with various Zn concentrations. (g) Variation of the work 
function with Zn contents in the (0001) surface of Mg2Ca (Inset: atomic configuration of the (0001) surface where red spheres represent Mg atoms and 
gold spheres represent Ca atoms).
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micro-computed tomographic reconstruction image of 

the same specimen displayed similar characteristics. 

Superb direct bone deposition and new bone formation 

around the partly absorbed Mg-5wt%Ca-1wt%Zn alloy 

bone screw was observed after 24 weeks of implantation 

as shown in Figure 3c. There was no adverse effect 

from the implant material and controlled slow corrosion 

rate of the alloy allowed the developed bone screw to 

remain in the implantation site while promoting direct new 

bone deposition and growth. Given these results, a new 

orthopedic implant made out of extruded Mg-5wt%Ca-

1wt%Zn alloy can be slowly absorbed by its physiological 

surroundings while maintaining its mechanical integrity 

over the implantation period until being completely 

replaced with new bone. 

Conclusion

We identified a biodegradable Mg implant material 

that can reduce or control hydrogen evolution remarkably 

during in vitro and in vivo degradation. This effect was 

achieved by both microstructural and electrochemical 

tailoring; specifically, via a modified microstructure 

produced by mechanical extrusion and an increase 

of the (0001) surface. The work function of Mg2Ca in the 

most stable (0001) surface was 3.16 eV, which is lower 

than that of pure Mg, say, 3.7 eV. This is consistent with 

OCP measurement where pure Mg has higher OCP than 

Mg2Ca. The results also imply that the Zn atoms on the 

Mg2Ca surface induce the increase of its work function, 

which is consistent with the OCP increase of Mg2Ca with 

Zn concentration.

The results from a series of extensive animal model 

studies has demonstrated considerable potential of this 

newly developed Mg-5wt%Ca-1wt%Zn extruded alloy 

for use in next-generation biodegradable orthopedic 

material. Histologic analysis (Figure 3a) of an extruded 

Mg-5wt%Ca-1wt%Zn alloy bone screw implanted on 

the femoral condyle of a New Zealand white rabbit 

for 24 weeks demonstrated new bone formation and 

bone remodeling without notable bubble formation and 

foreign body response around the implanted sample. An 

abundance of new bone depositions around the degraded 

bone screw was observed and a magnified image (Figure 

3b) of the implantation site clearly displays active bone 

remodeling around the degraded implant sample. Further 

histomorphometric analysis of the slide confirmed a 

slight increase in the percentage of new bone over time, 

while the percentage of residual implants decreased. A 

a b1mm

1.3 X a b

Figure 3.  (Left) Histological analysis of extruded Mg alloy bone screw in femoral condyle of a New Zealand white rabbit using Toludine blue staining at 
24 weeks after operation. (a) 3 x magnification. (b) 10 x magnification. (Right) Micro-computed tomographic image of extruded Mg alloy bone screw in 
femoral condyle at 24 weeks after operation. 

c
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in OCP of Mg2Ca induced by dissolved Zn. The large 

reduction in hydrogen evolution to levels comparable to 

those of previously reported glassy Mg alloys represents 

a significant step toward the use of Mg in biodegradable 

implants. Subsequent tissue healing seen in conjunction 

with these alloys and their good mechanical properties 

indicate that the extruded Mg-5wt%Ca-xwt%Zn (1 ≤ 

x ≤ 3) alloys we investigated are ideal candidates for 

biodegradable implant applications.

Note

T h i s  a r t i c l e  a n d  i m a g e s  a re  d r a w n  f r o m 

“Biodegradability engineering of biodegradable Mg alloys: 

Tailoring the electrochemical properties and microstructure 

of constituent phases” in Scientific Reports 2013 Vol. 3, p. 

2367.
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Introduction

Three-dimensional (3D) printing technology, also called additive 

manufacturing (AM), has come under the spotlight because of its many 

potential uses in areas ranging from personal tools to space equipment. 

Even though 3D printing technology has only recently emerged as a hot 

topic, its history can be traced back to 1983 when the first 3D printer was 

created by Charles W. Hull, co-founder of 3D Systems. Since then, wide-

ranging applications and markets for 3D printers have been continuously 

developed. 

Conventional manufacturing methods specialize in mass production using 

large quantities of materials and multiple processes. As a result, achieving a 

final product requires considerable time and labor; moreover, complicated 

design shapes may be difficult to produce. In contrast, 3D printing is more 

adaptable in today’s turbulent markets where standard mass production may 

not be able to keep up with rapidly changing trends. The most important 

advantages of 3D printing technology are: (1) a simple production process; 

(2) the ability to quickly make new products or simple modifications to 

existing products; (3) the ability to create sophisticated and custom-made 

devices or objects; and (4) the reduction of manufacturing time and material 

loss. As convergence technology advances, 3D printing that goes beyond 

a simple production process is now being used to develop a diverse range 

of everyday products, such as sports equipment, architectural materials, 
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food packaging, and jewelry, as well as products in the 

high tech fields of aerospace, dental and medical devices 

development, automobile devices, military support, etc. 

It is expected that the expansion of markets for 

products based on 3D printing technology will enable 

various manufacturing industries to realize high annual 

growth. Many countries recognize the importance of 

3D printing in bringing about economic innovation. For 

example, in 2012 President Barack Obama announced 

that 3D printing could be a way to revive American 

manufacturing and create new jobs. The United States 

established the National Additive Manufacturing Innovation 

Institute (NAMII) managed by the National Center for 

Defense Manufacturing and Machining and has invested 

heavily in 3D printing development and commercialization. 

While today most 3D printers are still encumbered by their 

large size, expense, and limited resolution, 3D printing 

technology is expected to evolve rapidly and make 

significant inroads into the consumer market. To achieve 

this, it will be necessary to conduct extensive research 

into many aspects of manufacturing and performance.  

3D printing process

3D printing is a process of fabricating 3D objects by 

building up materials layer by layer based on a digital file. 

The process involves three general stages: 1) modeling; 

2) printing; and 3) finishing. All 3D printing techniques 

are based on the use of computer-aided design (CAD) 

information that describes the geometry and size of the 

objects to be printed. The CAD data are converted to STL 

file format which has extensive triangular coordination of 

3D surface geometry [1]. Once the file is in a printable 

format, the 3D model is then sliced into a series of digital 

cross-sectional layers with specific thickness. 

When the modeling is complete, the designed 

structure is built through a layer-by-layer fabrication 

process based on a series of two-dimensional layers; 

thus, manufacturing time totally depends on the thickness 

of the layers. However, the printing process and materials 

used are different depending on printer type. When 

printing is completed, the last step involves subjecting the 

object to post-treatment operations such as the curing 

or removal of by-products, depending on the material 

used and type of 3D printer. After these three steps are 

completed, the desired final 3D structure is produced 

(Figure 1). 

Classification of 3D printing 
techniques

3D printing is classified into a number of types 

depending on the printing process, which can involve 

different types of materials. Here we describe the three 

most typical types of 3D printing and review the materials 

most often used in these processes (Figure 2). 

Namib’s beetle

3D Product Post Treatment

3D Modeling 3D Printing

Figure 1.  3D printing process to make a Namib Desert beetle shape.

(a) (b) (c)

Figure 2.  Most common types of 3D printing technology. (a) 
Stereolithography. (b) Fused deposition modeling. (c) Powder bed and 
inkjet head 3D printing. 
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has been patterned, the SLA’s platform descends by an 

equal distance, typically 0.05 mm to 0.15 mm. Then, 

another cycle of the process is repeated. Once the model 

printing is completed, the platform rises out of the vat and 

the excess resin is drained. The SLA model is finished 

by washing, curing, and smoothing. Compared to other 

printing methods, one of the advantages of SLA is its 

fabrication speed (1.5 cm/h building speed). In addition, 

the SLA provides prototypes with high accuracy and 

resolution (25 μm). Although the SLA can produce a wide 

Stereolithography

Sterolithography (SLA), introduced by Chuck Hull 

at 3D Systems, is the first commercialized 3D printing 

method that employs an ultraviolet (UV) laser to photo-

crosslink a liquid UV curable photopolymer substrate 

by building one layer of the structure at a time [2].  For 

each layer, the laser beam traces a cross-section of the 

pattern and fills in a two-dimensional cross section of the 

model. Then, by exposing with UV light, the pattern of the 

surface is cured and solidified. After one layer of structure 

Table 1.  Materials used in SLA printing

Type Positive Properties Applications Drawbacks

Photopolymers
•	 Flexible
•	 Impact resistant
•	Tough and durable

•	 Impellers
•	Duct work and connectors
•	Automotive housings

Low speed

ABS
•	Extremely tough
•	High temperature resistance

•	 Functional testing
•	Rapid tooling applications

Weak when exposed to 
UV

Table 2.  Materials used in FDM printing

Type Positive Properties Applications
Operating 
temp.(°C)

Drawbacks

PLA
(Polyactic Acid)

•	Biocompatible
•	Bio-degradable
•	Available in hard or soft/flexible 

variants
•	Available in various colors, including 

translucent color

•	Surgical implants
•	 Food packaging
•	Disposable ware

160-220

•	Emits a slight odor
•	 Limited gluing
•	Easier to break
•	 Low heat resistance

ABS (Acrylonitrile 
butadiene styrene)

•	Has great plastic properties
•	Solidifies quickly
•	Durable and strong
•	Difficult to break
•	 Inexpensive
•	Easy to glue
•	Easily dissolvable in acetone
•	Available in various   colors

•	Concept modelling
•	Automotive components
•	 Legos® toys
•	Electronic assemblies

210-250

•	Made of non-biodegradable 
plastic

•	Creates fumes
•	Deteriorates with exposure to 

sunlight
•	Shrinkage issue
•	Deformation

PC (Polycarbon-ate)

•	Temperature resistant
•	Durable
•	Has good impact strength
•	Biocompatible

•	CV, DVD
•	Aerospace components
•	 Food and drug packaging

150
•	 Low scratch-resistance
•	Sensitive to ultraviolet light 

(opaque and brittle)

Nylon (Polyamides)
•	 Flexible and strong
•	Excellent layer adhesion
•	Resistant to acetone

•	 Flexible devices 240-270
•	Stringy
•	Necessary to prevent warping

PVA
(Polyvinyl alcohol)

•	Water-soluble
•	Biodegradable
•	Some varieties of PVA are 

conductive

•	3D-print electrical circuits
•	Support for other filament 

types
180-200

•	Hard to use or control in humid 
areas
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as powder bed and inkjet head 3D printing (PBP) or three 

dimensional printing (3DP). The size of particles in the 

powder ranges from 50 to 100 μm [9]. In the 3DP method, 

a preliminary first layer of powder is rolled, then the inkjet 

droplets consisting of a binding solution are dropped from 

the printer head onto the powder layer at desired areas 

of solidification. Next, another layer is distributed, and 

this cycle is repeated until the final structure is printed. 

Unbound powder is removed after fabrication and reused. 

In this method, the binding material in the inkjet droplet is 

the key factor which determines the physical or chemical 

properties of the printed device. Very recently, nonpowder 

based inkjet methods have been developed which can 

print 16 µm photopolymer layers. 

Applications 

Medical applications

The medical field is a particularly ripe area to apply 

3D printing because of the potential for customized 

fabrication. Clinical imaging data generated by MRI or 

CT can provide the basis for making patient-specific 

models of body parts, such as artificial organs, vessels, 

and bones, as well as custom designs for medical 

devices, such as hearing aids. In addition, 3D printing 

technology can be very useful in making models or molds 

for diagnostic purposes or pre-operative planning. It can 

provide more accurate individualized information, thus 

reducing the risk and time of operative procedures. 

Potential medical applications have been discussed 

in various research reports. For example, Hockaday et 

al. prepared heterogeneous aortic valve scaffolds with 

variety of shapes, it has several drawbacks, including 

height limitation, resin waste and extensive cleaning 

procedures [3, 4]. Also, resins used in the process are 

limited to either epoxy or acrylic bases, most of which are 

brittle and can shrink upon polymerization.

Fused deposition modeling

The fused deposition modeling (FDM) method was 

first developed by Scott Crump of Stratasys. The FDM 

method operates by extruding thermoplastic materials 

and depositing the semi-molten materials onto a stage 

layer by layer to fabricate a 3D structure [5, 6]. To be 

specific, thermoplastic filaments or metal wire from a coil 

are moved by two rollers down to the extrusion nozzle 

tip in a semi-molten state. As the print head traces 

the design of each defined cross-sectional layer of the 

desired structure by a numerically controlled mechanism, 

the semi-molten materials are extruded out of the nozzle 

and solidified in the two-dimensional areas. The stage 

then lowers and another layer is deposited in the same 

way. These steps are repeated to fabricate a 3D structure 

in a layer-by-layer manner. Although FDM is very flexible 

and is capable of dealing with small overhangs by the 

support from lower layers, it can be limited by the slope 

of the overhang. In addition to using materials such as 

ABS, PLA, polycarbonate, polyamides, and polystyrene, 

FDM can also print 3D structures using glass reinforced 

polymers, metal, ceramics, and bioresorbable materials 

[7, 8].

Powder bed and inkjet head 3D printing

Most 3D inkjet printing methods in current use are 

primarily powder-based. This method is referred to either 

Table 3.  Materials used in 3DP

Type Positive Properties Applications Drawbacks

CaSO4 •	Cost effective •	Prototyping Low durability

Starch, Sugar
•	Biocompatible
•	Bio-degradable

•	Medical applications
•	Bio-science applications

Low durability

Wood
•	Cost effective
•	Eco-friendly (can be recycled)

•	Arts
•	Hand phone case

Weakens with heat
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utilized in a variety of ways; for instance, students can 

learn to make 3D printers themselves to design and 

create educational materials. These courses can sharpen 

student creativity and improve learning skills. 

3D printing can also be highly effective for specialized 

learning. For example, by using the convergence 

technology of 3D printing and 3D thermal reflow treat-

ment, KIST-based researchers Jo et al. made tactile 

patterns including braille, and prepared tactile textbooks 

for visually impaired students [12]. The printed patterns 

demonstrated greater flexibility in size, thickness, and 

shape as well as interfacial adhesion strength and 

durability. The tactile patterns, 3D raised-dot braille cells, 

were fabricated on a flat paper sheet using a FDM 3D 

printer. Braille cells with different heights and diameters 

were generated by a combination of both thickness and 

width control afforded by the 3D printer (Figure 5a). After 

the tactile patterns were formed, a thermal reflow process 

was performed as a post-processing step, resulting in 

significant enhancement in surface smoothness due 

to the surface tension effect. In addition, the interfacial 

adhesion strength of the printed pattern was improved 

by tight bonding on the cellulose paper through uniformly 

reflowing filament melted into cellulose networks as 

shown in Figure 5b.

As part of the above research, tactile textbooks that 

included a map of the nation and depiction of historical 

relics were made with 3D printers and used for visually 

impaired students to improve their understanding of 

classroom topics (Figure 6). 3D objects produced using 

this technique can add interest and excitement to 

current braille books that omit most images, thus making 

reading a more complete learning experience for visually 

impaired students. Moreover, the time it takes to produce 

educational materials for the visually impaired, normally 

extending over several months, can be cut to several 

hours, enabling a far greater diversity of educational 

material at lower cost. 

a 3D printing and photocrosslinking technique [10]. The 

geometry of axisymmetric aortic valves, including the sinus 

and leaflets, was generated as a 3D digital model. The 

resulting model was 3D printed with a photocrosslinking 

hydrogel (Figure 3). Additionally, Cervantes et al. utilized 

3D printing to make a three-dimensional interweave 

biological ear with functional electronics, as shown 

in Figure 4 [11].  This research demonstrated in vitro 

culturing of cartilage tissue with a cell-seeded hydrogel 

matrix in the anatomic geometry of a human ear. The 

printed ear was further examined for use as an electronic 

implant for auditory sensing. 

Using 3D in Education 

Bringing 3D printing into the classroom can make 

a significant impact on education. 3D printing can be 

(a) (b)

(c)

(d) (e)

(f)

sinus

ostium commissure

leaflets

root

leaflets

root

Figure 3.  Printing heterogeneous aortic valve models and printed valve 
constructs with PEG-DA hydrogel. Scale bars are 1 cm. Reprinted with 
permission from ref. 10, Copyright © 2012, IOP Science.

Figure 4.  3D interweaving of biology and electronics via 3D printing to 
generate a bionic ear. CAD drawing of the bionic ear (left) and image 
of 3D printed bionic ear after printing followed by in vitro culture (right). 
Reprinted with permission from ref. 11, Copyright © 2013, American 
Chemical Society. 
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of great importance in the future and has the potential 

to completely redefine manufacturing-related industries. 

However, the technology must be further refined before 

it can replace conventional manufacturing methods. 

Therefore, future research and investment in 3D printing 

Conclusion

As can be seen from this review, 3D printing 

technology is highly versatile and efficient with respect 

to design, fabrication, and applications. It will clearly be 
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Figure 5.  (a) Braille cells with different heights and diameters and their cross-sectional line profiles. (b) SEM images of the interfaces between the tactile 
pattern and cellulose fibers of a sheet of paper (top) before and (bottom) after thermal reflow. Reproduced from ref. 12 with permission from The Royal 
Society of Chemistry. 

(a)
(b)신라의 진출 방향

Figure 6.  3D printed tactile historical (a) map made by FDM printer and (b) historical relics reproduced by 3DP. These images were generated from 
material in a 5th grade social studies textbook.  Our KIST research team has made these 3D printed tactile textbook materials continuously available to 
the Seoul National School for the Blind. 
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technology is imperative to bring about improvements in 

essential areas, including materials, printer systems, and 

product markets. 

Note

This article and images are drawn from “3D printed 

tactile pattern formation on paper with thermal reflow 

method” in RSC Advances 2014; Vol. 4: pp. 31764-

31770.
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Introduction

In the distant past, the idea of using chemical reactions to turn base 

metals, such as lead (Pd) or mercury (Hg), into noble metals, especially gold 

(Au) and silver (Ag), was an alluring concept. However, despite many different 

attempts and approaches, such alchemy techniques were never successful, 

although many useful chemicals and spcialized equipment were developed 

in the process.

Recently, our team has taken another look at alchemy and developed 

a computer simulation for transforming elements, a technique which we 

refer to as modern alchemy. This modern alchemy involves a technique for 

mixing elements to create new characteristics that are not inherent to the 

constituent elements in the periodic table. We have shown that based on this 

modern alchemy scheme we can create properties of noble metals, such as 

palladium (Pd) and platinum (Pt), by mixing cheaper constituent elements.

A solid-solution alloy in which metallic elements are homogeneously 

mixed at the atomic level can expand the tunability of the chemical and 

physical properties of the metallic systems beyond classical alloying 

techniques. Because the constituent elements are completely intermingled 

with each other at the atomistic level, variations in composition and/

or combination allow us to continuously tailor the material’s properties. 

However, thermodynamically, only certain element combinations allow the 

formation of a solid-solution alloy, whereas others favor the formation of 
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Route for Designing Novel 

Functional Alloys
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[ Feature Articles ] segregated phases. Although this problem has limited 

the utilization of solid-solution phases, several synthesis 

techniques, such as quenching to yield a metastable state 

or nanoscale fabrication to stabilize the nonequilibrium 

phases under ambient conditions, have been developed 

to prepare solid-solution phases at room temperature. 

For example, Rh-Ag and Pd-Pt, which are known to be 

immiscible pairs, have been successfully synthesized 

as solid-solution structured alloy nanoparticles [1,2]. 

Therefore, we expect that fabrication methods for a variety 

of solid-solution phases will become readily available. 

Similar atomic and electronic structures may lead to 

similar chemical properties. When the atomic structures 

of a pure metal and a solid-solution alloy composed of 

two metallic elements neighboring the pure metal are the 

same, the electronic structure of the pure metal is likely to 

be similar to one of the solid-solution alloy phases due to 

the free electrons of the metals. Based on this hypothesis, 

one can design new functional materials that are cost-

effective to use. In particular, one can develop a solid-

solution structured alloy of two metal elements to create 

new characteristics that are not native to the constituent 

elements, a result which cannot be obtained by the 

classical alloying method.

In this study, we investigated the electronic structures 

and chemical properties of solid-solution phases of 50:50 

Rh/Ag and 50:50 Ir/Au by first-principles calculations and 

compared them with pure Pd and Pt metals, respectively. 

In the periodic table, Pd is located between Rh and 

Ag, and Pt is located between Ir and Au (see Figure 1). 

Therefore, the 50:50 Rh/Ag and 50:50 Ir/Au alloys have 

the same total number of electrons as pure Pd and Pt 

metals, respectively. We found that not only the electronic 

structures but also the chemical activities of the solid-

solution phases were comparable to their isoelectronic 

pure metallic analogues. Specifically, the Rh50Ag50 alloy 

exhibited a hydrogen storage property similar to that 

of Pd, even though Rh and Ag by themselves have no 

hydrogen storage ability. In addition, the Ir50Au50 alloy 

exhibited a hydrogen dissociation ability on its surface 

similar to that of Pt. Indeed, the Rh-Ag case has already 

been experimentally demonstrated [1], which supports 

the predictive ability of our calculations. Therefore, we 

proposed that the synthesis of a solid-solution structured 

Ir50Au50 alloy could provide a potential replacement for the 

precious Pt catalyst [3].

Atomic and electronic structures of 
solid-solution phases of Rh/Ag and 
Ir/Au

If two materials with the same atomic structure 

have similar electronic structures, they may exhibit 

similar chemical and physical properties. Therefore, we 

examined the atomic structures of Rh50Ag50 and Ir50Au50 

solid solution alloys along with their electronic structures. 

An experimental study found that the solid-solution 

structured Rh50Ag50 alloy displayed a diffraction pattern 

consistent with single face-centered cubic (FCC) pure Rh 

and Ag phases, and its lattice parameter was between 

the values for Rh and Ag, indicating that the XRD pattern 

of the solid-solution structured Rh50Ag50 is similar to 

the XRD pattern of pure Pd [1]. Figure 2 shows several 

atomic structures of the Rh50Ag50 phase and compares 

each of the X-ray diffraction (XRD) patterns simulated with 

λ=0.55277 Å, as used in the previous experiment [1]. We 

45

Rhodium Palladium Silver

Rh Pd Ag

Iridium Platinum Gold

Ir Pt Au

46 47

77 78 79

Figure 1.  Periodic table near Pd and Pt.
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analogues (Pd and Pt) (Figures 3a and 3b). We found that 

the electronic structure of Pd or Pt was very similar to 

the electronic structure of the isoelectronic solid solution 

(ISS) phase of Rh50Ag50 or Ir50Au50 near the Fermi energy, 

respectively. In addition, we also calculated line profiles 

of the charge density difference for pure Pd and Pt and 

their isoelectronic analogues (Rh50Ag50 and Ir50Au50) 

along the [101] direction in their structures (Figures 3c 

and 3d). For Ir50Au50 (Figure 3d), the (0,0,0) and (1,0,1) 

sites are occupied by the Ir atom, and the (0.5,0,0.5) 

site is occupied by the Au atom. Because the number of 

electrons in the Pt atom is higher than in the Ir atom and 

lower than in the Au atom, the charge density difference 

at (0,0,0) and (1,0,1) was positive, and the charge 

density difference at (0.5,0,0.5) was negative. However, 

the charge density differences at a certain distance 

(approximately 1 Å) between the two atoms for the Pt and 

Ir50Au50 was nearly zero, which indicates that the numbers 

of valence electrons in the Pt and Ir50Au50 systems 

were similar in the bonding regime. We noted that the 

also calculated the formation energies relative to pure Rh 

and Ag for each atomic structure. Of these structures, the 

FCC structure was most favorable, and the XRD pattern 

of this structure was most similar to the XRD pattern of 

Pd. Although the Rh and Ag atoms in the NaCl structure 

were mixed better than in the FCC structure, the NaCl 

structure was thermodynamically less favorable than the 

FCC structure, and the XRD pattern of the NaCl structure 

did not match well with that of Pd. Based on these 

results, the FCC structure shown in Figure 2 is a plausible 

structure of the solid-solution phase of Rh50Ag50. 

The formation energy of the FCC structure was 

positive relative to the pure elements by 0.331 eV per 

f.u., which indicates that Rh and Ag intrinsically formed a 

segregated domain structure in the bulk phase. However, 

the nanosizing of such an intrinsically immiscible alloy 

can lead to a homogeneous solid-solution structure 

that is readily stable near room temperature, as shown 

in previous experiments [1]. For the Ir50Au50 system, we 

performed a similar procedure and found that it had the 

same FCC structure as Rh50Ag50.

After determining the atomic structures of the Rh50Ag50 

and Ir50Au50 solid-solution alloys, we investigated the 

density of states (DOS) of each system to compare their 

electronic structures with their isoelectronic pure metal 
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Figure 2.  Simulated X-ray diffraction patterns for several Rh50Ag50 
structures, where the patterns were simulated with λ = 0.55277 Å. 
The values in parentheses for each atomic structure indicate formation 
energies for the structure relative to pure Rh and Ag metals.

Figure 3.  Electronic structures of pure elements and their ISS 
analogues: (a, b) density of states where the Fermi energy is located at 
zero energy, and (c, d) charge density difference between pure elements 
and their ISS analogues along the [101] direction in their atomic 
structures. Here (a) and (c) correspond to the pair of Pd and Rh50Ag50, 
and (b) and (d) correspond to the pair of Pt and Ir50Au50. In (a) and (c), 
black and gray atoms indicate Rh and Ag, respectively, and in (b) and (d), 
orange and yellow atoms indicate Ir and Au, respectively.
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Catalytic properties of Rh/Ag and 
Ir/Au solid solution alloys

Assuming that the catalytic activities of the metals 

fundamentally originate from their electronic structure, one 

can easily hypothesize that an ISS with a similar electronic 

structure would possess similar physics and chemistry. To 

explore this idea, we calculated the ability of the Rh50Ag50 

ISS to store hydrogen and the ability of the Ir50Au50 ISS to 

perform as a hydrogen dissociation catalyst because Pd 

and Pt are well-known hydrogen storage and hydrogen 

dissociation metals, respectively.

The Pd metal stores hydrogen via the formation of 

metal hydride (i.e., PdHx), where the hydrogen atoms are 

absorbed into the interstitial sites of the FCC lattice at 

either the octahedral sites (degeneracy is 4 within a unit 

cell) or the tetrahedral sites (degeneracy is 8 within a unit 

cell). In Table 1, we show the calculated enthalpies of 

formation (DHf) using the Pd + x/2 H2 → PdHx reaction 

for the cases when the hydrogen atoms occupy all of the 

octahedral sites (Pd-HO), half of the tetrahedral sites (Pd-

HT), and all of the tetrahedral sites (Pd-2HT). For Pd-HO 

and Pd-HT, the DHf values were calculated to be negative 

(favorable). It is clear that the first-principles calculation 

can predict the hydrogen storage ability of Pd.

For the Rh50Ag50 ISS, as shown in Table 1, we found 

that hydrogen was absorbed into half the tetrahedral 

sites with a substantially negative DHf (i.e., -191 meV/

f.u., compared with -132 meV/f.u. of Pd-HO or -208 meV/

f.u. of Pd-HT), where the hydrogen atom bonds to two Rh 

and two Ag atoms. This result is even more interesting 

because the DHf values for the formation of RhHx or AgHx 

were highly positive (see Table 1), indicating that the Rh 

or Ag metal alone cannot exothermically form a metal 

hydride, which is consistent with previous experiments 

[1]. Indeed, Kubota and his coworkers demonstrated 

that nanoparticles of a 50:50 solid solution of Rh-Ag with 

an FCC lattice exhibit hydrogen storage ability [1]. This 

result provides a good example to support the concept 

that ISSs with similar electronic and structural properties 

homogeneous phase, either Ir or Au, did not exhibit such 

similar charge density distributions in the bonding regime. 

For the Pd and Rh50Ag50 systems, a similar characteristic 

was observed (Figure 3c).

This similarity between the electronic structures of the 

pure metals (Pd, Pt) and their ISS phases composed of 

neighboring elements can be explained by considering a 

free electron model of the metal. The electronic structure 

of these FCC metals near the Fermi level is primarily 

determined by the d-electrons. In comparison to the 

d-electrons, the contribution of the s-electrons near 

the Fermi level is less than 1%. The valence electrons 

experience a Coulombic attraction from the “nuclei 

+ core-electrons” located at every FCC lattice site. 

The same lattice type (FCC) with comparable lattice 

parameters for the neighboring metals (i.e., (1) Rh: 3.842 

Å, Ag: 4.165 Å vs. Pd: 3.955 Å; (2) Ir: 3.876 Å, Au: 4.174 

Å vs. Pt: 3.976 Å) leads to lattice parameters for the ISS 

phases (i.e., Rh50Ag50: 4.005 Å, Ir50Au50: 4.019 Å) that are 

nearly identical to their isoelectronic pure metal analogues, 

resulting in similar locations of the Coulomb attraction 

centers. Although the extent of the Coulombic potential 

is either slightly larger (for the right neighboring element 

of Ag or Au) or slightly smaller (for the left neighboring 

element of Rh or Ir) than the pure metal case, the valence 

electron should experience a similar extent of Coulombic 

field in both the ISS phase and its isoelectronic pure metal 

analogue because (1) the solid-solution phase yields a 

good-mixture of these heterogeneous Coulomb attracting 

centers and (2) the screening of the nuclear charge is 

quite substantial for the transition metal elements, such 

that the small perturbation of the nuclei charge has 

an even smaller effect on the dynamics of the valence 

electrons. In particular, when the total number of electrons 

is preserved (i.e., isoelectronic case), the Fermi energy 

should be located at a very similar position within the 

band structure. Therefore, we found that the ISS phase of 

Rh50Ag50 or Ir50Au50 has an electronic structure similar to 

Pd or Pt metal near the Fermi energy.
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between two adjacent Ir atoms. Along this reaction path, 

the calculated energy barrier (Ea) over the Ir50Au50 (111) 

surface was nearly zero, which is comparable to 0.03 eV 

over the Pt (111) surface [4]. In addition, the dissociation 

reaction energy (DHrxn) was -0.84 eV/2H, which is very 

close to -0.87 eV/2H over the Pt (111) surface [4]. We 

also noted that pure Au metal did not catalyze the H2 

dissociation reaction, as confirmed in our calculations. 

The Ea values were 0.46 eV and 1.09 eV over the Ir (111) 

surface and the Au (111) surface, respectively, and DHrxn 

for the Au metal was positive (endothermic reaction), 

although DHrxn for the Ir metal was negative (exothermic 

reaction), as previously found in an experiment [7].

The catalytic activity of the Ir50Au50 alloy can be well 

explained by the d-band theory [6, 8-10]. The d-band 

model developed by Nørskov and co-workers has been 

used successfully to explain trends in the reactivity of 

transition-metal and alloy surfaces. We investigated the 

DOS for H atomically chemisorbed on the (111) surfaces 

of Ir, Pt, Au, and Ir50Au50 ISS alloy, as shown in Figure 5. 

The Ir50Au50 alloy showed a similar DOS feature to Pt. The 

H 1s-metal d bonding resonances for both Ir50Au50 and Pt 

were at energies between -5 and -10 eV for Pt, and the H 

1s-metal d antibonding resonances for the metal systems 

were above the Fermi energies. For the Au case, the H 

1s-metal d bonding resonances were located at similar 

energies to the ones for Ir50Au50 and Pt; however, some 

antibonding resonances could be found just below the 

Fermi energy, leading to weak interaction of H atoms on 

the Au surfaces, as shown in Figure 4. For the Ir case, the 

antibonding resonances were above the Fermi energy; 

however, the bonding resonances were found at higher 

will inherit the chemical properties of their pure metal 

analogues.

We further investigated H2 dissociation on top of the 

Ir50Au50 ISS surface to explore its potential as a hydrogen 

activating catalyst. We considered the (111) surface of the 

Ir50Au50 ISS, and calculated an energy profile for the H2 

dissociation reaction on the Ir50Au50 (111) surface using 

the nudged elastic band (NEB) theory. Then the energy 

profile on the Ir50Au50 ISS was compared to the energy 

profiles on the (111) surfaces of pure Pt, Ir, and Au, as 

shown in Figure 4. On the (111) surface of the Ir50Au50 ISS, 

both Ir and Au atoms coexist. Therefore, we considered 

several adsorption sites (11 cases) for the two H atoms on 

the surface to identify the most favorable site. The most 

preferred site was where each H atom’s position was 

Table 1.  Formation enthalpy (∆Hf) for hydrogen absorption in Pd, Rh, Ag, and Rh50Ag50 calculated by DFT calculations. Here HO and HT indicate the 
octahedral and tetrahedral sites in the FCC lattice, respectively. The formation enthalpy is shown in meV per formula unit

∆Hf ∆Hf ∆Hf ∆Hf

Pd Rh Ag Rh50Ag50

Pd-HO -132 Rh-HO 90 Ag-HO 728 Rh50Ag50-HO 8

Pd-HT -208 Rh-HT 177 Ag-HT 422 Rh50Ag50-HT -191

Pd-2HT 162 Rh50Ag50-2HT 160

Figure 4.  The calculated energy along the minimum-energy reaction 
path for H2 dissociation on the (111) surface of Ir, Pt, Au, and Ir50Au50. 
The calculations were done for a supercell geometry with one H2 
molecule per 33 ×  surface unit cell on one side of metal slabs 
consisting of four atomic layers. Here the Ir50Au50 alloy shows similar 
catalytic behavior to Pt, although pure Ir and Au metals do not.
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the design principle based on an ISS is distinct from the 

design principle based on the classical alloying method. 

The latter is typically used to enhance or amplify desirable 

characteristics of the constituent elements, while the 

former is employed to create new characteristics that are 

not native to the constituent elements. From a practical 

perspective, the Ir-Au ISS is more cost-effective to 

use than pure Pt but displays similar catalytic activity. 

Therefore, the Ir50Au50 ISS alloy can be a potential catalyst 

candidate for the replacement of Pt. We expect that a 

design strategy based on this ISS principle can provide 

innovative insight into the development of new functional 

materials.

Note

This article and its images are drawn from “First-

Principles Design of Hydrogen Dissociation Catalysts 

Based on Isoelectronic Metal Solid Solutions” in J. Phys. 

Chem. Lett., vol. 5(11), pp. 1819-1824.

energies (-3 to -7 eV) than for Ir50Au50 and Pt. In addition, 

we calculated d-band centers for Pt and Ir50Au50 ISS 

alloy and found that the two systems showed very similar 

d-band centers (-2.2 eV for Pt and -2.1 eV for the Ir50Au50 

alloy), which definitely verifies their similar catalytic activity. 

Due to the similar electronic structures of Pt and Ir50Au50, 

they could exhibit similar H2 dissociation behaviors. 

Moreover, the dissociated H atoms occupied similar sites 

on the (111) surfaces of Pt and Ir50Au50 with a similar M-H 

bond distance.

Conclusion

We confirmed our hypothesis that an ISS with an 

electronic structure comparable to its pure metal analogue 

exhibits similar physics or chemistry, at least in cases 

involving a Rh-Ag and Pd pair and Ir-Au and Pt pair. This 

result provides a new design principle for the development 

of functional metallic systems with better catalytic activity 

and/or a reduced cost. It should be emphasized that 

H 1s-d
antibonding

H 1s-d
bonding

E
ne

rg
y 

(e
V

)

Pt(111)
5

0

-5

-10

IrAu(111) Au(111) Ir(111)

Projected DOS (arbitrary units)

Figure 5.  The density of one-electron states (DOS) (solid line) for H atomically chemisorbed on the (111) surface of Ir, Pt, Au, and IrAu. For comparison, 
the DOS (dashed line) for the four clean metal surfaces are shown. As indicated by the grey shading, only states below the Fermi energy (which is the 
energy zero in all cases) are filled.

47Vol. 7  No. 2  November 2014KISTodayFeature Articles



References

[1] Kusada K, Yamauchi M, Kobayashi H, Kitagawa H, Kubota 

Y. J. Am. Chem. Soc. 2010; 132: 15896-15898.

[2] Kobayashi H, Yamauchi M, Kitagawa H, Kubota Y, Kato K, 

Takata M. J. Am. Chem. Soc. 2010; 132: 5576-5577.

[3] From BASF website. http://apps.catalysts.basf.com/apps/

eibprices/mp/ (accessed June 27, 2013). The prices of Ir, 

Pt, and Au are $925, $1318, and $1239 per troy ounce (oz 

t), respectively. Here 1 oz t is equivalent to 0.0311034768 

kg.   

[4] These results are similar to previous reports (Refs. 5 and 6). 

According to Ref. 5, the energy barrier and enthalpy for H2 

dissociation over Pt (111) is 0.03 and -1.10 eV, respectively.

[5] Lee K, Kim YH, Sun YY, West D, Zhao Y, Chen Z, Zhang 

SB. Phys. Rev. Lett. 2010; 104: 236101(1)-236101(4).

[6] Hammer B, Nørskov JK. Nature 1995; 376: 238-240.

[7] Hagedorn CJ, Weiss MJ, Weiberg WH. Phys. Rev. B 1999; 

60: R14016-R14018.

[8] Hammer B, Nørskov JK. Surf. Sci. 1995; 343: 211-220.

[9] Mavrikakis M, Hammer B, Nørskov JK. Phys. Rev. Lett. 

1998; 81: 2819-2822.

[10] Greeley J, Nørskov JK, Mavrikakis M. Annu. Rev. Phys. 

Chem. 2002; 53: 319-348.

[ Feature Articles ] 

48 Materials / Systems   Feature Articles



Introduction

Distributed fiber optic sensors based on Brillouin scattering have been 

intensively studied in recent years as a useful tool for either temperature 

or stain measurement in structural health monitoring [1-3]. Several 

representative techniques have been studied and are classified into two 

categories: spontaneous Brillouin scattering based on Brillouin reflectometry 

(e.g., Brillouin optical time-domain reflectometry (BOTDR) or Brillouin 

optical correlation domain reflectometry (BOCDR)), and stimulated Brillouin 

scattering (SBS) based on Brillouin analysis (e.g. Brillouin optical time-domain 

analysis (BOTDA) or Brillouin optical correlation domain analysis (BOCDA)). 

In the Brillouin reflectometry scheme, one light beam is launched into one 

end of fiber under test (FUT), thus it is single-end accessible but suffers from 

a weak signal due to spontaneous Brillouin scattering. On the other hand, a 

SBS-based analysis scheme gives a stronger signal but requires access from 

both ends for the counter-propagating pump and probe wave propagation 

to induce SBS. A single-end accessible distributed fiber sensor is more 

advantageous than a double-end accessible sensor because it provides 

more flexibility in the deployment of the FUT and enables the embedded 

fiber as a FUT. Thus, several single-ended SBS-based fiber sensors have 

been proposed. In 1994, a linear configuration BOTDA was demonstrated 

by locating a reflector at the far end of a FUT [3]. However, it suffered from 

coherent interference noise from the probe wave and Rayleigth scattering. 
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In 2008, a beat lock-in detection-based single-ended 

BOCDA system was proposed [4]. However, this scheme 

had the drawback of requiring two intensity modulators 

and an additional function generator, leading to a complex 

signal processing and a measurement range half that of 

ordinary BOCDA. In 2010, polarization maintaining fiber 

(PMF)-based single-end-access BOCDA was proposed. 

Under this scheme, the measurement range is not 

shortened, but it does require the use of expensive PMF, 

a polarization beam splitter/combiner and polarization-

maintaining isolator [5].

In this article, we present recent work we have 

done with a single-ended BOCDA system in which a 

differential measurement scheme [6] with an intentional 

loss at the end of a FUT is applied, resulting in a four-

fold enhancement of spatial resolution and a doubled 

measurement range compared with the scheme 

proposed in reference [4]. We also discuss our adoption 

of a conventional single mode fiber (SMF) as a FUT, 

leading to a simpler and more cost-effective configuration 

than the previous scheme [5].

Principles

In ordinary BOCDA systems, strong SBS between 

the pump and the probe takes place at a correlation 

peak that periodically appears along the FUT by 

sinusoidal frequency modulation of a light source. The 

spatial resolution Δz and the measurement range L are 

determined by the following equations :
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where Vg is the group velocity of light, ΔB is the 

Brillouin gain bandwidth, fm is the modulation frequency of 

the light source, and Δf is the amplitude of the modulation. 

For the acquisition of a local BGS, lock-in detection is 

applied where the pump wave is intensity-chopped at the 

reference frequency (fL) of the lock-in amplifier.

By contrast, the pump wave is phase-modulated 

at a fixed frequency () in the differential measurement 

scheme, and the phase modulation is periodically turned 

on and off (at fL) to construct the BGS by the difference 

between them [6]. Figure 1 schematically shows the 

operation principle of the differential measurement.

The differential measurement provides two prominent 

advantages over intensity-chop-based lock-in detection: 

one is enhancement of the spatial resolution, which 

originates from the effective removal of the noise structure 

as already demonstrated in a previous work [6]; secondly, 

the system does not suffer from the noise coming 

Figure 1.  Operation principle of the differential measurement in the 
BOCDA: lock-in amplifier (LIA).

Figure 2.  Schematics of the linearly-configured BOCDA systems based 
on (a) beat lock-in detection, (b) PMF with PBS, and (c) differential 
measurement. Note that L corresponds to the maximum range of 
an ordinary BOCDA system with loop configuration under the same 
modulation parameters: intensity modulator (IM) and phase modulator 
(PM).
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Therefore, for the case of R~1 as shown in Figure 2a, 

we cannot discriminate the Brillouin gain signal from two 

correlation positions. For this reason, the measurement 

range is half of an ordinary BOCDA system. However, for 

the case of R<<1 (Fresnel reflection 4%), the detected 

output signal can be expressed as

                 )1)(( 2 zIgRII psd ∆+≅ ν                              (5)

The second component comes from the correlation 

position P2, i.e., SBS is induced dominantly by the 

outgoing pump (at P2), and the contribution from the 

incoming pump to the local BGS (at P1) becomes 

negl ig ib le in a s imi lar  way to the b id i rect ional 

measurement [7]. Therefore, double enlargement of the 

measurement range (L) is easily achieved in comparison 

to the case of the beat lock-in detection [4], without 

using any polarization-maintaining component such as 

PMF [5]. Considering the four-fold possible enhancement 

in the spatial resolution [6], one can expect an overall 

improvement of about eight times by differential 

measurement in terms of the effective number of points 

(range/resolution).

Experimental results

The experimental setup is shown in Figure 3. As a 

light source, a distributed feedback laser diode (DFB-LD) 

was used, and a sinusoidal frequency modulation was 

applied to both the pump and probe waves, producing 

a correlation peak along a fiber under test (FUT). Here, 

the modulation amplitude Δf was about 5.18 GHz and 

the modulation frequency fm was set to about 1 MHz. 

These modulation parameters lead to a spatial resolution 

of about 20 cm and a measurement range of 100 m 

according to the above equations.

The output of the DFB-LD was divided into two 

beams by a 3-dB coupler. One of the beams was injected 

into a single-side band modulator (SSBM) driven by a 

from direct reflection of the pump, which generates a 

considerable amount of background noise in the lock-

in detection due to the intensity-chop of the pump. This 

feature plays a key role in simplifying the structure of the 

currently proposed system in addition to the enhancement 

of the spatial resolution.

Figure 2 compares the schematics of three different 

types of linear configurations of the BOCDA system. In 

the system based on beat lock-in detection, two intensity 

modulators (IMs) are used for the pump and the probe, 

respectively, as shown in Figure 2a, and the measurement 

range is reduced to half of an ordinary BOCDA system 

under the same modulation parameters. The decrease 

of the range is to avoid the ambiguity induced by 

simultaneous generation of two correlation peaks by 

the outgoing and incoming pump waves in the FUT. In 

the BOCDA system based on a PMF, the reflection of 

the pump is removed by a PBS and an isolator located 

at the end of the FUT, while the probe is fully reflected 

into an orthogonal polarization. This feature can enlarge 

the measurement range into that of an ordinary BOCDA 

system (L) by preventing the generation of one of the 

correlation peaks induced by the incoming pump wave.

In the proposed differential measurement, a PM is 

applied to the pump, and a SMF with a cleaved end is 

used as a FUT. Assume that the length of FUT (L) is the 

interval between correlation positions. From Figure 2c, the 

detected output becomes 

zIgzRIg
Bp

zIgzRIg
sd

sspp eeRIeeRII ∆−∆−∆∆ ++= 2121 )()( ννν      (3)

where Is (Ip) is the input intensity of the probe (pump) 

wave, and g1 (g2) is the Brillouin gain coefficient at the 

correlation peak P1(P2) in the fiber. After filtering out the 

pump frequency component by FBG, the output is given 

by the following equation under the condition of small 

gain:

         )1)(( 21 zIgzRIgRII ppsd ∆+∆+≅ ν                     (4)
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observe the shifts of the Brillouin frequency at three strain-

applied portions. The shifts of the Brillouin frequency were 

about 110 MHz, 100 MHz and 110 MHz, which agree 

well with the applied strain of 2.2 m 2.0 m and 2.2 m
Figure 5a shows the 3D plots of the measurement 

results, where one can clearly see the narrower Brillouin 

gain spectra compared to those of ordinary BOCDA by 

using the differential measurement scheme [9]. Figures 

5b-d are zoomed views of distributed BGS at each 

section and they show the BGS at 75 m, 50 m, and 20 m, 

respectively. In Figure 5g, we can discriminate the only 5 

cm strain applied segment, which shows that the spatial 

resolution of the experimental setup is less than 5 cm. 

Note that the calculated spatial resolution of the system is 

about 20 cm from Eq. (1).

In summary, we have successfully carried out a 

microwave sweep synthesizer (MSS) to generate and 

sweep the probe wave around the Brillouin frequency 

(10.3~11.3 GHz) by suppressing the carrier and the 

higher frequency component of the two first lower 

sidebands. Additionally, a polarization switch (PSW) was 

used for suppressing the polarization dependence of 

the stimulated Brillouin scattering (SBS) [8]. The other 

beam (pump wave) was phase-modulated at a fixed 

frequency () in the differential measurement scheme, 

and the phase modulation was periodically turned on 

and off to construct the BGS by the difference between 

them. Here, the on/off frequency fL was set to ~ 250 kHz. 

This pump light was launched into a 10 km delay fiber 

to control the order of the correlation peaks. The probe 

and the pump wave were combined by a 3-dB coupler 

and amplified by an Er-doped fiber amplifier (EDFA). The 

output of EDFA (~27 dBm) was launched into one end 

of the FUT through a circulator. The other end of the FUT 

was cleaved perpendicularly for the outgoing wave to be 

weakly reflected (~4%) due to Fresnel reflection. Thus, 

SBS was induced dominantly by the outgoing pump and 

the contribution from the incoming pump to the local BGS 

was negligible, as described in the working principle.

The optical output of the circulator was attenuated 

by a variable optical attenuator (VOA) and the remaining 

pump wave was filtered out by a fiber Bragg grating (FBG). 

Finally, the optical signal was received by a 125 MHz 

photo detector (PD), and processed by a lock-in amplifier 

(LIA) to obtain the BGS. The FUT was composed of a 100 

m single-mode fiber (SMF), in which about 0.2% strain 

was applied to the three portions (at 20 m, 50 m, and 75 

m). The Brillouin gain spectrum (BGS) at the correlation 

position within the FUT was measured by sweeping the 

frequency  of the microwave applied to the SSBM in 

the vicinity of the Brillouin frequency B (~ 10.8 GHz). 

The sensing position was scanned with a 5 cm step 

by changing the fm from 1.02 MHz to 1.04 MHz for the 

distributed measurement.

The measurement results of the strain distribution 

of the FUT are shown in Figure 4, where we can clearly 
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Figure 3.  Experimental setup for the proposed BOCDA system: single-
sideband modulator (SSBM); microwave sweep synthesizer (MSS); 
polarization switch (PSW); phase modulator (PM); function generator (FG); 
erbium-doped fiber amplifier (EDFA); fiber Bragg grating (FBG); lock-in 
amplifier (LIA). 

Figure 4.  BFS along the FUT.
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Note

This article and images are drawn from “Linearly 

conf igured BOCDA system using a d i fferent ia l 

measurement scheme” in Opt. Express, Vol. 22(2) 1467-

1473.

References

[1] Bao X, Webb DJ, Jackson DA. Opt. Lett. 1993; 18: 1561-

1563.

[2] Hotate K, and Hasegawa T. IEICE Trans. Electron. 2000; 

E83-C: 405-412.

[3] Nikles M, Thevenaz L, Robert P. Opt. Lett. 1996; 21: 758-

760.

[4] Song KY, Hotate K. IEEE Photon. Technol. Lett. 2008; 20: 

2150-2152.

[5] Zou W, He Z, Hotate K. J. Lightwave Technol. 2010; 28: 

2736-2742.

[6] Jeong JH, Lee K, Song KY, Jeong J-M, Lee SB. Opt. Ex-

press 2012; 20: 27094-27101.

[7] Jeong JH, Lee K, Song KY, Jeong J-M, Lee SB. Opt. Ex-

press 2012; 20: 11091-11096.

[8] K Hotate, Abe K, Song KY. IEEE Photon. Technol. Lett. 

2006; 18: 2653–2655. 

proof-of-concept demonstration of our proposed 

linear configuration system based on the differential 

measurement detection. The nominal spatial resolution 

and measurement range are 20 cm and 50 m, 

respectively. However, the measured spatial resolution 

and measurement range are 5 cm and 100 m, thanks to 

the phase modulation based-differential measurement 

detection and the Fresnel reflection from the cleaved end 

of the FUT.

Conclusion

We have proposed a simple and high-performance 

single-ended BOCDA system, and successful ly 

demonstrated a proof-of-concept distributed measure-

ment. By adoption of phase modulation-based differential 

measurement and Fresnel reflection at the end of FUT, a 

four-fold enhancement of spatial resolution and a doubling 

of measurement range are obtained with a simpler 

configuration, as well as single-end access to the FUT. 

We expect the proposed BOCDA system can provide 

higher flexibility in terms of FUT deployment in structural 

health monitoring.
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Figure 5.  (a) 3D plot of the measurement BGS. (b-d) Zoomed views of 
3D plots at ~ 75 m, ~ 50 m and ~20 m. (e-f) BGS at 75 m, 50 m and  
20 m.
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Introduction

Polymer solar cells (PSCs) that utilize conjugated polymer semiconductors 

in the photoactive layer have attracted attention as a promising renewable 

energy source because of their light weight, low fabrication costs and high 

mechanical flexibility. However, the low efficiency of PCSs has limited their 

commercialization prospects. For PCSs to contribute to practical energy 

needs, efficiencies over 10% will be required. A significant breakthrough 

in PSC design was the introduction of bulk-heterojunctions (BHJ), which 

consist of a blend of a polymeric electron donor (D) and a fullerene electron 

acceptor (A). In fact, BHJ structures provide a comprehensive solution for 

overcoming the limitations in current PSC design due to their large exciton 

binding energies and small exciton diffusion lengths (5–10 nm). Extensive 

research findings reported by many groups have demonstrated that the 

power conversion efficiencies of BHJ-based polymer solar cells are directly 

dictated by the nanostructure and morphology of their BHJ photoactive 

layers. To date, thermal annealing and solvent annealing (including slow 

solvent drying methods) have been widely used as posttreatments to control 

the nanostructure of BHJ photoactive layers. Although such post-treatment 

methods are conventionally used in laboratory research, they are time-

consuming and require the use of thermal ovens or solvent vapors which are 

problematic for the roll-to-roll production of PSCs.

Our research group in the Interface Control Research Center at KIST were 
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[ Feature Articles ] able to successfully demonstrate a split-second, large-

area, environmentally-friendly and roll-to-roll production-

compatible process using intense pulsed white light 

(IPWL) to control the nanostructure of a BHJ thin film. The 

proposed IPWL treatment has substantial advantages 

including: (i) short processing times on the order of 

milliseconds; (ii) surface-selectivity which will not damage 

flexible substrates; and (iii) no need for an inert gas 

atmosphere. IPWL is basically similar to a camera flash 

in that it uses the intense pulses of non-coherent light 

distributed over a visible range of wavelengths. Recently, 

IPWL irradiation has been successfully demonstrated as 

a photo-active sintering process in printable nano-ink 

materials [1, 2], in the fabrication of metal oxide thin film [3], 

and in the nanogranulation of carbon nanotubes (CNTs) 

with metal alloy nanoparticles [4]. In our work, we showed 

for the first time that consecutive white-light pulses from a 

xenon lamp induce the self-organization of the polymeric 

donor into an ordered structure and result in the optimized 

phase-segregation of the polymeric donor and fullerene 

acceptor in the photoactive layer. Only two seconds of 

IPWL irradiation of a polymer:fullerene photoactive layer 

under ambient conditions was found to significantly 

enhance the power conversion efficiencies of the tested 

polymer solar cells to values approaching that of typical 

devices treated with thermal annealing. 

Results

BHJ-based photoactive layers were prepared by 

blending a representative conjugate polymer, poly(3-

hexylthiophene) (P3HT), as an electron donor and a 

functionalized fullerene, [6, 6]-phenyl-C61-butyric acid 

methyl ester (PCBM), as an electron acceptor.

A schematic illustration of the IPWL treatment of a 

P3HT:PCBM film is shown in Figure 1a. The xenon lamp 

emits a broad spectrum of visible light that covers the 

absorption of the P3HT:PCBM thin film (Figure 1b). The 

fluence of the irradiation can be controlled by varying 

several properties of the pulse such as the applied 

voltage, the number of pulses, the pulse duration time, 

and the free temporal period (Figure 1c). During IPWL 

irradiation, high intensity light energy is delivered onto the 

sample within a few tens of milliseconds, which instantly 

increases the temperature of the sample due to the 

photothermal effect. 

The current density-voltage (J-V) characteristics 

of an IPWL-treated P3HT:PCBM BHJ solar cell are 

compared in Figure 2 to those of a typical P3HT:PCBM 

device treated with a thermal annealing process. The 

thermal annealing of P3HT:PCBM at 150°C for 10 min 

was found to improve the power conversion efficiency 

(PCE) of the device from 1.26% to 3.48%, which is close 

to commonly reported performances for P3HT:PCBM-

based devices. Interestingly, the IPWL-treated device 

also exhibited an improved PCE of 3.27% with Voc = 

0.62 V, Jsc = -9.25 mA/cm2, and FF = 0.57, values 

which are close to those for a typical device treated with 

thermal annealing. It should be noted that the total IPWL 

irradiation time was 2.2 s for a substrate area of 2.5x2.5 

cm2, which is short compared to the processing times of 

established post-treatment methods: thermal annealing 

(> 5 min), solvent annealing (> 50 s), microwave treatment 

(> 90 s), and pulsed laser annealing (> 4 s for device 

areas of 3x5 mm2). By comparison, thermal treatment 

Figure 1.  (a) Schematic of IPWL treatment for P3HT:PCBM blended 
films using xenon flash irradiation. (b) Spectra distribution of xenon flash 
lamp between 400 to 1000 nm. (c) Schematic of IPWL system.
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implies that IPWL treatment improved the hole mobility 

of P3HT:PCBM films. Transmission electron microscopy 

(TEM) images of the pristine, thermally treated, and 

IPWL-treated P3HT:PCBM blend thin films are shown in 

Figure 3c. The pristine film has a smooth, homogeneous 

morphology, whereas distinct rod-like P3HT crystals were 

present in the thermally and IPWL-treated films. These 

results clearly verified that IPWL irradiation induces the 

self-organization of P3HT into an ordered structure and 

optimizes phase-segregation of P3HT and PCBM, both of 

which enhance light absorption and hole mobility, as well 

as efficient photocurrent generation.

As regards the possible mechanism for how IPWL 

irradiation generates the heat required for nanostructure 

development, we believe that the absorption of light by 

P3HT:PCBM produces a temperature rise through non-

radiative energy dissipation. In fact, we observed that 2.2 

s of IPWL irradiation with 50 pulses and a fluence of 35 J/

cm2 was sufficient to increase the device temperature to 

108°C, which is above the glass transition temperature 

of the P3HT:PCBM active layer. In previous literature, 

it has also been reported that the heat generated by 

flash irradiation can result in temperatures sufficiently 

for 5 s resulted in almost no improvement in device 

performance. Considering that the nanostructure of the 

P3HT:PCBM BHJ layer is the main factor determining 

device performance, this result suggests that the 

nanostructure of the P3HT:PCBM photoactive layer can 

be reconstructed by a short period of IPWL irradiation.

Figure 3a shows the UV-Vis spectra of a pristine 

P3HT:PCBM blend film, blend films after IPWL treatment 

under various fluence conditions, and a blend film after 

thermal treatment at 150°C for 5 s. Thermal treatment at 

150°C for 5 s produced a similar spectrum to that of the 

pristine film. After IPWL treatment, absorption shoulders 

appeared at 550 nm and 600 nm, which indicates 

that interchain ordering of P3HT occurred, resulting in 

the formation of an extended conjugated system. To 

investigate the changes in the chain orientation and 

crystallinity of the P3HT:PCBM blend films resulting from 

IPWL treatment under various fluence conditions, out-

of-plane X-ray diffraction (XRD) was performed. Figure 

3b shows that the intensity of the (100) peak originating 

from the edge-on ordering of P3HT chains increased with 

increases in the IPWL fluence. Since the hole mobility in 

P3HT is proportional to the crystallinity, which is related 

to the degree of π-π P3HT-interchain stacking, this result 

Figure 2.  The current density-voltage (J-V) characteristics of polymer 
solar cells with pristine, thermal annealing at 150°C for 5 s, 10 min and 
IPWL treatment for 2 s.

Figure 3.  Effect of IPWL treatment for various fluence conditions. 
(a) UV-Vis absorption. (b) Out-of-plane mode grazing incidence X-ray 
diffraction spectra of pristine, thermal and various conditions of IPWL 
treatment. (c) Bright-field TEM image of P3HT:PCBM blended films with 
different annealing treatment conditions.
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high to ignite and reconstruct SWNTs and burn silicon 

nanowires, which require temperatures above ~1500°C 

[5,6]. Additionally, because the conjugated polymer 

materials have a low thermal conductivity, the heat from 

photo-thermal conversion could accumulate within the 

photoactive layer. Further studies on the heat generation 

in nanomaterials by flash irradiation were performed. 

Figure 4a shows the J-V characteristics of photovoltaic 

devices annealed with IPWL under various fluence 

conditions. The statistical data for the performances 

of these devices are presented in Figure 4b. Below a 

threshold fluence of 15 J/cm2, almost no change in Jsc 

and PCE was observed. Above this threshold, Jsc and 

PCE increased with increasing fluence until the maximum 

value was reached, after which Jsc and PCE started to 

decrease. The reductions in performance are due to the 

photo-degradation and oxidation of P3HT. As shown 

in Figure 3a, the light absorbed by the P3HT:PCBM 

blend film treated with IPWL at 60 J/cm2 was lower than 

those treated with weaker fluences. This decreased light 

absorption is due to a reduced conjugation length and 

disruption, which is related to photobleaching of the 

polymer. FTIR analysis verified that after IPWL irradiation 

at a fluence of 60 J/cm2, carbonyl groups (C=O) and 

thiocarbonyl groups (C=S) formed in the P3HT chain 

which means that P3HT undergoes degradation and 

oxidation during IPWL treatment with a strong fluence.

As a proof-of-concept, IPWL treatment was tested 

for flexible PSCs constructed on a polymer substrate. 

Figure 4c shows the J-V characteristics of flexible PSCs 

in either pristine condition or after IPWL treatment. The 

pristine device exhibited poor performance: Jsc = -3.19 

mA/cm2, Voc = 0.71 V, FF = 0.36, and PCE = 0.81%. In 

contrast, the IPWL-treated device exhibited enhanced 

performance: Jsc = -6.86 mA/cm2, Voc = 0.57 V, FF = 

0.53, and PCE = 2.06%; these values are comparable to 

those reported for a P3HT:PCBM solar cell based on a 

flexible substrate. This demonstrates that our proposed 

IPWL treatment method is substantially compatible with 

the R2R production of flexible PSCs.

Figure 4.  (a) J-V characteristics and (b) effect of IPWL treatment 
for various fluence conditions on the value of Jsc and PCE. (c) J-V 
characteristics of polymer solar cells on flexible substrate for pristine and 
IPWL treatment.
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Conclusion

Intense pulsed white light (IPWL) treatment was tested 

as an ultra-fast, large-area processable optical technique 

for the control of the nanostructure of a polymeric bulk-

heterojunction photoactive layer in order to improve the 

efficiencies of polymer solar cells. By performing IPWL 

treatment for 2.2 s on P3HT:PCBM blend films, the PCEs 

of the devices were improved to values close to those 

of devices after a typical thermal treatment. Pulsed light 

irradiation with an optimized fluence provided a sufficient 

energy and temperature rise to induce the required 

phase transition in P3HT:PCBM blend films. Further, 

we confirmed that the crystallinity and light absorption 

properties of P3HT:PCBM blend films are effectively 

controlled by pulse management. We believe that this 

technique can offer a split-second, large area, and cost-

effective optical method for the highly productive R2R 

manufacture of polymer solar cells. 

Note

This article and images are drawn from “Split-Second 

Nanostructure Control of a Polymer:Fullerene Photo-

active Layer by using Intensely Pulsed White Light for 

Highly Efficient Production of Polymer Solar Cells” in ACS 

Applied Materials and Interfaces, Vol. 6, pp. 1495-1501.
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Influenza A viruses are highly contagious viral pathogens and have been 

isolated from a wide variety of animals, including birds, humans, pigs, horses, 

dogs, cats, and marine mammals [1]. In particular, the highly pathogenic 

avian influenza (HPAI) subtype H5N1 virus has caused continuous outbreaks 

in the poultry industry, resulting in devastating economic losses while also 

posing a severe threat to public health. Since 2005, the occurrence of HPAI 

H5N1 has caused infection in wild waterfowl and domestic poultry in Central 

and South Asia, the Middle East, Europe, and Africa [5]. Avian influenza 

has hit Korea five times since 2003, causing substantial economic losses 

and public health concerns [2-4]. This significant threat to both animals 

and humans highlights the need for a highly sensitive, accurate, and rapid 

diagnostic tool to detect avian influenza viruses (AIVs). 

Several methods have been used for the isolation and identification 

of causative agents. Among conventional diagnostic methods, virus 

propagation using embryonated eggs and biological characterization have 

been the most feasible and accurate techniques to date. However, these 

methods require extended periods of time for detection, ranging from 3 to 

10 days. Developing a way to readily detect the virus would allow a more 

rapid response in order to reduce the spread of the disease and minimize the 

chance of outbreak [6].

Our project has four general objectives for developing improved 

diagnostic systems and control measures. These objectives involve the 

development of: (1) field-applicable diagnostic tests that are rapid, sensitive, 
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and designed to improve the detection of avian influenza 

virus; (2) assays suitable for sensitive high-throughput 

screening for the detection of avian influenza virus; (3) 

modeling and simulation to project the spread of avian 

influenza virus; and (4) evaluation of a diagnostic system 

developed in this project.

First objective: develop field-
applicable diagnostic tests that are 
rapid, sensitive, and improve the 
detection of avian influenza virus

Our team has already developed a nanoparticle 

that comprises different inorganic materials such as 

magnesium, manganese, and iron [7]. By tailoring 

the nanoparticle with different proportions of these 

materials, we have enhanced the magnetic moment of 

these nanoparticles more than typically is the case with 

magnetic nanoparticles upon exertion of a magnetic 

field. Moreover, attaching multiples of this nanoparticle 

to a ferritin complex has enabled us to generate a 

hybrid nanoprobe that possesses even higher magnetic 

moment [8, 9]. The ferritin complex also has an antibody 

attached to its surface that is specific to a target. Using 

a hybrid nanoprobe complex holding a set of multiple 

numbers of a specific antibody as well as tailored 

magnetic nanoparticles can definitely enhance sensitivity. 

With this complex, a handheld device, referred to as a 

micro-nuclear magnetic resonance device (µNMR), can 

quantitatively measure the magnetic moment of the 

probe, which can then be displayed on a smartphone 

(Figure 1). µNMR has already proved its usefulness in the 

diagnosis of tuberculosis as well as the detection of tumor 

cells [10-14]. 

As described in several recent publications, an 

ion-sensitive field-effect transistor (ISFET) has been 

demonstrated as a biosensor by incorporating enzyme-

linked immunosorbent assay (ELISA) technique [15-

18]. ISFET detects the end product from ELISA 

by quantitatively measuring the amount of the end 

product. This device has been able to detect down to 

the attomolar range, thus demonstrating its extremely 

sensitive detection capability in AI surveillance, made 

possible by combining these new technologies [19]. Along 

with its high sensitivity for detection of targeted molecules 

of interest, it is also highly portable, thus allowing on-the-

spot sample testing (Figure 2).

The agent used for recognizing a target virus is a 

critical factor in determining the performance of a sensor. 

Aptamers have better selectivity than antibodies in  

recognizing certain subtypes of AI virus because they can 

be selected under specific buffer conditions such that they 

are more robust under severe conditions and are better 

able to identify certain subtypes and mutations of the 

target virus. Aptamers are also advantageous because 

they are stable and feasible for chemical synthesis and 

mass production.  

Man Bok Gu at Korea University and KIST researchers 
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Figure 1.  Micro NMR, a hand-held system.
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Figure 2.  Field-effect transistor (FET) sensor for electrical detection.
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with highly portable devices makes it more likely that 

public health authorities can prevent avian influenza from 

becoming a pandemic or epizootic.

Second objective: develop a high-
throughput screening platform for 
an AI infected host

Avian influenza viruses are categorized as either high 

pathogenicity avian influenza (HPAI) or low pathogenicity 

avian influenza (LPAI) viruses, based on the severity 

of disease in experimentally infected poultry. To date, 

only subtypes containing H5 or H7 have been highly 

pathogenic [22]. Two measures to identify these viruses 

have generally been used: either isolation of the virus 

by classical methods or molecular detection and 

characterization of the viral genome [23]. The Animal and 

Plant Quarantine Agency (QIA) in Korea currently conducts 

both these types of investigation. The classical method 

requires the production of 10-day-old embryos (five eggs 

are needed to produce one specimen), specialized space-

consuming equipment, and a lengthy diagnostic time (five 

days to complete each step). Moreover, detecting viral 

RNA is carried out by real-time polymerase chain reaction 

(RT-PCR), which is inconvenient for applying point-of-care 

have begun a search of aptamers capable of differentiating 

specific subtypes of the AI virus. Recently, they developed 

a successful protocol to screen aptamers directly against 

bovine viral diarrhea virus type 1 using graphene (Figure 

3) [20]. As an extension of this work, they are planning 

to select aptamers customized to the selective detection 

of AI virus and optimize these aptamers for sensing 

platforms in order to enhance their performance and 

improve cost-effectiveness. KIST researchers Kyung-

Ja Woo and Sang Kyung Kim have developed a single-

step protein assay that can be completed within a 

couple of minutes using chemically modified aptamers. 

Controlled quantum dots and magnetic nanoparticles in 

a nanocomposite called MSQS have given stability and 

convenience in the simple assay. The fluorescent sensor 

can provide real-time quantification of the target protein 

simply by adding the particle to a sample (Figure 4)  [21]. 

In this project, aptamers for specific proteins in AI virus are 

acquired from SELEX and the nanoparticle-based assay 

can be adjusted to provide on-site detection of AI virus.

Overall, improving the sensitivity of a device will 

reduce the probability of false negative signals in AI virus 

detection. Effective translation from capturing the AI 

markers to display screening for interpretation will aid in 

quick decision-making in emergent situations such as AI 

outbreaks. In addition, being able to probe on the spot 
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testing space (enough for a 96-well plate). Although 

systems biology is in its infancy, its potential benefits are 

enormous in both scientific and commercial terms. We 

believe that the integrative approaches applied in this field 

are key to the understanding and eventual diagnosis of 

HPAI.

Third objective: develop modeling 
and simulation platforms to project 
the spread of avian influenza virus

An epizootic of avian influenza has a potentially 

significant impact on human health worldwide. Although 

avian influenza A viruses usually do not infect humans, 

rare cases of human infection with these viruses have 

been reported. Most human infections with avian influenza 

A viruses have occurred following direct contact with 

infected poultry. 

Strains of AI are classified by the combination of two 

proteins on the surface of the virus: the haemagglutinin 

diagnosis even though it has good sensitivity.

To overcome these drawbacks, researchers have tried 

many different approaches. First, they have tried to infect 

mammalian hosts. Understanding the species-specific 

differences in the distribution of receptors on cell surfaces 

is useful in the selection of animal models to research and 

investigate AI infections. Some mammalian cell lines, e.g. 

Madin-Darby Canine Kidney (MDCK), embryonic swine 

kidney (ESK) and Human Embryonic Kidney (HEK) 293 

cell displayed in vitro substrate susceptibility and viral 

infection from the H5N1 subtype [24, 25]. In view of cell 

biology, finding a mechanism to suppress the infection is 

critical for the development of an effective vaccination [26, 

27]. Although antiviral drug-discovery approaches have 

yielded notable successes in recent years, the propensity 

of viruses to develop drug resistance is still a major threat.

Because the mechanisms of any disease require 

a knowledge of how signal-transduction pathways 

operate and are deregulated, the complexity of signaling 

pathways, which are often highly interconnected and 

temporally and spatially regulated, can be dissected 

by system-level approaches. With advances in high-

throughput technology, systems biology allows us to 

assess the signal profiling of the host response to viral 

infections in a genome- and proteome-wide fashion 

(Figure 5) [28]. Activity-based protein profiling (ABPP) 

has also been applied as a reactivity fingerprint based on 

proteome reactivity [29]. Based on these approaches, 

we can establish an AIV viral cell culture model by using 

mammalian cell lines and analyze host-response signal 

profiling. High-throughput technologies have enabled 

multiple comparisons to be made among different kinds 

of cell lines simultaneously. Those signal patterns can 

produce identification of the HPAI or LPAI subtypes of AI 

viruses. 

Our strategy suggests that infected cell line profiling 

has the potential to become a simple point-of-care 

diagnostic method as well as a primary screening method 

to discover molecular markers. This method provides 

rapid diagnosis (within two days) and requires only limited 
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population of interest. By contrast, analytical models, 

simple models with few parameters, are a simplification of 

reality and may not describe the transmission mechanism 

in full detail; however, these models contain parameters 

that can be estimated.

Agent-based models (ABMs) treat entities explicitly as 

agents. Using an ABM approach to simulate the spread 

of AI shows that ABMs are tools for behaviour simulation 

within a complex adaptive system. In an ABM, an agent 

performs in a specific location by following a set of simple 

rules and with a limited knowledge of neighbouring areas. 

The biggest difference between the ABM method and 

statistical simulation methods is that the ABM method 

does not attempt to predict what will happen during the 

evolution of natural phenomena. It actually mimics the 

behaviour of the individual participants in the system to 

simulate the evolution of a natural phenomenon.

(H1 through H16) and the neuraminidases (N1 through 

N9), which can occur in any combination. The numerous 

strains of AI viruses are generally categorised into low 

pathogenicity avian influenza (LPAI), which generally 

causes only mild illness in birds, and highly pathogenic 

avian influenza (HPAI), which is extremely infectious, leads 

to severe illness, and frequently has high mortality rates. 

HPAI can reach mortality rates of 90 per cent or greater 

in domesticated poultry, often within 48 hours of infection 

[31]. 

The effectiveness of several control strategies may 

be assessed using an epidemiological model that 

describes virus transmission within a flock and among 

humans. Mathematical and statistical models can be 

useful for investigating critical parameters for public health 

intervention strategies in pandemics and to figure out 

what the complications and non-linear relationships might 

be. Model parameters are estimated from transmission 

experiments, mortality data of infected flocks, and 

outbreak data of an HPAI epidemic over a certain period. 

Furthermore the effect of culling and vaccination capacity, 

vaccination coverage and other active measures are 

essential issues to include in the model. 

Several epidemiological models have been developed 

that use scientific data to simulate various control 

strategies and to evaluate the efficiency of these 

strategies. These previous studies can be applied to AI 

in poultry populations and to model influenza A infections 

in humans. These models can demonstrate the effect 

of changes in parameter values on the outcome of 

the model, and they can be used without conducting 

experiments or collecting field data, or in situations that 

cannot be examined experimentally or in circumstances 

where the pathogen is absent. Nonetheless, solid, rather 

than hypothetical data is still needed to ensure that these 

models provide effective information. 

Models may differ in the number of parameters 

included. Simulation models, in general, contain a large 

number of parameters so that they consider many of 

the factors that can affect the spread of infection in the 
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development of updated diagnostics. 

In this phase of the project, a special vehicle 

developed earlier in the project will be tested for its 

ability to detect AIV in the field. Field samples will be 

processed by skilled personnel using the AIV detection 

modules built into the special vehicle, thus allowing an 

assessment of the practicality and diagnostic value of the 

vehicle. Based on the sample results, rRT-PCR and DNA 

chip modules will be optimized for AIV detection. The 

special vehicles described above will operate as mobile 

laboratories, to allow for on-site detection of AIVs, and 

thus, significantly help to control AIV at an early stage of 

outbreak. As special vehicles are intended to be deployed 

in AIV-contaminated areas, thorough decontamination of 

the vehicle is crucial to prevent the transmission of AIV. 

To this end, decontaminating systems installed in the 

vehicles will be evaluated. In recognition of its expertise in 

AIV detection, Konkuk University’s College of Veterinary 

Medicine will be taking steps to receive ISO 17025 

certification and will take an active role in the identification, 

monitoring and control of AIVs.

Conclusion

A multidisciplinary approach has been proposed to 

develop an effective AI detection and monitoring system, 

with particular emphasis on field application and high-

Fourth objective: evaluate 
diagnostic systems for the 
investigation and surveillance of 
avian influenza virus

The final goal of this project is to develop and evaluate 

a set of detection methods which can be actively used 

in the field to effectively control avian influenza viruses. 

To achieve this goal, diagnostic methods developed in 

other phases of the project need to be strictly evaluated 

for their diagnostic value in AIV detection. The College of 

Veterinary Medicine at Konkuk University is taking primary 

responsibility for this phase of the project.

AIV detection tools developed in other project 

phases will be intensively evaluated using methods that 

reflect field situations. The efficiencies of in situ high 

throughput screening (HTS), the rapid kit, and virus 

concentration device will be compared to established 

AIV detection methods, including embryonated chicken 

egg (ECE) inoculation and real-time reverse transcription-

polymerase chain reaction (rRT-PCR). For in situ HTS 

and the rapid kit, the specificity, sensitivity, and detection 

limit of each method will be determined using AIV-

contaminated samples, and the results will be evaluated 

in comparison to ECE inoculation and rRT-PCR. For the 

virus concentration device, its capacity to detect AIV 

concentration will be determined using water samples 

contaminated with a low level of AIVs. Besides the 

evaluation of novel diagnostic methods, phase four of the 

project will also provide crucial materials that are critically 

needed for the development of the diagnostic method. 

Approximately 100 Korean AIV isolates, collected by 

Konkuk University’s College of Veterinary Medicine from 

2002 to 2014, have been propagated using specific 

pathogen-free embryonated eggs and characterized by 

genome sequencing (Figure 8). This AIV panel can be 

used for the selection and evaluation of micro-molecules 

by in situ HTS and the rapid kit in this project. Moreover, 

regular AIV monitoring will be performed, and as a 

result, newly isolated AIVs will be continuously provided 
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throughput screening. Molecular biological and sensing 

techniques, which include aptamer technology, real-time 

PCR, next-generation sequencing, plasmonic sensors, 

and terahertz detection, will be used in the development 

of a diagnostic system. Simulation using an agent-based 

spatial model to predict the spread of avian influenza virus 

during outbreak situations will also be used. In addition, 

robotics and automation technologies will be developed 

and used for tasks such as sample collection and virus 

detection. KIST will collaborate with the Department of 

Veterinary Infectious Diseases at Konkuk University’s 

College of Veterinary Medicine to provide avian influenza 

virus panels and evaluate diagnostic testing capabilities. 

An improved diagnostic system emphasizing rapid 

detection will be developed with collaborators from 

several different institutions. These efforts are expected 

to provide far better control measures for avian influenza 

virus. 
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The focus of this article is on KIST’s efforts in improving the characteristics 

and performance of anode materials in the field of battery devices. 

Structurally controlled and hybridized Al-C nanoclusters were prepared from 

C60 and Al precursors by thermal evaporation-combined plasma-enhanced 

chemical vapour deposition. The resulting hybrid nano-clustered anodes 

exhibited a high reversible capacity of > 900 mAh/g at an optimized current 

density of 6 A/g for over 100 cycles.

With the increasing need for electric vehicles, electronic mobile 

devices and utility grids, extensive research has been performed on 

electrochemical materials with high electrical capacity and long cycle-life 

for lithium-ion battery (LIB) applications [1]. Recent studies have employed 

intrinsically high-capacity materials, silicon or metallic species, to replace 

carbonaceous anode material. However, structural collapse of the electrode 

and subsequent formation of solid-electrolyte interfaces (SEIs) have led to 

fading capacity over the course of multiple cycles, clearly a serious issue. To 

ameliorate this condition, Si-hybridized electrodes have been proposed to 

suppress excessive volume change during the Li-alloying reaction. However, 

these electrodes still have problems with weakening capability because of 

reduced electrical and ionic conductivity. 

In looking for ways to get around this problem, gas-phase hybridization 

between carbon and metal is seen as a potential improvement.  Unlike 

common complexation techniques of powder-phase ball milling or liquid-

phase synthesis, wherein control over interfacial hybridization can be difficult 
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to achieve, a gas-phase-based reaction, such as chemical 

vapour deposition (CVD), can directly insert metallic 

species into an energetically-activated carbon matrix and 

ultimately enable uniform hybridization at an atomic scale. 

Therefore, it simultaneously offers advantages of high 

specific capacity due to the metallic anode active material 

and cycling stability due to the carbon-based matrix.  In 

addition, to maximize interfacial electrochemical reaction, 

a nano-clustered hybrid structure can be created, wherein 

the stacking distance between integrated nanoclusters 

is optimized to facilitate highly efficient intercalation of Li 

ions. Also, spatial freedom between adjacent nanoclusters 

can suppress structural collapse during repeated cycles, 

enhancing long-term stability.

In this study, we employed a PECVD system 

equipped with a thermal evaporating chamber that pre-

activates carbon sources to a gas phase. We used C60 

powders as a carbon source in the PECVD reaction. 

As schematically shown in Figure 1, the structurally 

isotropic nature of the zero-dimensional geometry of 

C60 molecules induces a uniform bond opening under 

thermal activation conditions. This bond opening readily 

enables subsequent hybridization with metallic species 

while minimizing byproduct formation. Moreover, the 

spontaneously-formed graphene-like structure produced 

after the CVD reaction acts to underpin the stabilized 

anode matrix. Al was chosen as the metallic species to 

hybridize with C60 and enhance the capacity due to its 

high theoretical capacity (2,400 mAh/g). Also, when Al is 

hybridized with carbonaceous materials, it retains good 

electrical conductivity and electrochemical activity. Most 

importantly, Al is abundant and readily compatible with 

the CVD process since it has an appropriate precursor, 

trimethyl aluminium (TMA). 

To investigate the optimal composition of the Al-C 

hybrid phase, we investigated the surface composition 

with electron-probe microanalysis (EPMA).  As shown in 

Figures 2a-2c, Al hybridization inside the carbon matrix 

was not clear until the Al composition reached around 

20 wt%.  However at 40 wt%, Al-C hybridization was 

discernible over the entire surface.  Transmission electron 

microscopy (TEM) was conducted to reveal the internal 

structure of the Al-C hybridized phase (Figures 2d-

2f).  In accordance with the EPMA results, TEM analysis 

showed that the 40 wt% Al composition generated a 

well-developed morphology of Al-C hybrid nanoclusters 

of ~10 nm in diameter. An amorphous disordered carbon 

matrix was predominant with a lower Al composition.  In 

C60 opening + AI hybridization 
C60 Fullerenes

Cu substrate

C-AI hybridized Clusters on sp2 matrix

AI

Figure 1.  Schematic procedure of fabricating Al-C hybridized 
nanoclustered anode.

a AI b c

d e f

Figure 2.  Compositional and morphological characterization of Al-C 
hybridized films. EPMA (a-c) and TEM (d-f) analysis. (a, d) 10 wt% Al. (b, 
e) 20 wt% Al. (c, f) 40 wt% Al.  For EPMA data, the left and right halves 
correspond to the compositional distribution of carbon and aluminium, 
respectively.
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3c), the coexistence of D- and G-bands explains the 

transition from C60 to an sp2 carbon structure, which was 

consistent with the MAS/NMR analysis.  The intensity of 

both bands gradually increased when the Al composition 

increased from 10 to 40 wt%. This result suggests that 

the sp2 matrix formation is greatly promoted by the 

hybridization reaction. Also, the stacked sp2 layers and 

subsequent formation of Al-C nanoclusters concurrently 

increased the intensity of the D- and G-bands. XPS 

spectral analysis supported a similar trend in the structural 

change (Figure 3d).  When a small amount of Al was 

added, the bond-opening of the C60 cage to the sp2 

carbon plane was dominant, which was observed as a 

strong peak at 284.6 eV. As the hybridization reaction 

accelerated with the Al composition, the sp2 domains 

stacked to form a graphite-like structure and reactive sp2 

formed due to side chains generated by Al hybridization.  

The electrochemical performances of the Al-C hybrid 

nano-clustered electrode are presented in Figure 4. 

Capacitance-voltage characteristic was measured at 

a current density of 6 A/g in the active electrode within 

addition, selected area electron diffraction analysis (SAED, 

insets in Figures 2d-2f) was used to investigate the internal 

crystal structure.  In contrast to the blurred haze patterns 

that were not crystalline for lower Al compositions, the 

SAED result for 40 wt% Al clearly showed discrete ring 

patterns, indicative of ordered hybridization between Al 

and C inside the nano-clustered domains.

The crystalline characteristics of the Al-C hybrid 

nanoclusters were confirmed by high resolution TEM 

(HRTEM).  As shown in Figure 3a, particularly inside 

the nanocluster domains, d-spacings of 0.234, 0.202, 

and 0.143 nm corresponded to the (111), (200), and 

(220) planes of Al, and d-spacings of 0.284 and 0.219 

nm corresponded to the (331) and (440) planes of C60. 

Interspacing of 0.245 nm that matched the d-spacing 

of sp2 carbon was common in the matrix outside the 

nanoclusters. During a PECVD hybridization reaction, 

C60 molecules under high temperature undergo bond 

opening and become highly activated sp2 carbon 

species that react with TMA molecules to form hybridized 

nanoclusters. Graphene-like sp2 carbons that do react 

with Al precursors form an electro-conductive matrix in 

the background, as shown in Figure 3a. The structural 

change by hybridization can be ensured by solid-state 

magic-angle spinning (MAS)/nuclear magnetic resonance 

(NMR) spectra, as shown in Figure 3b. For a PECVD 

deposition without Al hybridization (carbon only), there 

were two distinct peaks: a sharp one at 145 ppm from 

C60 and a weak, broad one at 108 ppm from a partial 

transition to the sp2 phase (random sp2 carbon with 

side chains). A strong peak at 145 ppm implies that the 

sp2 formation was not fully facilitated in the absence 

of hybridization. When the hybridization reaction took 

place, the peak at 145 ppm disappeared and the peak at 

108 ppm was greatly intensified, indicating a successful 

structural change from C60 to graphite-like structures. 

To e luc idate the hybr id izat ion react ion and 

corresponding change in bonding structure, we also 

characterized the Raman and X-ray photoelectron 

spectroscopy (XPS) spectra. In the Raman spectra (Figure 
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Figure 3.  (a) HRTEM analysis of Al-C hybridized nanoclusters (40 wt% 
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cycles, during which side reactions of Li-Al alloying were 

gradually mitigated and stabilized.  This result suggests 

that our PECVD and carbon-based hybrid electrodes 

can stably relax the interfacial stress accumulated in the 

electrode during the reversible process of Li intercalation. 

At an optimum of 40 wt% Al, the discharge capacity 

displayed 920 mAh/g and the initial reversible capacity 

remained after 100 cycles while maintaining a coulombic 

efficiency greater than 98%. Of particular note, the 

specific capacity increased slightly with increasing cycles.  

This slow activation can be attributed to new reaction 

sites in the nano-clustered domains in accordance with 

increased stabilized contact with the electrolyte. 

The cyclic stability of the Al-C hybrid nanoclusters can 

be attributed to their structural stability.  As confirmed by 

XPS analysis, mixed domains between stacked layers of 

sp2 carbon and uniformly hybridized Al-C nanoclusters 

allow for minimal structural change during reversible 

lithiation/delithiation cycles as well as maximal surface 

area for enhanced electrochemical reactions.  The 

structural stability of the nanoclusters resulted in excellent 

cycling characteristics at high current rates. As shown in 

Figure 4d, the cells maintained good capacity retention 

under high current rates and a discharge capacity greater 

than 500 mAh/g was retained at a current density of 

20 A/g. These results suggest that nano-clustered 

hybridization plays an important role in improving the 

faradic capacitance at the electrode interfaces. 

In conclusion, structural and electrochemical 

characteristics of the Al-C hybrid nanoclusters as anode 

materials for lithium ion batteries were investigated. Due to 

the uniform hybridization between Al and C into ordered 

nanoclusters on a graphene-like sp2 carbon matrix and 

a unique layered structure, both high reversible capacity 

and rate capability could be obtained. Also, improved 

structural stability and electrical conductivity of electrodes 

allowed for facilitated intercalation of lithium ions without 

sacrificing electrochemical stability over many cycles. 

Since the presented Al-C hybrid nanoclusters can be 

readily produced by vapour-phase deposition on a large 

a cut-off voltage window of 0.01 - 3.0 V versus Li+/

Li. Voltage profiles in the first cycle with different Al 

compositions are presented in Figure 4a. Since the 40 

wt% Al sample contained well-developed nano-clustered 

domains including optimal Al hybridization, it had the 

highest charge capacity (charging and discharging 

capacity were 1,680 and 922 mAh/g, respectively). The 

hybrid electrode had a main voltage plateau at regions of 

0.01-0.5, 0.75-1.25, and 1.75-2.25 V during a reaction, at 

which movement of Li ions between electrodes is highly 

facilitated. Then the major reaction regions were analysed 

by measuring cyclic voltammetry (CV).  The curves shown 

in Figure 4b were obtained from the first to fifth cycles 

between 0.01 V and 3.0 V at a scanning rate of 0.1 mV/s 

and indicate stable reduction/oxidation cycles for 40 wt% 

Al samples. 

The Al-C hybrid nano-clustered electrodes had 

outstanding cyclic stability in repeated charging/

discharging operations. Figure 4c shows the discharge 

capacity of hybrid electrodes up to 100 cycles at a current 

density of 6 A/g.  Irrespective of the Al composition, the 

discharge capacity remained consistent after around 5 
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Figure 4.  Electrochemical performances of Al-C hybrid anodes with 
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scale at a low cost, these results suggest real possibilities 

for application in next-generation energy storage and 

conversion devices.

Notes

This article and its images are drawn from “Al-C Hybrid 

Nanoclustered Anodes for Lithium Ion Batteries with High 

Electrical Capacity and Cyclic Stability” in Chem. Comm., 

vol 50, pp. 2837-2840.
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Introduction

Suspended solids (SS) are the fine particulate matter of organic or 

inorganic origin that are suspended in or are carried by the water column 

of a stream, river, lake or reservoir by turbulence. The size of SS varies 

from 1 to 200 µm; however, this can increase when particles flocculate. 

Natural erosion and anthropogenic perturbations stemming from municipal 

and industrial activity are the main sources of SS. Due to the scarcity of 

freshwater resources in many parts of the world, water reclamation has 

become increasingly necessary [1-3] and requires SS removal from available 

water sources. For example, sea water desalination through reverse osmosis 

and nanofiltration is a well-known and recently developed water reclamation 

method [4]. A growing number of treatment procedures are now available for 

separating SS. Chemical methods, such as coagulation, as well as physical 

methods, which include dissolved air flotation (DAF), surface filtration (SF), 

membrane filtration (MF) and depth filtration (DF), are the most common 

methods employed to remove SS [5, 6].

In DAF, the SS are brought to the surface by attaching them onto air 

bubbles, and then removing them by skimming. DAF requires high pressure 

pumps to dissolve air in the water medium [5]. DAF effectively removes oil 

and grease, as well as low density floc, but is not suitable for removing SS 

with a heavy mass [7, 8]. SF requires a thin perforated septum of metal 

or woven cloth to remove particles and is suitable for removing SS > 10 
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[ Feature Articles ] µm in size. However, SF is prone to contamination 

through muddling and fouling, so the filter must be 

cleaned or backwashed frequently to ensure continuous 

operation. MF uses a carefully engineered semipermeable 

membrane made of ceramic or polymer for its filtration 

purposes. The effluent is passed through micro- (pore 

size = 0.005 - 0.2 µm) and ultra-filters (pore size = 0.08 - 

2.0 µm), resulting in higher turbidity removal as compared 

to SF or DAF methods. The downside to this method is 

that MF membranes are very delicate and more prone to 

fouling, and must be subjected to a tedious backwashing 

process to ensure reuse [5, 9]. 

A considerably simpler and less complicated setup 

is employed in DF. DF filter matrices are composed 

of granular sand, anthracite and synthetic fibers. In 

conventional DF systems, multiple layers of sand, with 

different grain sizes, are used to remove SS of varying 

sizes. In more modern DF systems, synthetic fibers are 

preferred over sand layers because the size of these 

filters can be effectively controlled by tuning the pressure 

applied to the filter module [5, 10]. Moreover, synthetic 

fiber filters are very robust and adaptable becasue their 

surfaces and morphologies can be easily engineered 

to fabricate filters for various applications, e.g., hollow 

fibers can be used for ultrafiltration, and hydrophilic or 

hydrophobic fibers can be made for removing SS from 

different types of effluents. During backwashing, pressure 

can be released and particles can be easily removed by 

applying compressed air and water. For all these reasons, 

synthetic fiber-based DF systems have been receiving 

considerable attention. 

Another advantage of synthetic filter media is their 

superior capacity for particle removal, with higher filtration 

velocities and higher efficiency, when reused after 

backwashing. In particular, poly(propylene) (PP) fibers 

have been widely used as a filter media for SS removal 

because of their low cost, non-toxicity, resistance to 

hydrolysis, and adequate mechanical properties [11, 12]. 

Since interaction between the fiber filter and particles to be 

retained plays an important role in SS removal, the nature 

of the filter surface must be engineered carefully. PP fibers 

are moderately hydrophobic (the water contact angle is 

~100°) [13], but further increasing their hydrophobicity can 

decrease the interaction between the filter and the SS to 

be removed, resulting in less bio-film formation [14]. Also, 

superhydrphobic coated surfaces display minimal water 

adherence as compared to uncoated ones [15].  

A flexible and mechanically robust monolayer sheet of 

sp2 carbon atoms, graphene, has been found to be useful 

for increasing or imparting hydrophobicity to different 

surfaces [16]. In particular, reduced graphene oxide (RGO) 

prepared by chemical exfoliation of graphite has been 

preferred for forming hydrophobic surfaces due to its 

cost-effectiveness and ease of scalability [17]. Therefore, 

in our investigation described below, we prepared highly 

hydrophobic RGO-coated PP fibers (PPF-RGO) to use in 

a filter matrix for DF systems. PPF-RGO was expected to 

allow rapid detachment and better removal of hydrophilic 

particles. A PPF-RGO filter matrix was obtained by 

coating PPF with FGO followed by solution phase 

reduction with hydrazine monohydrate. The formation 

of RGO coating was evaluated by Raman and X-ray 

photoelectron (XPS) spectroscopies and Field emission 

scanning electron microscopy (Fe-SEM). The wettability 

of PPF-RGO was evaluated by contact angle studies. A 

depth filter system was fabricated to evaluate filtration 

performance, and kaolin was used as a SS model.

Experimental setup

Preparation of functionalized graphene oxide and 

PPF-RGO

Graphite oxide (G-O) was synthesized by a modified 

Hummers method [18]. Briefly, the 2 g of graphite 

powder was oxidized using 50 ml of sulfuric acid and 

7 g of potassium permanganate. The oxidized graphite 

was filtered, washed with deionized (D.I.) water, and 

dried at room temperature under vacuum for 12 h. 

The well-dried G-O was treated with phenylisocyanate 
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run. Once the filtration runs were completed, backwashing 

was performed using clean D.I. water fed through the filter 

column at a velocity of 282.5 m/h and a pressure of 80 

kPa for 2 min. During backwashing, the efficacy of particle 

separation and detachment of kaolin particles from the 

filter surface were evaluated by measuring the turbidity 

(in nephelometric turbidity units (NTU)) of the filtrate and 

backwash effluents. A turbidimeter (model 2100N, Hach 

Co., USA) was used for turbidity measurement. 

Characterization

An atomic force microscope (AFM, XE-100, PSIA, 

Korea) was used to probe the morphology of FGO 

deposited on Si-wafer by spin coating and the roughness 

of fiber samples at room temperature in a non-contact 

mode. Surface chemical properties and the morphology 

of PPF-RGO was studied using Raman and XPS (SSI 

2803-S, Surface Science Instrument corporation) 

spectroscopies, Fe-SEM (S-4200, Hitachi, Japan), 

(PIC) using the procedure reported elsewhere in the 

literature [19]. G-O (3.5 g) was suspended in 350 ml of 

N, N′-dimethylformamide. Then, 0.14 mol of PIC was 

added and stirred at a nitrogen atmosphere for 24 h. 

2 L of dichloromethane was added to coagulate the 

reacted mass; the precipitate was washed with excess 

dichloromethane and dried to yield PCI-treated G-O 

(P-GO). FGO dispersion with a solid content of 2.5 

mg/ml was obtained by sonicating P-GO with N, N′-
dimethylacetamide (DMAc).

First, FGO-coated PP fibers (PPF-FGO) were prepared 

using a three-step dip coating method. 5 meters of PP 

fibers were consecutively immersed in 500 ml of xylene, 

500 ml of DMAc and 500 ml of FGO dispersion, for 2 h 

each. Between each of these steps the excess solvent or 

FGO dispersion was drained off. In order to remove the 

FGO dispersion retained in between the fibers, after the 

third step, vacuum filtration was performed for 1 h, and 

the fibers were dried at 120°C for 5 h. Then, the PPF-

FGO was treated with an aqueous solution of (2 ml/L) of 

hydrazine monohydrate at 100°C for 24 h. The resultant 

PPF-RGO samples were taken off and sonicated with a 

0.3% aqueous solution of Tween 80, washed with D.I. 

water and dried at 60°C for 3 h. To obtain PPF-RGO with 

more RGO coatings, the above procedure was identically 

repeated, from dipping in to FGO dispersion. The samples 

were coded as PPF-X-Y, where X= the substance 

coated (FGO or RGO), and Y = the number of coatings 

performed. 

Filtration studies

The experimental setup used for the filtration studies 

is shown in Figure 1. 1.25 g of PPF-RGO was packed in 

a downflow column made up of poly(acrylonitrile) having 

a 1 cm inner diameter and 5 cm media depth. Peristaltic 

pumps and a pressure gauge were connected to the filter 

column. An aqueous suspension of kaolin (50 g in 100 L 

of D.I. water) was continuously fed into the column at a 

velocity of 56.5 m/h for 60 min. Changes in flux and trans-

filter pressures (TFP) were monitored during each filtration 
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Figure 1.  Experimental setup used for depth filtration studies.
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thicker than previously reported GO and FGO sheets of 

1 nm [20], due to the adsorption of solvent molecules. 

Overall, dispersibility and AFM results were consistent 

with previous studies that dealt with the synthesis of PIC-

treated GO.

Figure 3a shows the photographs of pristine PPF, 

PPF-FGO-3 and PPF-RGO-3. Pristine PP fibers, PPF-

FGO-3, and PPF-RGO-3 appear as white, brown and 

black, respectively. The brown and black coloration of 

PPF-FGO-3 and RGO-3 confirmed the successive loading 

of FGO and RGO on the surface of the PP fibers. When 

PPF-FGO-3 was treated with hydrazine monohydrate, 

the FGO was reduced to RGO, i.e., when the oxygen 

functional groups were removed, the FGO turned black 

and appeared like RGO and carbon nanotube (CNT)-

coated fabrics [21, 22]. The swelling of the PP fiber matrix 

by xylene in the first step relaxed its surface structure 

and facilitated the penetration and immobilization of 

FGO sheets upon solvent removal. There may have 

and contact angle measurements. A LabRam HR 800 

spectrometer (Horiba Jobin Yvon, France) equipped 

with an excitation source of 514 nm line of an Argon-

ion laser was used to record the Raman spectra. An 

Al Kα excitation (hν = 1468.6 eV) source was used for 

XPS measurements. A drop shape analysis system 

(DSA 100, Krüss, Germany) was used for contact angle 

measurements. 5 µL of D.I. water was dropped and 

allowed to spread for 15s on the surface of PPF-RGO 

which had been uniformly spread over a glass slide. The 

average value was taken as the static contact angle.

Results and discussion

Figure 2a shows the photographs of GO and FGO 

dispersion prepared by sonicating G-O and PG-O in 

DMAc. The higher dispersion facilitated by PGI treatment 

is evident from these photographs. The reaction 

between G-O and PGI decreases the hydrogen bond 

forming tendency of GO sheets, and renders stable 

dispersion in polar aprotic solvents such as DMAc due 

to the conversion of hydroxyl and carboxyl groups of 

G-O into carbamate esters and amide, respectively 

[19]. Figure 2b shows the AFM image of FGO sheets. 

Two-dimensional sheets with a length of 387 nm and 

thickness of 1.4 nm were seen. The thickness of the 

graphene sheets is considered to be a direct measure of 

exfoliation. These FGO sheets were found to be 0.4 nm 
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Figure 2.  Characteristics of FGO: (a) photograph of GO and FGO stock 
dispersions in DMAc, and (b) AFM image of FGO sheets.
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dominant in PPF-FGO-3 and PPF-RGO-3. The pristine 

PP fibers showed an additional broad peak at 285.7 eV, 

which is associated with the C-O/N-Ar [20] and may have 

been contributed by the additives used while preparing 

the PP fibers by melt spinning. Immobilization of FGO and 

RGO considerably decreased the intensity of the 285.7 

eV peak. PPF-RGO-3 showed an additional, less intense 

peak at 286.7 eV, which can be corroborated with the 

presence of the least quantity of unreacted C-OH and 

epoxy groups [31]. Respective deconvoluted O1s spectra 

of these samples are shown in Figure 3d. Two peaks 

corresponding to C=O (531.3 and 531.5 eV) and C-O 

(532.6 and 532.9 eV) [31] with varying intensity can be 

found in all these samples. The ratio of C=O/C-O peaks 

was 0.52, 0.97, and 1.14 for pristine PPF, PPF-FGO-3 

and PPF-RGO-3, respectively. The higher intensity of C=O 

over C-O was contributed by the amide ((-C=O)-NH-Ar) 

and carbamate ester (C-(C=O)-(NH)-Ar) groups present in 

the FGO and RGO sheets.

Morphology and surface 
characteristics

Figure 4 shows Fe-SEM images of pristine PPF and 

PPF-FGO-3 and PPF-RGO-3 samples recorded at three 

different magnifications (5, 50 and 100k). The pristine PPF 

exhibited a rough and corrugated surface. Upon FGO 

coating, the rough and corrugated surface of pristine PPF 

was transformed into deep valley-like patterns. However, 

analysis of roughness by AFM did not show a specific 

trend for either PPF-FGO-1, -3, and -5 or PPF-RGO-1, 

-3, and -5 samples (data not shown here). There were 

no graphene sheet-like objects, which may indicate the 

anchoring of flat FGO sheets on valleys which appeared 

on the PPF-FGO-3. Thus, the homogeneity of FGO coating 

formed on pristine PPF could not be defined. In a low 

magnification image (5k) of PPF-RGO-3, homogenously 

distributed graphene sheets were observed. In high 

magnification images (50 and 100k), folded and wrinkled 

been attractive van der Waals interactions between 

the PP fiber matrix and FGO or RGO, as previously 

found between single walled carbon nanotubes and 

PP molecules [23]. Due to the absence of any other 

specific functional groups, further interaction between 

PP fibers and FGO or RGO was unlikely. However, non-

covalent bindings, including π-π stacking, cation-π, and 

van der Waals interactions between the non-oxidized 

sp2 network of FGO and  sp2-network of RGO restored 

by reduction, are possible [24] so that successive FGO 

coatings formed on PPF-RGO were stable. Similarly, a 

strong interaction between consecutive RGO coatings 

likely took place because of the stacking of RGO sheets 

by p–p interactions and van der Waals forces [25]. Thus, 

this three-step procedure (swelling, FGO coating and 

reduction) was found to be appropriate for producing 

robust PPF-RGO. 

Figure 3b shows the Raman spectra of pristine, and 

FGO- and RGO-coated PP fibers. Both samples showed 

sharp and intense peaks associated with PP backbone at 

809 (νCH2 + νC-C + νC-CH), 972 (rCH3 + νC-C chain), 

1165 (νC-C + rCH3 + δCH), 1326 (δCH + tCH2), and 1464 

cm-1 (δasCH3 + tCH2). PP peaks with medium intensity 

were also observed at 997 (rCH3 + ωCH2 + δCH), 1035 

(νC-CH3 + νC-C + δCH), 1218 (tCH2 + δCH + νC-C) 

and 1360 cm-1 (ρasCH3 + σCH) [26,27]. Upon FGO and 

RGO loading, a latter set of peaks decreased, and a new 

peak clearly emerged at 1594 cm-1, which is a G band 

corresponding to in-phase vibration of the graphite lattice 

[28, 29]. In addition, Raman peaks appeared between 

1308 and 1392 cm-1, i.e., 1326 and 1360 cm-1 peaks; 

they were deformed and appeared as dual peaks. This 

indicates the emergence of a D band attributable to 

the disorder of graphite edges that are usually found at 

1355 cm-1 [28, 29]. Notably, the D peak of PPF-RGO-3 

was diffused when compared with PPF-FGO-3 due to a 

decrease in the defect ratio after the reduction process. 

Figure 3c shows the deconvoluted C1s spectra. Both 

samples exhibited a peak at 284.6 ev which is attributed 

to the CHn/C-C of PP backbone [30]. This peak was 
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increase in the number of FGO coatings. The θ values 

for FGO-coated PPF coated one, three and five times 

were found to be 99°, 93°, and 88°, respectively. The θ 

values of PPF-FGO illustrates that the changes identified 

in surface wettability are mainly due to the physiochemical 

composition of the coatings rather than changes in 

roughness. Collectively, the presence or absence of 

oxygen functional groups on graphene sheets determined 

the surface chemical characteristics of PPF.

Filtration performance of PPF-RGO

The depth filtration performance of pristine PPF, PPF-

FGO-3 and PPF-RGO-3 was evaluated on the basis of 

changes in flux, TFP and turbidity in test and backwashed 

effluents. Each sample was subjected to seven filtration 

and backwashing runs. Figures 5a-b illustrate the 

changes in flux and TFP as a function of filtration time. 

Flux decreased drastically and TFP increased, irrespective 

of samples, due to the clogging of the fibrous filter matrix 

by the retained kaolin particles. However, there was a 

drastic difference between these samples with respect to 

changes in flux and TFP. The extent of flux decrease and 

TFP increase was considerably less in the case of PPF-

RGO-3 as compared to other samples. The final flux-

TFP after the seventh filtration run was ca. 400 L/m2h-

60 kPa, 1250 L/m2h-59 kPa, 3000 L/m2h-57 kPa for 

pristine PPF, PPF-FGO-3 and PPF-RGO-3, respectively. 

These findings can be directly correlated with the surface 

characteristics of the filter matrix. In depth filtration, 

particles were mainly retained at the top of the filter bed. 

The kaolin particles were expected to strongly adhere to 

the surface of the moderately hydrophobic PP fibers and 

hydrophilic PPF-FGO-3. Accordingly, these filter matrixes 

showed prominent flux decreases and TFP increases. 

Hydrophilic kaolin particles were able to penetrate inside 

the hydrophobic PPF-RGO-3. Consequently, there was 

less compaction of retained kaolin particles, while the flux 

decline and TFP rise were also minimal.

RGO sheets appeared similar to RGO-coated polyester 

fabrics [32]. It seems the FGO sheets were folded and 

wrinkled upon reduction. The edges and folds of the RGO 

sheets were clearly visible.

In principle, the physiochemical composition and 

morphology of surface coatings have an influence on 

wettability. Contact angle (θ) is a direct measure of 

wettability. As predicted, the RGO coatings brought an 

obvious increase in θ due to their intrinsic hydrophobicity. 

An abrupt increase in θ by 17° was witnessed as result 

of the first RGO coating (θ of pristine PPF = 108°). After 

coating with RGO three and five times, θ increased to 

132° and 135°, respectively. The magnitude of increase 

in θ was reported to be much higher in the case of RGO-

coated melamine sponges [17] and cotton fabrics [33] 

prepared by a dip coating method. The presence of 

specific functional groups and the intrinsic absorption 

capacity of these materials were responsible for the steep 

increase in θ upon RGO coating. On the other hand, the 

θ of respective PPF-FGO decreased as a function of the 

Figure 4.  Fe-SEM images of pristine PPF, and FGO- and RGO-coated 
PPF under different magnifications: (a)-(c) pristine PPF, (d)-(f) PPF-
RGO-3, and (g)-(i) PPF-RGO-3.

(a)

(d)

(g)

(b)

(e)

(h)

(c)

(f)

(i)
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turbidity of backwashing effluent from pristine PPF and 

PPF-FGO-3 ranged from 1200 to 1450 NTU and from 

1650 to 2050 for PPF-RGO-3. These results indicate that 

adhesive interaction between the highly hydrophobic PPF-

RGO-3 and kaolin particles was less than that of PP fibers 

and hydrophilic PPF-FGO-3. Collectively, in terms of both 

flux, TFP and particle detachment efficiency, PP fibers 

coated with hydrophobic RGO proved to be beneficial for 

removing SS via depth filtration.

Conclusion

Highly hydrophobic PPF-RGO depth filter matrices 

were successfully prepared by a simple and easily 

scalable dip coating procedure. Immobilization of 

hydrophobic RGO sheets on the surface of PP fibers 

was confirmed by Raman, XPS and Fe-SEM studies. A 

clear increase in the water contact angle of pristine PP 

fibers from 108° to 132° was found after applying three 

coats of RGO to the fibers. The resultant PPF-RGO with 

a higher degree of hydrophobicity demonstrated superior 

filtration performance. The PPF-RGO filter matrix showed 

minimal flux decrease and TFP increase as compared to 

hydrophilic PPF-FGO and pristine PP fibers. The rapid 

and higher quantity particle detachment from PPF-RGO 

testified to its reusability. Overall, the approach of using 

Figure 6 reflects the extent of particle removal from 

the filter matrix during the backwashing operation. In 

principle, particle detachment from the filter surfaces 

are mainly influenced by the adhesive force between the 

particles and the substrates, as well as the strength of 

hydrodynamic or physiochemical repulsive forces applied 

externally. If the external repulsive forces overcome the 

adhesive force between the particles and substrate, the 

particle will be detached from the surface [34]. As shown 

in Figure 6, most of the kaolin particles were detached 

within 10s of the backwashing run, irrespective of filter 

matrix used. Turbidity results clearly indicated that there 

was a difference in the extent of particle removal. The 
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Introduction

The potential for production of chemicals from microalgal biomass has 

been considered as an alternative route for CO2 mitigation and establishment 

of biorefineries. This article presents the development of a bioprocess 

for succinate production from microalgal biomass using engineered 

Corynebacterium glutamicum.

The recalcitrant structures of lignocellulose hamper its efficient 

degradation into simple sugars. Although various methods have been 

developed to break the structures of lignin and crystalline cellulose prior 

to enzymatic hydrolysis, the pretreatment step is still a bottleneck for 

fermentation of lignocellulosic biomass. On the other hand, microalgal 

cultivation as a potential platform for production of biofuels or chemicals 

has several positive aspects, including high productivity per acre over 

lignocellulosic feedstock resources (Figure 1). Thus, we have considered 

microalgal biomass as a potential feedstock to replace lignocellulosic 

biomass and to produce value-added chemicals.

Corynebacterium glutamicum is a predominantly aerobic, non-

pathogenic, biotin-auxotrophic Gram-positive bacterium. It is used industrially 

for amino acid production, in particular, the flavor enhancer L-glutamate and 

the feed additive L-lysine. Recently, the engineering of amino acid-producing 

C. glutamicum has enabled the utilization of hydrolysates of rice straw, wheat 

bran, and molasses. Moreover, recent studies have indicated the potential 
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of C. glutamicum as a microbial cell factory to produce 

other commercially relevant chemicals such as succinate, 

isobutanol, cadaverine, and ethanol. 

To broaden the substrate range, the engineering of 

C. glutamicum has been modified to utilize non-native 

carbon sources such as cellobiose, N-acetylglucosamine, 

or starch. In this report, we focus on highly accumulated 

starch in microalgae biomass as a potential carbon source 

for C. glutamicum. Here, we engineered a succinate-

producing C. glutamicum strain to secrete starch-

degrading α-amylases to produce succinate from CO2-

derived microalgal biomass through synthetic biology and 

metabolic engineering (Figure 2).

Utilization of soluble starch by 
engineered C. glutamicum 

Carbohydrates including starch are major constituents 

in the microalgal biomass of Chlamydomonas reinhardtii 

a-amylase

CO2-derived

a-amylaseglucose
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Soluble
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Starch-accumulating
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Figure 2.  Scheme of CO2-derived succinate production from microalgal 
biomass using engineered C. glutamicum through consolidated 
bioprocessing. Engineered C. glutamicum secrets α-amylase to degrade 
soluble starch derived from extracts of CO2-grown C. reinhardtii and 
produces succinate from total sugars from microalgal biomass without 
enzyme addition.
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strains. Cg-pBbEB1c as a control strain (A), α-amylase-secreting Cg-
pSbAmyA (B), and Cg-pBlAmyS (C) strains were cultivated with 0.5% 
(w/v) soluble starch (Sigma) as a sole carbon source. Optical density 
was measured at 600 nm (closed circle; black). Soluble starch (closed 
square; blue) in the supernatant was quantified. Mean values and 
standard deviations of triplicate cultures are shown (s.d. less than 1% 
not shown).
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mixture of 0.5% (w/v) glucose and 0.5% (w/v) soluble 

starch as the model carbon source of microalgal biomass 

for succinate production. These strains and a control 

strain carrying the vector without an amylase gene (BL-

1-pBbEB1c) were tested for their ability to utilize a model 

carbon source of microalgal biomass. 0.5% glucose 

was supplemented as an additional carbon source to 

the CgXII defined medium with 0.5% soluble starch. The 

control strain BL-1-pBbEB1c in a mixture of glucose and 

starch grew (maximal growth 1.78 g ± 0.01 cdw/L) where 

0.5% glucose was completely depleted and 0.5% starch 

was not consumed at all. On the other hand, the strains 

UTEX 90 when the algae were starved for other essential 

elements such as nitrogen. As C. glutamicum wild 

type ATCC 13032 is unable to utilize starch, we first 

implemented this ability by constructing strains of Cg-

pSbAmyA and Cg-pBlAmyS capable of secreting 

α-amylase into the medium. The C. glutamicum wild type 

harboring the empty plasmid pBbEB1c did not consume 

soluble starch (Sigma; no glucose detected) at all and 

showed no growth (Figure 3). Strain Cg-pSbAmyA did not 

completely consume 0.5% (w/v) soluble starch (Sigma) 

within 56 hr and reached a maximal cell dry weight (cdw) 

of 0.5 ± 0.01 g/L. 

However, strain Cg-pBlAmyS completely consumed 

0.5% soluble starch (Sigma) in 6 hr and reached a 

maximal biomass of 1.23 g ± 0.01 cdw/L, which was the 

same biomass as the Cg-pBbEB1c grown on 0.5% (w/

v) glucose as the sole carbon source (1.23 g ± 0.01 cdw/

L). Finally, we successfully constructed starch-degrading 

C. glutamicum strains via secreting the α-amylase and 

applied this system for succinate production.

Succinate production from soluble 
starch by engineered  
C. glutamicum 

The succinate-producing C. glutamicum strain BL-1 

[1], which carries deletions of the genes pqo (encoding 

for pyruvate:menaquinone oxidoreductase), pta-ackA 

(encoding for phosphate acetyltransferase and aceate 

kinase), sdhCAB (encoding for succinate dehydrogenase 

complex), and cat (encoding for acetyl-CoA:CoA 

transferase) was transformed with the plasmids pBbEB1c-

torA-SbAmyA(cg.co) and pBbEB1c-torA-BlAmyS(cg.co). 

As a result, we constructed BL-1-pSbAmyA and BL-1-

pBlAmyS strains. 

Microalgal biomass consists mainly of carbohydrates 

(60%, based on cdw), protein (8.3%, based on cdw) 

and other biomass constitutes. 58% of carbohydrates 

in microalgal biomass were soluble starch. We used a 
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Figure 4.  Profile of glucose, soluble starch, succinate, and the growth 
of C. glutamicum strains. The succinate-producing C. glutamicum 
strains BL-1-pBbEB1c (A), BL-1-pSbAmyA (B), and BL-1-pBlAmyS (C) 
were cultivated with a mixture of 0.5% (w/v) soluble starch and 0.5% (w/v) 
glucose as a model microalgal biomass. Optical density was measured 
at 600 nm (closed circle; black). Soluble starch (closed square; blue), 
glucose (closed triangle, red), and succinate (open circle, green) in the 
supernatant were quantified. Mean values and standard deviations of 
triplicate cultures are shown (s.d. less than 1% not shown).
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and BL-1-pBlAmyS showed doubled biomass formation 

(1.05 ± 0.01 g cdw/L and 1.02 ± 0.01 g cdw/L) in 24 hr, 

respectively (Figure 5). 

The strains BL-1-pBlAmyS and BL-1-pSbAmyA 

produced 0.49 ± 0.01 g/L and 0.50 ± 0.01 g/L succinate 

after 24 hr from 0.2% total sugar including 0.1% starch in 

pretreated microalgal biomass, respectively. The control 

strain BL-1-pBbEB1c, unable to utilize starch, produced 

only 30% of the succinate (0.15 g/L ± 0.001) found for the 

BL-1-pBlAmyS and BL-1-pSbAmyA showed an almost 

doubled biomass formation (2.64 g ± 0.01 cdw/L and 2.89 

± 0.17 g cdw/L, respectively) in comparison to the control 

strain (Figure 4). The BL-1-pSbAmyA and BL-1-pBlAmyS 

degraded soluble starch in the early stage of cell growth. 

Then, both BL-1-pBlAmyS and BL-1-pSbAmyA strains 

completely consumed both glucose and starch within 16 

hr. 

For succinate production, when cultivated with the 

mixture of 0.5% glucose and 0.5% of starch, strains BL-

1-pSbAmyA and BL-1-pBlAmyS produced 1.56 ± 0.01 

g/L succinate after 24 hr and 1.44 ± 0.01 g/L succinate 

after 14 hr, respectively. The yields (g/g) (succinate/total 

sugars; assuming 100% conversion of starch to glucose) 

of BL-1-pBlAmyS (0.16 g/g) and BL-1-pSbAmyA (0.14 

g/g) were slightly higher compared to the BL-1 strain 

cultivated on glucose (0.12 g/g). As a result, strain BL-1-

pBlAmyS showed the fastest cell growth and succinate 

production due to fast utilization of both glucose and 

starch (Figure 4). For the first time, we successfully 

constructed starch-degrading and succinate-producing C. 

glutamicum strains and produced succinate from soluble 

starch using the engineered strains.

CO2-derived succinate production 
from microalgal biomass by 
engineered C. glutamicum 

Finally, we applied our engineered strains to utilize 

CO2-derived microalgal biomass and to produce CO2-

derived succinate. To obtain the microalgal biomass, 

C. reinhardtii  UTEX 90 was grown photoautrophically 

with 5% (v/v) CO2 and 95% (v/v) air bubbling. Disrupted 

microalgal biomass was centrifuged and the resulting 

supernatant was used as the only carbon source for 

succinate production in CgXII medium. It contained 0.2% 

total sugars, of which 50% were determined to be soluble 

starch, a finding similar to previous work. Compared with 

BL-1-pBbEB1c (0.56 g ± 0.01 cdw/L), BL-1-pSbAmyA 
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Figure 5.  Profile of total sugar, soluble starch, succinate, and the growth 
of C. glutamicum strains. Succinate-producing C. glutamicum strain 
BL-1-pBbEB1c (A), BL-1-pSbAmyA (B), and BL-1-pBlAmyS (C) were 
cultivated with pretreated microalgal biomass as the sole carbon source. 
Total sugar already contains soluble starch in this experiment. Optical 
density was measured at 600 nm (closed circle; black). Total sugar 
(open triangle; red), soluble starch (closed square; blue), and succinate 
(open circle; green) in the supernatant were quantified. Mean values and 
standard deviations of triplicate cultures are shown (s.d. less than 1% 
not shown).
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glutamicum through consolidated bioprocessing” in Sci. 

Rep. 4:5819. 
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amylase-secreting strains. Moreover, the yields (succinate/

total sugars used) of BL-1-pBlAmyS (0.28 g/g) and BL-1-

pSbAmyA (0.28 g/g) were significantly higher compared 

to the BL-1-pBbEB1c strain (0.20 g/g) when pretreated 

microalgal biomass was used. Finally, for the first time, 

we successfully produced succinate from CO2-derived 

microalgal biomass using engineered strains capable of 

degrading starch without a need for additional enzyme 

treatment.  

Conclusion

Microalgal biomass of C. reinhardtii is a remarkable 

carbohydrate feedstock to provide the carbon sources 

for microbial fermentations. Often separate hydrolysis and 

fermentation (SHF) or simultaneous saccharification and 

fermentation (SSF) processes have been applied in the 

production of bioethanol. However, additional enzyme 

loading during either the SHF or SSF process can be a 

crucial bottleneck for realizing an economically feasible 

bioprocess to produce value-added chemicals or biofuels.

In this study, we suggested another type of 

consolidated bioprocessing based on microalgal 

biomass. A succinate-producing C. glutamicum strain 

was capable of degrading starch by secreting α-amylase 

and successfully fermented microalgal biomass and 

produced succinate without amylase additions. It is thus 

apparent that consolidated bioprocessing based on 

microalgal biomass offers another option to resolve issues 

associated with developing alternative energy resources, 

mitigating the effects of global warming, improving human 

health and ensuring food security.

Note

This article and images are drawn from “Succinate 

production from CO2-grown microalgal biomass as 

carbon source using engineered Corynebacterium 
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Utilizing the bioorthogonal base-pairing 
system of L-DNA to design ideal DNA 
nanocarriers for enhanced delivery of 
nucleic acid cargos
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2014 April / Vol. 5 No. 4 / 1533-1537

Kyoung-Ran Kim, Taemin Lee, Byeong-Su Kim and  
Dae-Ro Ahn
drahn@kist.re.kr

DNA nanoconstructs are a potential drug carrier with 

high biocompatibility. They are promising particularly when 

therapeutic nucleic acids are the cargos to be delivered, 

since both the carrier and the cargo are nucleic acids 

which can be designed, synthesized and assembled in a 

seamless feature without using post-synthetic conjugation 

chemistry. However, the unwanted base-paring events 

between the cargo and the carrier may potentially disturb 

the desired structure of the cargo-loaded carrier. To 

address this concern, we propose a DNA nanocarrier 

composed of L-DNA strands having a bioorthogonal 

baseparing system. The study presented here provides 

useful properties of L-DNA as a backbone for the DNA 

nanocarrier and demonstrates superiority of L-DNA over 

the natural D-DNA backbone in the delivery of an anti-

proliferative aptamer as well as in the construction of the 

cargo-carrier assembly.

Discovery of vinyl sulfones as a novel 
class of neuroprotective agents toward 
Parkinson’s disease therapy

Journal of Medicinal Chemistry

2014 Feb / Vol. 57 / 1473-1487

Seo Yeon Woo, Ji Hyun Kim, Mi Kyeong Moon, Se-Hee Han, 
Seul Ki Yeon, Ji Won Choi, Bo Ko Jang, Hyo Jung Song, 
Yong Gu Kang, Jin Woo Kim, Jaeick Lee, Dong Jin Kim, 
Onyou Hwang, and Ki Duk Park
kdpark@kist.re.kr

Although the etiology of Parkinson’s disease (PD) 

remains elusive, recent studies suggest that oxidative 

stress contributes to the cascade leading to dopaminergic 

(DAergic) neurodegeneration. Nrf2 signaling is the main 

pathway responsible for the cellular defense system 

against oxidative stress. Nrf2 is a transcription factor that 

regulates environmental stress response by inducing 

expression of antioxidant enzyme genes. We have 

synthesized novel vinyl sulfone derivatives. They exhibited 

a broad range of activities in inducing HO-1, whose gene 

expression is under the control of Nrf2. Among them, 

compound 12g was confirmed to activate Nrf2 and 

induce expression of the Nrf2-dependent antioxidant 

enzymes NQO1, GCLC, GLCM, and HO-1, at both 

mRNA and protein levels in DAergic neuronal cells. This 

was accompanied by protection of DAergic neurons in 

both in vitro and MPTP-induced in vivo models of PD. In 

addition, compound 12g effectively resulted in attenuation 

of the PD-associated behavioral deficits in a mouse 

model.
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process. Further, change in carrier injection/extraction 

between the current collector and the Co3O4 NPs was 

explored using a modified electrochemical transistor 

device with multiple voltage probes along the electrical 

channel.

A fast and efficient pre-doping approach 
to high energy density lithium-ion hybrid 
capacitors

Journal of Materials Chemistry. A

2014 July / Vol. 2 No. 26 / 10029-10033

Minho Kim, Fan Xu, Jin Hong Lee, Cheolsoo Jung,  
Soon Man Hong, Q. M. Zhangd and Chong Min Koo
koo@kist.re.kr

We demonstrate that the internal short (IS) approach 

is a fast and efficient process for lithium pre-doping 

in lithium-ion capacitors. Direct contact between the 

graphite electrode and lithium metal leads to very fast but 

controllable lithium pre-doping into graphite due to the 

large contacting area in the excess electrolyte medium, 

facilitating not only fast lithium intercalation into graphite 

but also fast dissipation of reaction heat generated 

during this process. LIC cells pre-doped through the IS 

method exhibit remarkably higher coulombic efficiency 

and longer cycle life than those of the cells prepared using 

conventional predoping methods such as electrochemical 

(EC) and external short circuit (ESC) methods. These 

results indicate that the IS pre-doping approach can 

significantly improve the anode manufacturing speed 

and reduce the cost of high energy density lithium-ion 

capacitors.

Additive-free hollow-structured Co3O4 
nanoparticle Li-ion battery: the origins of 
irreversible capacity loss

ACS Nano

2014 July / Vol. 8 No. 7 / 6701-6712

Youngjun Kim, Jung-Hyun Lee, Sungeun Cho,  
Yongwoo Kwon, Insik In, Jihoon Lee, Nam-Ho You,  
Elsa Reichmanis, Hyungduk Ko, Kyu-Tae Lee,  
Hyun-Keun Kwon, Doo-Hyun Ko, Heesun Yang, and 
Byoungnam Park
dhko@kist.re.kr

Origins of irreversible capacity loss were addressed 

through probing changes in the electronic and structural 

properties of hollow-structured Co3O4 nanoparticles (NPs) 

during lithiation and delithiation using electrochemical 

Co3O4 transistor devices that function as a Co3O4 Li-ion 

battery. Additive-free Co3O4 NPs were assembled into a 

Li-ion battery, allowing us to isolate and explore the effects 

of the Co and Li2O formation/decomposition conversion 

reactions on the electrical and structural degradation 

within Co3O4 NP films. NP films ranging between a single 

monolayer and multilayered film hundreds of nanometers 

thick prepared with blade-coating and electrophoretic 

deposition methods, respectively, were embedded in the 

transistor devices for in situ conduction measurements as 

a function of battery cycles. During battery operation, the 

electronic and structural properties of Co3O4 NP films in 

the bulk, Co3O4/electrolyte, and Co3O4/current collector 

interfaces were spatially mapped to address the origin of 

the initial irreversible capacity loss from the first lithiation 

Region 3

Hollow-Structured

Active region

S

SiO2

Si

D

Co3O4  NPs

Li2O

1st Lithiation

Region 2

Region 1

RECENT PUBLICATIONS
RESEARCH HIGHLIGHTS



87Vol. 7  No. 2  November 2014

Modular multi-enzyme cascade 
process using highly stabilized enzyme 
microbeads

Green Chemistry

2014 March / Vol. 16 No. 3 / 1163-1167

Jinyang Chung, Ee Taek Hwang, Ji Hoon Kim,  
Byoung Chan Kim and Man Bock Gu
bchankim@kist.re.kr

A highly stable, homogeneous and magnetically 

separable enzyme microbead (EMB) comprised of 

branched-polymer/silica-shell hybrid microbeads is 

demonstrated. In addition, an EMB-based modular in vitro 

cascade reaction system is successfully implemented 

to the multi-enzymatic reactions with reusability and 

tractability.

Edge-exposed MoS2 nano-assembled 
structures as efficient electrocatalysts for 
hydrogen evolution reaction

Nanoscale

2014 Feb / Vol. 6 No. 4 / 2131-2136

Dong Young Chung, Seung-Keun Park, Young-Hoon Chung, 
Seung-Ho Yu, Dong-Hee Lim, Namgee Jung,  
Hyung Chul Ham, Hee-Young Park, Yuanzhe Piao,  
cd Sung Jong Yoo and Yung-Eun Sung
ysj@kist.re.kr

Edge-exposed MoS2 nano-assembled structures 

are designed for high hydrogen evolution reaction activity 

and long term stability. The number of sulfur edge sites 

of nano-assembled spheres and sheets is confirmed by 

Raman spectroscopy and EXAFS analysis. By controlling 

the MoS2 morphology with the formation of nano-

assembled spheres with the assembly of small-size 

fragments of MoS2, the resulting assembled spheres have 

high electrocatalytic HER activity and high thermodynamic 

stability. 

KISToday
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Device and method for detecting 
biomolecule

US 8691500 (2014.04.08)  
Sang Kyung Kim / sangk@kist.re.kr

Disclosed is a method for detecting a biomolecule 

which involves: immobilizing a nucleic acid aptamer 

capable of specifically binding to a biomolecule to be 

detected on the surface of a bead on which fluorophores 

are arranged; hybridizing the nucleic acid aptamer with 

a guard nucleic acid (g-nucleic acid) labeled with a 

quencher to quench fluorescence; and reacting a sample 

including the biomolecule to be detected with the nucleic 

acid aptamer and detecting a fluorescence signal emitted 

as the biomolecule binds with the nucleic acid aptamer 

and the g-nucleic acid labeled with the quencher is 

separated, and a device for detecting a biomolecule for 

conducting the detection method. The present disclosure 

allows for effective, convenient and fast detection of the 

biomolecule to be detected, enables quantitative analysis, 

and enables detection of even a trace amount of sample.

Fabrication method for quantum dot 
sensitized solar cell using supercritical 
fluid or subcritical fluid and quantum dot 
sensitized solar cell prepared thereby

US 8703526 (2014.04.22)  
Byoung Koun Min / bkmin@kist.re.kr

A method of fabricating a transparent electrode for use 

in a quantum dot sensitized solar cell, and a quantum dot 

sensitized solar cell fabricated according to the method 

are provided. According to the fabrication method, 

(S1) quantum dot precursor is introduced into a high 

pressure storage vessel and a quantum dot precursor 

is dissolved using subcritical fluid or supercritical fluid; 

(S2) the quantum dot precursor fluid prepared at (S1) 

is transported to contact with a conductive thin layer 

substrate comprised of a metal oxide placed in a high 

pressure reaction vessel, thereby causing the quantum 

dot precursor to be adsorbed in the metal oxide thin 

layer; (S3) non-adsorbed quantum dot precursor fluid 

of (S2) is transported and thus recovered to the high 

pressure storage vessel together with the subcritical 

fluid or supercritical fluid; and (S4) the subcritical fluid 

or supercritical fluid is removed from the high pressure 

reaction vessel, and the quantum dot precursor, 

adsorbed at (S2), is reacted with a second element which 

constitutes the quantum dot or a compound comprising 

the second element.
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Photovoltaic-charged secondary battery 
system

US 8729382 (2014.05.20)
Joong Kee Lee / leejk@kist.re.kr

A photovoltaic-charged secondary battery system 

is provided, in which an electrode for optical power 

generation and an electrode for charging and discharging 

generated electrical energy are integrated into a single 

cell structure, and the potential difference between the 

electrodes is systematically controlled, thus maximizing 

the conversion efficiency of optical energy, maximizing the 

utilization rate of cell energy, and extending the life span 

of the battery. Thus, the photovoltaic-charged secondary 

battery system may include a transparent electrode 

capable of transmitting light; a PN semiconductor layer 

formed on the transparent electrode and generating a 

current by incident light; and a secondary battery layer, 

formed on the PN semiconductor layer, in which the 

current generated by the PN semiconductor layer is 

charged.

Micro compressor

US 8727742 (2014.05.20)
Yong Kwun Lee

A compressor is provided. The compressor includes 

a housing, a valve plate, a cylinder block, piston units, a 

cam element, a driving shaft and a motor. The valve plate 

is fixed to one end of the housing. The cylinder block 

is rotatable relative to the valve plate and has cylinder 

bores disposed in a circumferential direction. A portion 

of the cylinder block is received in the valve plate. The 

piston units are disposed in the cylinder bores. The cam 

element is fixed to the housing and is in contact with one 

end of the piston unit. The cam element has an inclined 

cam surface. One end of the driving shaft is coupled to 

the cylinder block. The motor is fixed to an opposite end 

of the housing, while a rotating shaft is coupled to an 

opposite end of the driving shaft.
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Airfoil-magnetic hybrid bearing and a 
control system thereof

US 8772992 (2014.07.08)
Yong Bok Lee / lyb@kist.re.kr

An airfoil-magnetic hybrid bearing, which is a 

combination of a magnetic bearing and airfoil bearing, 

includes a housing, an airfoil bearing, a magnetic bearing, 

coils, and a coupling segment. The housing is around 

a rotating shaft of a rotation device. The airfoil bearing 

is positioned between the housing and the rotating 

shaft to form dynamic pressure to levitate the rotating 

shaft during rotation of the rotating shaft. The magnetic 

bearing includes cores positioned radially between the 

inner surface of the housing and outer surface of the 

airfoil bearing. The cores are projected to the center of 

the rotating shaft. The coils are wound to the cores to 

levitate the rotating shaft using a magnetic attractive force 

generated by a current application thereto. The coupling 

segment is configured to couple the airfoil bearing to the 

magnetic bearing directly.

Method of controlling amount of 
adsorbed carbon nanotubes and method 
of fabricating carbon nanotube device

US 8741745 (2014.06.03)
Young Min Jhon / ymjhon@kist.re.kr

Provided are methods for (1) controlling an amount of 

adsorbed carbon nanotubes (CNTs) and (2) fabricating 

a CNT device. The method of controlling an amount 

of adsorbed CNTs includes adsorbing CNT particles 

onto a semiconductor structure, and removing some of 

the adsorbed CNTs by performing an oxygen plasma 

treatment on the adsorbed CNT particles.
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Flexible, multi-channel microelectrode 
for recording laboratory animal EEG and 
method for recording laboratory animal 
EEG using the same

US 8798707 (2014.08.05)
Ji Hyun Choi / jeechoi@kist.re.kr

Disclosed are a novel, elastic, biocompatible, micro-

sized, polyimide-based multi-channel microelectrode 

for recording of electroencephalography (EEG) from a 

laboratory animal, including a mouse, and a method 

for recording a laboratory animal EEG using the 

microelectrode. The microelectrode may include 2 

grounding electrodes and 32 recording electrodes. A 

connector for signal transmission easily connects the 

microelectrode to a signal-acquiring apparatus. The total 

weight of the microelectrode, including the connector, 

does not exceed 150 mg. A laboratory animal EEG, 

including that of a mouse, provides the advantage of 

monitoring the brain state of a freely moving animal 

following a genetic or pharmaceutical manipulation. The 

microelectrode can be implanted without surgery and 

may be detached from wires while EEG is not recorded 

from the laboratory animal. The microelectrode can 

successfully acquire broadband EEG signals from the 

skull of the laboratory animal and is effective in monitoring 

spatial and temporal patterns of brain activities of the 

laboratory animal.

High-sensitivity transparent gas sensor 
and method for manufacturing the same

US 8785924 (2014.07.22)
Seok Jin Yoon / sjyoon@kist.re.kr

Disclosed are a high-sensitivity transparent gas 

sensor and a method for manufacturing the same. The 

transparent gas sensor includes a transparent substrate, 

a transparent electrode formed on the transparent 

substrate and a transparent gas-sensing layer formed on 

the transparent electrode. The transparent gas-sensing 

layer has a nanocolumnar structure having nanocolumns 

formed on the transparent electrode and gas diffusion 

pores formed between the nanocolumns.
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1. International Symposium for Convergence 
Research of Materials 
May 8-10, 2014

The 2014 KIST-IMCM Symposium for Spectrum 

Conversion Technology and Application, an international 

symposium for conversion research of materials, was held 

at KIST in May. 

The theme of this year’s symposium was spectrum 

conversion and application technologies. Spectrum 

conversion refers to changing a spectrum of light, which 

is not usable in specific devices (e.g., neither ultraviolet 

nor infrared light is usable in solar cells) into a usable 

spectrum (e.g., visible light in solar cells). This conversion 

technology can be used to increase the efficiency of solar 

cells and for silicon-based UV detectors. 

The symposium covered a number of subjects, includ-

ing materials for spectrum conversion, nanophotonics 

and the potential application of spectrum conversion in 

devices. During the symposium, 25 experts from home 

and abroad presented lectures, including Prof. Mohamed 

Henini from the University of Nottingham (UK), Dr. Tomoko 

Akai from AIST (Japan), Prof. Zhiyong Fan from HKUST 

(Hong Kong) and Prof. Gil Won Cho from POSTECH. In 

addition, over 70 posters were presented. 

Director Kwang Ryul Lee of KIST’s Institute for 

Multidisciplinary Conversion of Matter, the organizer 

of the symposium, said, “Researchers in the areas of 

materials and energy will have lively discussions about 

ways to promote cooperation on convergence research 

and identify new agendas. The most significant aspect of 

this symposium is our exploration of possible solutions 

to environmental and energy issues, some of the 

gravest challenges facing the world today, through the 

development of materials to utilize solar energy with higher 

efficiency and the application of associated research 

technologies.”

2. Science and Technology Cooperation Program 
Builds Ties between Korea and Europe
May 13, 2014

KIST Europe joined with the Korea Institute of Human 

Resources Development in Science and Technology 

(KIRD) to embark on a new initiative to cultivate global 

talent in the field of science and technology. The signing 

ceremony was held at KIRD on May 13. 

The two institutions agreed to work together to 

promote research on issues affecting society in both 

regions, educate researchers on ways to translate 

research outcomes into viable commercial prospects, and 

expand joint research with global institutions. Under the 

agreement, KIST Europe and KIRD will carry out a range 

of activities to enhance collaboration, including sharing 

space for education and training, jointly developing 

programs, exchanging advice and information, and 

pushing for further cooperation in other areas. 

Starting this year, the two sides will operate a Korea-

EU Innovation Academy to build a science and technology 

workforce with links to both Korea and Europe. They 

have already collaborated on an educational program 

conducted at KIST Europe last year at which experts from 

key European organizations introduced the R&D agenda 

of the EU to officials in charge of international cooperation 

at state-run research institutes and universities. 

Now that the agreement has been off ic ia l ly 

signed, KIST Europe and KIRD will start to implement 

cooperative programs in a full-fledged manner. The 

1 2 3
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focus of educational cooperation this year will be 

the commercialization of developed technology, the 

establishment of business start-ups and understanding 

government research support policies. 

Director of KIST Europe elaborated on the agreement 

by stating, “The collaboration of the two institutions 

will provide science and technology professionals with 

opportunities to participate in various European-based 

education programs and strengthen Korea’s ties to R&D 

experts in Europe. By doing so, we hope to invigorate 

cooperation on science and technology between Korea 

and the EU which will ultimately help build a creative 

economy through dissemination of R&D results.”

3. Expanding European Demand for Robot 
Developed to Reduce the Risk of Dementia
July 9, 2014

In July 2014 KIST announced a joint venture with 

Denmark for Sil-Bot, a robot initially developed through 

the Frontier Intelligent Robotics Program at KIST. The 

head of that program, Kim Sang Moon, reported that 

the joint venture would be between Danish domestic 

investors, the municipality of Aarhus, Denmark, and 

Robocare, a KIST-affiliated company specializing in 

robotics. The focus of the joint venture agreement will be 

the European distribution of Sil-Bot.

Sil-Bot is an intelligent robot able to recognize facial 

features and carry on basic conversation. It is also capable 

of detecting and moving objects to avoid collision. The 

robot was developed to reduce the risk of dementia 

and assist in elderly healthcare. It is equipped with a 

“Brain Fitness Program” which includes many games 

designed to improve memory, attention and awareness.  

It is currently being used in many Korean elderly care 

facilities including Gangnam-gu Dementia Support 

Center, Samsung Noble County, Busan Metropolitan City 

Dementia Support Center, Gyeonggi Dementia Support 

Center and at a senior citizen center in Denmark. 

The move toward a joint venture gained momentum 

when a group of technical advisors from CareNet of 

Denmark visited KIST in 2011.  Subsequent to this 

visit, these advisors established several pilot programs 

in Denmark. Early this year, the municipality of Aarhus, 

the second largest city in Denmark, contacted KIST to 

discuss the possible establishment of a joint venture.  

Since then, the municipality has been examining the 

demand for robotic healthcare assistance in Denmark and 

has been actively recruiting more institutions and investors 

to join the joint venture.  The joint venture is set to start 

soon after all parties involved agree on the specifics 

related to equity ownership and investment size.  

The city of Aarhus has been running the Brain Fitness 

Program with a Sil-Bot unit at its Senior Citizen Center 

since late 2011. Earlier this year, it purchased three 

units of Sil-Bot 3, the most recent Sil-Bot model, from 

Robocare, and plans to purchase at least three more units 

at USD 26,000 each. Further design modifications have 

been incorporated into Sil-Bot 3, resulting in a lower error 

rate, noise reduction, improved moving speed, improved 

recognition function, and enhanced navigation. It is 

anticipated that the municipality will purchase the newly 

developed robots from the joint venture. Not only do joint 

venture sales bring stable and steady profits to KIST, but 

they also help in attracting larger scale investments. 

Robocare will participate in the joint venture scheme 

without making a capital contribution. However, it will 

share in ownership by making contributions of technology 

support and providing robot hardware, software 

technologies, and a software development kit (SDK). 

The SDK of Sil-Bot is expected to draw the attention 

of European consumers and institutional investors. Kim 

Sang Moon, the head of the Frontier Intelligent Robotics 

Program, stated “The pilot stage for dementia prevention 

robot development is over with all legal and administrative 

procedures and local bidding processes completed. The 

product is ready to hit the mass market.” He added, “This 

is an example of a leading welfare country pioneering 

robotics products in the field of elderly welfare.” He further 

added “This is the beginning of a new economic system 

where elderly care and robot technology converge.”
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5. Announcement of Research Cooperation with 
University of Minho in Portugal
July 20, 2014

On July 20, it was announced that KIST had signed 

a MOU for science and technology cooperation with the 

University of Minho in Portugal to initiate joint research 

in bio materials, tissue engineering and regenerative 

medicine. The MOU signing ceremony was attended by 

Anibal Carvaco Silva, president of Portugal, who was in 

Korea for an official visit. President Silva requested that 

both organizations support each other fully and offered 

his support to all participants. KIST and the University of 

Minho will discuss plans for long-term joint research in bio 

science and health science, and establish a cooperative 

framework. The two institutions are also planning to 

collaborate in other fields, such as education, training, 

science and technology information, exchange of human 

resources and technology-driven business opportunities, 

specifically in the medical engineering industry. 

The University of Minho, located in Braga, a city 

in northern Portugal, is an internationally recognized 

educational institution with particular strength in bio 

materials. KIST has had a partnership with the university 

since 2007. 

This MOU also marks the start of Korea’s cooperation 

in Horizon 2020, a European initiative aimed at reducing 

pollution in the Mediterranean.  Furthermore, it will 

facilitate even stronger three-way cooperation among 

KIST, the University of Minho, and KIST-Europe.

4. President Park Visited KIST
July 17, 2014

President Park Geun Hye visited KIST on July 17, to 

chair the 11th National Advisory Council on Science and 

Technology. It had been 45 years since her last visit to 

the institute which was to commemorate the completion 

of the original buildings with the then-president Park 

Jung Hee. In the visitor’s log, President Park wrote 

“Creative Economy as a Platform to Improve Science 

and Technology.” Prior to the council meeting, President 

Park looked around the exhibition hall where the history, 

research achievements and activities of KIST over the past 

50 years were displayed. President Park was escorted 

by Lee Byung Gwon, president of KIST, and together 

they watched a demonstration of a robot designed to aid 

stroke patients.

While chairing the National Advisory Council on 

Science and Technology, President Park stated, “KIST 

is the first national research institute sponsored by the 

government, established with USD 10 million from the 

US, which was provided as a token of appreciation for 

dispatching the Korean military to the Vietnam War.” She 

added, “KIST is an extraordinary institution in the sense 

that the funds came from invaluable services by people 

participating in the war when this country was dependent 

on other countries for food sources, such as flour and 

maize.” President Park also added, “Thanks to many 

people’s contributions, Korea, a country that once was 

not even capable of manufacturing a simple ball point pen 

has become a global economy powerhouse.” 

At the council meeting, future strategies for growth 

and welfare in bio-related fields and solutions for climate 

change were discussed. 
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business opportunities. Additionally, the agreement 

represents a new cooperat ion model  in which 

corporations and research centers jointly search for 

solutions related to issues such as supply-demand 

imbalance, etc.” 

7. Partnership with University of Waterloo in 
Canada in Quantum Information Science
September 22, 2014

KIST and the University of Waterloo, located near 

Toronto, have agreed to start joint R&D activities in 

quantum fusion. On Monday, September 22, the 

two institutions announced that they had signed a 

memorandum of agreement at the University of Waterloo 

with the heads of both parties in attendance. The 

agreement is intended to promote joint research and build 

a close cooperative relationship in research related to 

quantum fusion technology, including quantum devices.   

The University of Waterloo, founded in 1959, is 

Canada’s premier engineering institution. The Institute 

for Quantum Computing, located on the campus of the 

university, is known as the best quantum computing 

center in the world. 

KIST is home to the Nano and Quantum Information 

Research Center, the only research center in Korea 

specializing in research on converging nano and quantum 

technologies. It also is a leader in quantum information 

research.  KIST was the first to develop a prototype of a 

quantum cryptography system in Korea and presented 

the prototype at the International Quantum Cryptography 

Conference in 2013.

6. KIST Europe Provides Support for Korean 
Chemical Exporters
September 18, 2014

KIST Europe,  a  branch o f  K IST located in 

Saarbruecken, Germany, has established a technology 

center to provide research support for chemical exporters 

to EU markets and to handle relevant environmental 

regulations.  

On September 18, KIST Europe announced that it 

had signed an agreement with Samsung Fine Chemicals 

to jointly open a research technology center on the KIST 

Europe campus.  One of the main reasons for opening 

this center is to keep up with the many complex changes 

in environmental regulations. 

The EU has decided to expand the scope of 

regulations on the classification, labeling and packaging 

of mixture materials starting June 1, 2015. The Korean 

chemical industry needs to pay close attention to the 

changes in these environmental regulations. As a pre-

emptive move prior to the regulatory change, KIST 

Europe and Samsung Fine Chemicals plan to support the 

development of eco-friendly mixture products using an IT-

based integrated platform. Both parties agreed to take 

steps to improve product safety in the mid- to long-term 

by incorporating a mixture toxicity test when exporting 

cellulose products.   

Samsung Fine Chemicals will benefit from the joint 

research, as it will receive more detailed information 

about the new regulations for mixture materials from 

KIST Europe and will apply this information in pricing 

considerations, hence increasing market competitiveness. 

Moreover, it is expected that the joint research will be 

beneficial in creating more eco-friendly products.

The director of KIST Europe, stated, “The agreement 

of joint research of KIST Europe and Samsung Fine 

Chemicals signifies an active response by the industry 

leaders in handling modern day environmental regulation. 

Rather than passively waiting for the regulation to take 

effect, we are taking advantage of the regulations to 

maximize benefits and build a foundation for stronger 7
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On September 13, 1984, KIST and the organizing 

committee of the Seoul Olympic Games reached an 

agreement to establish a center to monitor athletic 

doping. Both parties worked on procuring the necessary 

equipment for analysis and recruiting drug analysis 

experts, and began preparations to get the Center officially 

accredited. Two years later, on August 29, 1986, the 

Doping Control Center at KIST was formally established 

to conduct doping tests on athletes participating in the 

1988 Seoul Olympic Games. The analytical capabilities of 

the Center were first put to the test at the 67th National 

Sports Competition (June 1986) and the 10th Asian 

Games (September 1986) with impressive results. During 

the Asian Games, the Doping Control Center exposed 

19 positive cases of doping. With its reputation thus 

established, the Doping Control Center was approved 

by the International Olympic Committee (IOC) on August 

20, 1987, and was officially certified by the IOC two days 

later. Korea became the 15th country in the world with a 

certified doping control institute. The certification of the 

Center was a clear recognition of Korea's advanced skills 

in science and technology. 

During the 1988 Olympic Games, held in Seoul, the 

Doping Control Center was responsible for analyzing 1,601 

Doping control center at KIST
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urine samples requiring the test result report within a mere 

24 hours from the receipt of the samples, and discovered 

34 samples that tested positive for banned substances. 

One of the positive samples was from Canadian sprinter 

Ben Johnson and contained stanozol, an anabolic steroid. 

Ben Johnson was consequently stripped of the men's 

100 meters gold medal. 

On November 10, 1999, the World Anti-Doping 

Agency (WADA) was established in Montreal, Canada, 

and was delegated by the IOC to oversee all doping-

related activities. WADA was the first global organization 

to specialize in doping among athletes. As the result of its 

establishment, more rigid standards were set for doping 

labs and athletes. Under the supervision of WADA, the 

Korean Anti-Doping Agency (KADA) was also founded on 

June 22, 2007. 
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Since the 1988 Seoul Olympic Games, the Doping 

Control Center has been responsible for drug testing at 

a number of international sporting events. These include 

the 18th Winter Universiade in Muju & Jeonju (1997), the 

4th Winter Asian Games in Gangwon Province (1999), 

the Korea-Japan FIFA World Cup Games (2002), the 

14th Asian Games in Busan (2002), the IAAF World 

Championships in Daegu (2011), and the 17th Asian 

Games in Incheon (2014). It is also scheduled to conduct 

drug testing for a number of upcoming sports events, 

including the 28th Summer Universiade in Gwangju  (July 

2015) and, most importantly, the 23rd Winter Olympic 

Games in Pyeongchang (February 2018).

The Doping Control Center is responsible for 

detecting more than 250 drugs on WADA's prohibited 

substances list and their related metabolites. The Center 

owns a variety of state-of-the-art analysis equipment 

that is run by a group of experts. Among the prohibited 

substances monitored by the Center are non-clinical 

drugs, endogenous/exogenous anabolic hormones, 

peptide hormones, growth hormones, beta-2 antagonist, 

other hormones and metabolic modulators, diuretics and 

other masking agents, prohibited methods, stimulants, 

narcotics, cannabinoids, glucocorticosteroid, alcohol, 

beta-blockers, and drugs which have similar structures 

to the aforementioned substances and metabolites. The 

types and numbers of substances that require testing are 

subject to change, and not limited to the aforementioned 

250 plus substances. 

The Doping Control Center detects prohibited 

substances by analyzing urine samples and looking for: 

1) standard prohibited drugs; 2) the presence of drugs 

that exceed acceptable levels; 3) synthetic drugs with the 

same structure as endogenous metabolites. However, 

doping tests are not infallible as drug concentration levels 

in blood and urine can be different depending on the time 

of day a sample was taken. Consequently, the timing of 

blood/urine sample collection is a critical factor in drug 

analysis. 

Development of detection kits for narcotics
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A “biological passport” for athletes was introduced 

to overcome this limitation in doping tests. That is, the 

Center analyzes urine samples on a regular basis to 

monitor endogenous metabolites such as testosterone 

(T), epitestosterone (E) , androsterone, etiocholanonone, 

5α-androstan-3α,17β-diol, 5β-androstan-3α,17β-diol, 

and T/E ratio. In addition, blood samples are examined 

to monitor biomakers including reticulocytes, total 

haemoglobin, erythrocytes, leucocytes, thrombocytes 

and haemotocrit. When the concentration level of such 

substances changes, the Center is requested to conduct 

further tests to confirm doping and often finds suspicious 

cases regardless of what time the sample was taken. 

The Doping Control Center utilizes advanced analysis 

technologies and equipment such as GC-MS/MS, GC-C/

IRMS, LC-MS/MS, flow cytometry analyzer, immunoassay 

analyzer, blood cell analyzer, etc. to complete the drug 

analysis. 

KIST's Doping Control Center is one of 32 certified 

doping labs in 29 countries around the world and analyzes 

approximately 5,000 samples per year. WADA has very 

stringent standards for its certified doping labs. These 

standards are strictly enforced as evidenced by WADA’s 

cancellation in September 2013 of the certification of the 

doping center in Brazil that was to have performed testing 

during the 2014 World Cup and 2016 Summer Olympics. 

The doping center certification is renewed every 

year contingent upon each center satisfying minimum 

requirements under WADA's Internal Standards for 

Laboratories. The test for certification is comprised of, 

at a minimum, three tests, two double blind tests, and 

submission of several mandatory reports. The blood 

sample analysis lab is reviewed for its performance 

every month. KIST's Doping Control Center has earned 

outstanding scores in WADA evaluations and has 

maintained its certification since 2004. 

The success of KIST’s Doping Control Center does not 

mean that there is no room for improvement. Research 

and development associated with analysis methodologies 

of prohibited substances must be continuous. The use of 
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sophisticated doping methods using protein and peptide 

drugs with a high molecular weight, e.g., insulin or growth 

hormones, has been on the rise due to the development 

by phamaceutical companies of protein- or antibody-

based drugs and biosimilar drugs. In addition, DNA-

customized drugs in which genes are injected for higher 

efficacy are making identification even more complicated. 

To cope with these trends, it is imperative that the Doping 

Control Center update its research equipment and recruit 

more skilled personnel. In addition, the Center needs to 

reduce its ratio of temporary employees, such as students 

and contract workers, because doping analysis is highly 

specialized work and requires the employment of experts 

in the field to produce reliable data. 

The 2018 Winter Olympic Games in Pyeongchang is 

an opportunity for the Doping Control Center to cement 

its inter national status as a top-notch, certified anti-doping 

research institute with an upgraded doping analysis 

system and research capability.

WADA visitors evaluating DCC site 
(Ms. V. Ivanova, Mr. A. Squirrell, Dr. T.S.M. Wan)O
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Interview100

1. First of all, congratulations on your March 

inauguration as the president of KIST. Please 

share with us your first thoughts after becoming 

the president. 

I feel great responsibility and sense of duty. Since 

I have worked at KIST my whole life, I am strongly 

motivated to make a meaningful contribution to 

its development as well as Korea’s advancement 

in science and technology. I have given a lot of 

thoughts about the future of KIST in my positions 

as a research scientist, and then as vice president. 

Now, I am ready to compile all my ideas and 

concerns over the years, and use them as a tool to 

improve this institute to the best of my ability as the 

president.

2. Are there any pending research plans or 

measures for solving the current issues in the 

world?

I am well aware that people of Korea have great 

expectations for KIST to come up with solutions 

to certain issues affecting our society, such as 

dementia, algae blooms, and avian influenza. To 

resolve these problems, a research center that 

undertakes comprehensive research in multitudinal 

fields is absolutely necessary. Hence, it is imperative 

that KIST, as the leading Korean research institute, 

takes an active participation in problem solving. 

Social problems tend to be a combination of 

many different complex issues. Hence, they can only 

be resolved if many research institutes cooperate 

together. The open research programs that KIST 

initiated last year bring together KIST, other domestic 

and overseas institutes, and corporations and aim to 

solve complicated problems. 

Dr. Byung Gwon Lee,  
23rd President of KIST 
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During this process, we will pay particular 

attention to meeting the needs of the people of 

Korea. We will strengthen our ties to the public by 

incorporating citizen ombudsman systems, research 

idea contests, etc.

3. KIST will celebrate its 50th anniversary 

during your term as the president. You have 

emphasized the importance of preparing for the 

next 50 years. What plans are underway to make 

KIST a world class research institute in the next 

50 years?

2016 will mark the 50th anniversary of KIST. It is 

important that we look back to the achievements 

of the past and use this history and experience to 

create a new blue print for the future. 

I am planning to establish an advanced global 

standard management system that is based on open 

cooperation. Furthermore, I would like to build a 

comprehensive management model that establishes 

a concrete laboratory safety and security system. 

In order to achieve these goals, it is important that 

KIST offers a good environment for our researchers. 

We must establish the safe environment, stable 

systems, and infrastructure in which researchers can 

concentrate on their research. 

We have already launched the 50th Anniversary 

Project Promotion Committee to discuss and 

propose goals for the next 50 years. The Committee 

is composed of people from five distinct fields. It 

should be noted that experts from KIST as well 

as outside organizations are working together to 

establish long term visions for KIST and Korea’s 

science and technology development. At the 50th 

anniversary event, we will announce these new 

visions for science and technology. I expect that the 

50th anniversary event will be meaningful not just for 

KIST but also for everyone involved in the field of 

science and technology in Korea.

4 .  We have  heard  tha t  K IST  present ly 

supports many ODA projects. What are the 

accomplishments of ODA projects thus far and 

what are the plans for the future?

KIST f irmly supports ODA projects since 

they contribute significantly to Korea’s global 

compet i t i veness.  One example is  V-KIST. 

Considering that our institute was established with 

support from the United States, the establishment 

of V-KIST is a very meaningful step for us to take. 

This project will transfer the Korean economic 

development model to Vietnam. In addition to 

V-KIST, in 2012, KIST carried out an Indonesian 

bioethanol plant construction project and initiated 

a project through the Korea-Mongolia Science and 

Technology Cooperation Center that focused on 

establishing research cooperation and manpower 

training in the field of natural products. In 2013, KIST 

donated research equipment to Mongolia National 

University. 

Many more ODA projects are currently in progress 

and still others are at the planning stage. Every year 

KIST holds the Seoul S&T Forum which focuses on 
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ODA development in the science and technology 

field. KIST also concentrates on developing better 

diplomatic relations that are beneficial in developing 

ODA projects.

5. Please share with us what your future plans 

are.

KIST is the matrix for and “big brother” to about 

ten sister institutes. We are constantly evolving to 

better our systems and provide a good example to 

these sister institutes. KIST will continually come 

up with measures that improve the entire group 

collectively and not just itself. We will keep our door 

wide open and ensure that everyone benefits from 

KIST’s advancements in the field of science and 

technology.
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