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Lewy bodies are protein aggregates that are commonly found in

patients with Parkinson's disease, one of the degenerative brain

diseases. The main protein of the Lewy bodies is known as α

-synuclein. α-Synuclein is a protein with 140 residues and is

predominantly distributed in the brain. This protein is usually known

as intrinsically disordered protein (IDP), so it has random shape. In

addition, it has the property that adhere to the various surfaces. To

take advantage of these chracteristics of α-synuclein, this study

began with purifying α-synuclein. As a result, high yield of the

protein was obtained. Next, the degree of dispersion of carbon

nanotubes in aqueous solution using proteins was performed. Carbon

nanotubes are excellent in strength, electrical properties, and light
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heat, and are used in many fields. But, carbon nanotubes are

disadvantageous to use in vivo without functionalizing them because

of hydrophobic surface. α-Synuclein, which adheres well to

hydrophobic surfaces, best disperses carbon nanotubes with these

characteristics in solution than other proteins. Further, the α

-synuclein-carbon nanotube (αS-CNT) was added to hydrogel known

as a biocompatible material. As containing the αS-CNT, alginate

hydrogel and alginate/ polyacrylamide hydrogel were improved their

elasticity and electrical properties. Alginate/

poly(N-isopropylacrylamide) hydrogel was added with photothermal

effect because of containing αS-CNT. These hydrogels can be applied

to the biomedical field as a matrix to differentiate neural stem cells

later, or to the soft robotics that repeatedly shrinks and expands in

response to light.

keywords : α-synuclein, carbon nanotube, hydrogel,

alginate, double-network structure, soft robotics
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1. Introduction

1.1. Alpha-synuclein (αS) and its properties

The patients of Parkinson’s disease which is a

neurodegenerative disease[1] are commonly found the Lewy

bodies, the abnormal protein aggregates[2]. The primary

component of Lewy bodies is α-synuclein which consists of

140-residue amino acid and is abundant in neuron[3]. α

-Synuclein is one of the intrinsically disordered protein

(IDP)[4]. Because of IDP, α-synuclein usually has random

structure. But, when it directly bind to lipid membranes, α

-synuclein forms an extended helical structure[5]. Another

process, α-synuclein forms amyloid fibrils, and the fibrils have

cross β-sheet conformation[6-7]. Furthermore, gold

nanoparticles coated by α-synuclein have lots of

applications[8-9], for example, fabricating single layer film[8],

coating the hydrophobic or hydrophilic substrate[9], etc. In this

study, purification of α-synuclein and the purified α-synuclein

coating the hydrophobic surface of the carbon nanotube were

performed.
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1.2. Carbon nanotube (CNT)

Carbon nanotube is the cylindrical nano-structure that

consists of carbon atoms. This material has unusual

properties, One of these properties, mechanical strength, comes

from chemical bonding of carbon nanotube. It consists of

sp2-hybrid carbon atoms which are stronger than sp3-hybrid

carbon atoms[10-11]. Therefore, the carbon nanotube is used

in various fields like material science and technology[12],

optics[13], electronics[14] and biotechnology[15-20]. Among

them, biotechnology is more popular than other fields. In this

field, CNT can play a role as effective nano-vectors (the drug

delivery)[16-17], permeate the cell membrane well, so it can

transmit the gene well in the nucleus (the gene therapy)[18].

CNT can also absorb the irradiation of IR laser[19] or radio

frequency[20] (the photothermal therapy). However, pristine

CNT can make the protein-CNT aggregations in the organism

because of the hydrophobic surface of CNT[21], and these

aggregations can make toxicity in vivo like asbestos[22]. In

this study, CNT was dispersed by the α-synuclein to reduce

the hydrophobicity of the surface and toxicity and to enhance

the biocompatibility.
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1.3. Alginate hydrogel

Alginate hydrogel[23] is a natural hydrogel obtained from

brown algae. Since alginate is composed of anionic

polysaccharides, it exists as a salt of ordinary sodium alginate

form. When dissolving sodium alginic acid in powder form in

water and reacting it with a solution in which the cation is

melted, alginic acid forms a structure called an egg box, and a

solid hydrogel can be obtained. One of the features of alginate

hydrogel, the gelation rate is very fast. Also, since it is

excellent in biocompatibility, it is often used for drug

delivery[24], tissue engineering[25], etc. However, the

disadvantage is that stretchability is not good and strength is

not high. In this study, in order to complement these

drawbacks, CNTs coated by α-synuclein were added to this

hydrogel.
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1.4. Double-Network (DN) hydrogel

The double network hydrogel is a mixed hydrogel of neutral

polymer having good elongation properties based on polymer

electrolyte having a solid skeleton. It usually contains about

90% water and has high mechanical strength and

toughness[26-27]. In this experiment, a mixed hydrogel of

alginate and polyacrylamide[28-29], and another mixed

hydrogel of alginate and poly (N-isopropylacrylamide)[30] were

used to generate a double network hydrogel, and the

characteristics of those gels were investigated.

1.5. Poly(N-isopropylacrylamide)(PNIPAAm)

hydrogel

Poly(N-isopropylacrylamide) (PNIPAAm) is a thermo-

sensitive hydrogel. The characteristic of PNIPAAm is that the

shape can be reversibly changed depending on the

temperature[31]. When the temperature becomes higher than

the lower critical solution temperature (LCST), the gel

collapses while water in the gel comes out, and the

hydrophobic surface appears. Conversely, when the

temperature becomes lower than LCST, PNIPAAm swells

again, and the surface becomes hydrophilic. In this experiment,

alginate and PNIPAAm were mixed to make a double network

hydrogel, but the hydrogel in a wire form was fabricated

instead of a plate form.
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2. Materials and Methods

2.1. Materials

Escherichia coli (E.coli, BL21, containing vector “pRK172”), α

-synuclein (αS), multi-walled carbon nanotube(CNT or

MWCNT), bovine serum albumin (BSA, Sigma), κ-casein

(Bio-rad), elastin (Sigma), amyloid β (Aβ, Sigma), sodium

alginate (DAEJUNG), calcium chloride dihydrate (Sigma),

polyacrylamide (PAAm, Sigma), N,N’-methylenebis(acrylamide)

(MBA, Sigma), ammonium persulfate (APS, Bio-rad), TEMED

(Bio-rad), poly(N-isopropylacrylamide) (PNIPAAm, Sigma), α

-ketoglutaric acid (Sigma).

2.2. Purification of a-Synuclein

2.2.1. Cell culture

This is a process of expressing a protein from E. coli. First,

E. coli containing the recombinant DNA was inoculated on

an LB / Agar plate treated with Ampicillin and incubated at

37 °C for about 10 hours. Only one colony was transferred

to pre-culture LB media (Amp. treatment) and shaking

incubated at 37 °C at 200 rpm. After 6 hours, as soon as

the absorbance at 600 nm was 0.5 (Fig. 1a), pre-culture

media transferred to mass-culture LB media (Amp.

treatment) and incubated at 37 ° C with shaking at 200

rpm. After 3 hours, induction was performed by adding

IPTG when the absorbance at 600 nm was 0.6 (Fig. 1b).
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After induction, culture continued until the absorbance value

was 1.2 and induction check was performed (Fig. 1c).

2.2.2. Cell harvest

It is a process of pelletizing E. coli in the medium. The

culture medium was collected on the bottle and performed

centrifuge (3600 rpm (Kontron), 20 min, 4 ℃). The result

was frozen at –20 ℃ until the next step started.

2.2.3. Cell lysis

It is the process of extracting the protein inside from the

cell membrane. After thawing the frozen cell pellet at 37 ℃,

the lysis buffer (20 mM Tris/Cl (pH 7.5), 0.1 M NaCl, 0.1

mM PMSF, 1 μg/ml Leupeptin, 2 mM EDTA, 10 U/ml

DNase) was poured into cell pellet, and incubated with

shaking at 37 ℃ for 2 hours. Then, centrifuging (7000 rpm,

20 min, 4 ℃) was performed to remove cell debris. The

supernatant of the centrifuged product was heated at 100 ℃

for 20 minutes and cooled. Syringe filtration (size of filter =

0.22 μm) was then performed on the supernatant obtained

by centrifuging under the same conditions.
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Figure 1. Absorbance of cell culture and induction check. (a)

Absorbance (600 nm) of pre-culture. During the pre-culture,

absorbance of the culture media in 600 nm was measured over time to

check density of the cell. The red arrow means the time transferring

to mass culture media. (b) Absorbance (600 nm) was measured during

the mass culture, and red arrow means the time putting IPTG. (c)

Induction was checked by SDS-PAGE analysis. In the red box, the

blue line means that the protein we wanted had expressed.
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2.2.4. Anion exchange chromatography

It is the process of separating protein by ion-exchange

method. DEAE Sephacel (Sigma) was packed in a column

and 20 mM Tris/Cl (pH 7.5, containing 0.1 M NaCl) was

used as elution buffer. After loading and washing the

sample, a linear gradient of 0.1 M NaCl and 0.4 M NaCl

was applied on to column surface. The eluate was collected

and the protein distribution was measured by absorbance at

280 nm (Fig. 2a). The protein distribution was then

confirmed by SDS-PAGE analysis (Fig. 2b).

2.2.5. Size-exclusion chromatography

It is the process of separating protein according to size.

S-200 Sephacryl (Sigma) was packed in a column and 20

mM MES (pH 6.5, containing 2 mM EDTA) was used as

the elution buffer. As soon as the sample was loaded, the

eluate was immediately collected. The absorbance at 280 nm

with the collected eluate was measured (Fig. 3a) and

SDS-PAGE analysis was performed (Fig. 3b).

2.2.6. Cation exchange chromatography

The method was similar to anion-exchange chromatography.

S-Sepharose (Sigma) was packed in a column and elution

buffer was 20 mM Mes (pH 6.5). The concentration of NaCl

for linear gradient was 0.0 M and 0.5 M.
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2.2.7. Dialysis

It is the process of removing impurities in the protein

solution, like EDTA, etc. After the dialysis was performed

twice for 4 hours, the final dialysis was performed

overnight.

2.2.8. Protein quantification

It is the process of quantifying protein. BCA assays were

used and Micro BCA protein assay reagent kit (Pierce) was

used.
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Figure 2. The results of anion-exchange chromatography. (a)

Absorbance (280 nm) of the results of anion-exchange

chromatography. After the chromatography, absorbance of the eluate

solution in 280 nm was measured. The red triangles means the

samples that were took 20 μl each for SDS-PAGE analysis. (b)

SDS-PAGE analysis of the samples. The numbers mean the column

number of eluate sample. The red box means the unwanted protein

which is guessed the dimer of α-synuclein.
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Figure 3. The results of size-exclusion chromatography. (a)

Absorbance (280 nm) of the results of size-exclusion chromatography.

After the chromatography, absorbance of the eluate solution in 280 nm

was measured. The red triangles means the samples that were took 20

μl each for SDS-PAGE analysis. (b) SDS-PAGE analysis of the

samples. The numbers mean the column number of eluate sample. The

red box means the wanted protein (monomer of α-synuclein) and the

blue box means the unwanted protein (the dimer). It shows that the

monomer and the dimer were well separated.
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2.3. Dispersion of carbon nanotube

This experiment found out which protein can disperse the

CNT well in aqueous solution. First, the types of proteins

used in the experiment were α-synuclein, BSA, Elastin, κ

-casein, Amyloid β. Each protein solution was made up to a

concentration of 1 mg / ml using 20 mM MES as a buffer.

Next, CNT was added to the protein solution, and the mass

of CNT was as same as that of the protein (a mass ratio of

1: 1). Then protein-CNT samples were sonicated for 30

minutes. As a control, 20 mM MES buffer and DW were

used. Thereafter, the protein-CNT solutions, which were

difficult to distinguish in a high concentration solution, were

diluted 1/8 times to distinguish the degree of dispersion.

2.4. Fabrication of αS-CNT + Alginate hydrogel

First, 2 % (w/v) sodium alginate solution and αS-CNT

solution were mixed. After eliminating air bubbles in the

mixed solution at the vacuum chamber, the solution was

poured into a mold. Then, the mold was placed in 0.3 M

calcium chloride solution for 24 hours and alginate

polymerized. The final αS-CNT concentration is 0.5 mg/ml.
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2.5. Fabrication of αS-CNT + Alginate/ PAAm

hydrogel

First, sodium alginate and acrylamide were mixed in a mass

ratio of 1: 8 and dissolved in water. Then, MBA (746.7 μg)

and αS-CNT solution were added and mixed, and thermal

initiator (APS) and accelerator (TEMED) were added. After

removing the bubbles from the vacuum chamber, the solution

was poured in the gel mold and acrylamide was polymerized

at 50 ℃ for 3 hours. Then, the gel was put in the calcium

chloride solution to polymerize the alginate for 24 hours. The

final αS-CNT concentration is 0.5 mg/ml.

2.6. Fabrication of αS-CNT + Alginate/

PNIPAAm wire hydrogel

First, sodium alginate and NIPAAm were mixed at a mass

ratio of 1: 10 and dissolved in water. Next, photo-initiator (α

-ketoglutaric acid) was added to polymerize NIPAAm and UV

(312 nm) crosslinking was performed for 30 minutes. Alginate

and PNIPAAm were filled in syringe and placed in a pumping

machine (Syringe Pump), calcium chloride solution also

performed the same operation. Thereafter, a wire gel was

obtained by setting the speed of a machine having alginic

acid and PNIPAAm to 10 ml/hr, the speed of the machine

containing calcium chloride solution to 200 ml/hr. The final α

S-CNT concentration is 0.5 mg/ml.
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2.7. Universal testing machine (UTM)

A Universal testing machine (UTM, AGS–X 50 N,

Shimadzu) was used to confirm the mechanical strength of “α

S-CNT + Alginate gel” and “αS-CNT + Alginate/ PAAm

gel”. The test piece was cut into dog bone shape and used,

and the size standard of dog bone used was ISO 37-4. At

this time, the tensile speed used for measuring the mechanical

strength was 100 mm/min.

2.8. Field-emission scanning electron

microscopy (FESEM)

In order to confirm the structure of “αS–CNT + Alginate

gel” and “αS-CNT + Alginate/ PAAm gel”, field-emission

scanning electron microscopy was used (SUPRA 55 VP, Carl

Zeiss). After liquid nitrogen treatment, the sample freeze-dried

for 24 hours was coated with Pt using Sputter Coater (EM

ACE 200, Leica) and then got images.
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2.9. Electrochemical test (CH instrument)

I-V graphs of “αS-CNT + Alginate gel” and “αS-CNT +

Alginate/ PAAm gel” were obtained by cyclic voltammetry

technique using a CH instrument. After plotting with Sigma

plot 12.5, the electrical conductivity was calculated by using

the regression curve of I-V graph, respectively.

2.10. IR irradiation

“αS-CNT + Alginate/ PNIPAAm wire gel” was irradiated

with infrared rays (808 nm, 1W) at a distance of 4 cm for 1

minute and observed whether the wire gel shrinks or not.
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3. Results and discussion

3.1. Purification of α-synuclein

The result of quantifying the purified α-synuclein in seven

stages is the follow: total 180 mg of protein was obtained.

This means that a high amount of protein was obtained for 4

liters of culture solution. From this, the yield is 45 mg/L.

This value is higher than the yield of other proteins purified

through cell culture[32-34] (Table 1). The reason why this

protein is obtained at a high yield is that the protein is highly

heat-stable. During the purification process, there is a step of

heat treatment of the protein solution obtained from the cell

lysis, in which most of the heat-sensitive proteins are

denatured and settled. Thus, only α-synuclein is present in

the solution.
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Protein Yield

α-synuclein (experiment) 45 mg/L

hRad51[32] 1 mg/L

MBP-paramyosin[33] 1 mg/L

CusF-GFP[34] 8 mg/L

Table 1. Final yield of several protein purification method.
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3.2. Dispersion of Carbon nanotube

First, looking at the buffer and DW as a control group in the

Fig. 4a, almost all the carbon nanotubes sunk. A large

amount of carbon nanotubes sank in elastin and amyloid β,

but a relatively small amount of CNTs sank compared to

buffer and DW. On the other hand, in the case of α

-synuclein, BSA and κ-casein, the concentration was high in

a protein-CNT solution, so it was difficult to see the

difference with the naked eye. To further analyze the degree

of dispersion of carbon nanotubes in these three protein

solutions, the protein-CNT sample solution was diluted (Fig.

4b). As a result, the α-synuclein-CNT (hereinafter αS-CNT)

solution had almost no amount of CNT sunk as compared

with the κ-casein-CNT solution or the BSA-CNT solution.

Also, the color of the solution was also darker than the other

two, which can be compared with wave-scan taken from 200

nm to 800 nm (Fig. 4c). The solution was diluted 1/2 times

with buffer, and the absorption of αS-CNT showed the

highest absorption. From this result, the aspect that α

-synuclein binds well to the surface of carbon nanotubes can

be correlated with the content that α-synuclein binds well to

the hydrophobic surface[9] in previous studies. In addition, the

fact that α-synuclein and carbon nanotubes are well dispersed

in aqueous solution is associated with the study that α

-synuclein bound to the surface does not bind another α

-synuclein dispersed in solution until the condition of solution

(pH, temperature, etc.) is not changed[8]. Thus, it was found

that α-synuclein binds best to the hydrophobic CNT surface

compared to other proteins and is well dispersed in the
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solution after binding.
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Figure 4. Dispersion of CNT in the protein solution. (a) Degree of

dispersion of protein-CNT solution. The multi-walled CNT added into

the 1 mg/ml of protein solution and then sonicated. The red box

means that the samples looked like dispersed well. (b) Degree of

dispersion of diluted αS-CNT, BSA-CNT, κ-casein-CNT sample. α

S-CNT is best dispersed in the aqueous solution than others. (c)

Absorbance of (b).
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3.3. αS-CNT + Alginate hydrogel

3.3.1. Mechanical properties

The alginate hydrogel containing the αS-CNT and pristine

alginate hydrogel were cut with a dog-bone-shaped cutter

as shown in Fig. 5a, and the tensile test was performed

using UTM equipment (Fig. 5b). Compared to pristine

hydrogel, the strength of the gel containing αS-CNT

increased about 16 % and the stretchability increased about

21 % (Fig. 5c). From these results, it was confirmed that

the alginate hydrogel containing αS-CNT had a higher

physical property than the pristine alginate hydrogel. This

suggests that αS-CNT act as a gel composite inside the

alginate gel and increased the physical properties of the

alginate.

3.3.2. SEM image

The surfaces of two lyophilized gels are shown by SEM

images. From Fig. 6a, the pristine alginate gel showed

relatively smooth curved surface. In the case of the alginate

gel containing αS-CNT in Fig. 6b, unlike the pristine

alginate gel, the αS-CNT was embedded on the surface and

the surface was bumpy. From this, it was confirmed that

the αS-CNTs were spread evenly on the alginate surface.

After the tensile test was completed, SEM images were

obtained by lyophilizing the hydrogels in the elongated state.

Each image was in the direction in which the horizontal

axis was stretched by the tensile test. In Fig. 7a, the base
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alginate gel almost same as the pristine alginate gel. On the

other hand, in the case of the alginate gel containing α

S-CNT in Fig. 7b, the substances appearing in αS-CNT

were aligned in a row in the direction of tension (axial

direction). From this, it has been shown that the αS-CNTs

are uniformly clustered on the alginate gel surface, and

when they are tensioned, the αS-CNTs are aligned in the

direction of the force.

3.3.3. Electrical properties

The results of the I-V graph showed that the amount of

detected current increased when the alginate gel containing

αS-CNT was applied with the same voltage as the pristine

alginate gel (Fig. 8a). The calculated electrical conductivity

of the prisitne alginate gel was 0.212 S/m and the alginate

gel containing αS-CNT increased by about 21 % at 0.256

S/m (Fig. 8b). From this experiment, it can be seen that

the electrical characteristics of the alginate gel containing α

S-CNT have been improved.
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Figure 5. Mechanical properties of alginate & αS-CNT + alginate

gel. (a) Optic images of test pieces. The gels were cut by the dog

bone cutter (ISO 37-4). (b) During the tensile test, the alginate gel

was enlongated. (c) Results of tensile test. Black line is the

stress-strain curve of alginate gel, and red line is that of αS-CNT +

alginate gel. The gel contained αS-CNT is more stretchable and has

more strength.
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Figure 6. SEM image of alginate gel & αS-CNT + alginate gel

(before tensile test). (a) Alginate gel. (b) αS-CNT + alginate gel. It

seems that the αS-CNTs were dispersed on the gel.

Figure 7. SEM image of alginate gel & αS-CNT + alginate gel

(after tensile test). (a) Alginate gel. (b) αS-CNT + alginate gel. It

shows that αS-CNTs were aligned in a row (axial direction) on the

gel.
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Figure 8. Electrical properties of alginate & αS-CNT + alginate

gel. (a) I-V graph. When a voltage was applied, the current flowed

more on the gel contained αS-CNT than the pristine gel. (b) Electrical

conductivity. The gel contained αS-CNT had larger electrical

conductivity than the pristine gel.
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3.4. αS-CNT + Alginate/ PAAm hydrogel

3.4.1. Mechanical properties

The tensile test of alginate/ PAAm hydrogel (hereafter

tough gel) and tough gel containing αS-CNT was performed

using the same dog bone specimen (Fig. 9a) as used in the

previous alginate gel. As a result, the physical properties of

the tough gel increased by 19 % in strength and 476 % in

elasticity compared to alginate gel (Fig. 9b). This

demonstrates a previous study[28] that tough gels with

double networks are more physically better than alginates

with a single network. Next, the strength of the tough gel

containing αS-CNT was reduced by 17 % compared to the

pristine tough gel. However, elasticity increased by 9 %.

From this, it can be seen that the αS-CNT affects the

elasticity of the tough gel.

3.4.2. SEM image

Fig. 10 is SEM image of two gels lyophilized for 24 hours.

Comparing two images, αS-CNT-contained tough gel has

larger pore size than pristine tough gel. In the previous

mechanical test, we can see that the stretchability of α

S-CNT-added tough gel is better than pristine tough gel.

This is proved the previous research that the larger the

pore size of the hydrogel is, the more stretchable it is[35].
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Figure 9. Mechanical properties of alginate, alginate/ PAAm & α

S-CNT + alginate/ PAAm gel. (a) Optic images of test pieces.

They were cut by the dog bone cutter (ISO 37-4). (b) Results of

tensile test. Blue line is the stress-strain curve of alginate gel and

black line is that of alginate/ PAAm gel. Comparing alginate gel with

alginate/ PAAm gel, alginate/ PAAm gel is more stretchable and has

higher strength. Red line is the stress-strain curve of αS-CNT +

alginate/ PAAm gel. This gel has lower strength than pristine

alginate/ PAAm gel, but this gel is more stretchable than the pristine

gel.
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Figure 10. SEM image of alginate/ PAAm & αS-CNT + alginate/

PAAm gel. (a) Alginate/ PAAm. (b) αS-CNT + alginate/ PAAm gel.

Comparing the images, the tough gel contained αS-CNT has much

larger pore size. There is a research that the larger the pore size of

the hydrogel is, the more stretchable it is.



29

3.4.3. Electrical conductivity

Fig. 11a shows the I-V graph of tough gel. According to

this graph, it is understood that although the current

originally flowed also in the tough gel, the amount of

current at the same voltage became larger when the α

S-CNT was included. Based on this, the electrical

conductivity was 0.226 S/m for the pristine tough gel and

0.294 S/m for the tough gel containing αS-CNT (Fig. 11b).

That is, the tough gel when αS-CNT was included

increased by about 30 %. This proves that the hydrogel

containing αS-CNT has increased electrical properties.
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Figure 11. Electrical properties of alginate/ PAAm & αS-CNT +

alginate/ PAAm gel. (a) I-V graph. When a voltage was applied, the

current flowed more on the tough gel contained αS-CNT than the

pristine tough gel. (b) Electrical conductivity. The tough gel contained

αS-CNT had larger electrical conductivity than the pristine tough gel.
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3.5. αS-CNT + Alginate/ PNIPAAm hydrogel

3.5.1. Optic images

The fabricated wire gels are described in Fig. 12. Color of

alginate/ PNIPAAm wire gel was transparent (Fig. 12a)

and αS-CNT contained wire gel has black color (Fig. 12b).

The diameter of two wire gels is about 1mm. This gel was

made in wire form because it was better to see the volume

change with temperature.

3.5.2. Change of shrinkage by temperature

In previous studies, PNIPAAm hydrogel has been known to

shrink when the ambient temperature is above the LCST

and to expand again when the ambient temperature falls

below the LCST[31]. In this experiment, we examined

whether the volume change of wire gel with PNIPAAm and

alginate changes with temperature. We also examined

whether the volume change occurs with temperature even if

αS-CNT is included in wire gel (Fig. 13). Usually

PNIPAAm hydrogel releases water to the surroundings, and

turns into an opaque gel with a transparent gel[31] when

the temperature shrinks above the LCST. In Fig. 13a, the

produced alginate/ PNIPAAm wire gel showed the same

phenomenon as PNIPAAm. Fig. 13b couldn’t be seen that

the surface turned opaque gel because the gel was already

black, but the diameter decreased visibly. From these

results, it was confirmed that alginate/ PNIPAAm wire gel

and wire gel containing αS-CNT shrink with temperature
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change.

3.5.3. Change of shrinkage by irradiation of infrared

laser

The results of irradiation of near-infrared (NIR) laser on

alginate/ PNIPAAm wire gel and the wire gel containing α

S-CNT are shown in Fig. 14. Fig. 14a shows the pristine

wire gel, but there was no volume change or color change

even after laser irradiation. On the other hand, Fig. 14b

shows the wire gel containing αS-CNT, which shrinked

toward the diameter of the wire gel. In addition, water

drops occurred in the surroundings, which is similar to that

of PNIPAAm, which emitted water when it shrink with

temperature change[31]. Because of the photothermal effect

of CNT, therefore, it was found that the volume change of

alginate/ PNIPAAm wire gel can be controlled by IR

irradiation without changing the surrounding environment by

the added CNT.
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Figure 12. Optic images of alginate/ PNIPAAm & αS-CNT +

alginate/ PNIPAAm gel. (a) Alginate/ PNIPAAm. The red arrows

point the transparent wire gel. (b) αS-CNT + alginate/ PNIPAAm gel.
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Figure 13. The change of shrinkage by temperature of

alginate/ PNIPAAm & αS-CNT + alginate/ PNIPAAm

gel. (a) Alginate/ PNIPAAm gel. (b) αS-CNT + alginate/

PNIPAAm gel. When the temperature went up above

LCST, the gels shrunk. While the temperature went down

below LCST, the gels swelled again.
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Figure 14. The change of shrinkage by irradiation of

infrared laser. (a) Alginate/ PNIPAAm & (b) αS-CNT +

alginate/ PNIPAAm. When the IR laser irradiated on the

gel, only the αS-CNT contained gel shrunk. When cooled

down the αS-CNT contained gel, than it re-swelled.
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3.6. Future work

Through the above experiments, future research will be

applied to biomedical fields through the differentiation of

neural stem cells. There is a research result that neural stem

cells undergo differentiation under the influence of electrical

stimulation[36], but for this purpose, the cells need a

biocompatible matrix that can be applied to them. In this case,

alginate gel or alginate/ PAAm gel containing αS–CNT can

be used on this matrix. In general, hydrogels have a

cell-friendly environment as research has been carried out

instead of biological material called extracellular matrix

(ECM). Therefore, when neural stem cells are applied to the

hydrogel and electrical stimulation is applied, the cells may

differentiate. This result is capable of transplanting neural

stem cells to a patient whose spinal nerve is damaged by

accident, intervertebral disc, etc. In addition, it can be applied

to various biomedical fields related to cell culture.

Another study to be done later is the development of soft

robotics simulating the peristalsis of the large intestine. The

peristaltic motion of the large intestine is a movement in

which the wall of the large intestine repeatedly pumps

through expansion and contraction to push out the excrement

to the outside. To simulate this performance, alginate/

PNIPAAm wire gel with αS-CNT can be used. When the

wire gel is wound on the thin and long stretchable rubber

tube and the IR is irradiated, the tube will shrink as the gel

contracts, and the tube will swell again as the wire gel

expands over time. In other words, wire gel can control the
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movement of the tube by irradiation of IR laser. In addition,

CNT can absorb the light of various wavelengths and

generate the heat. These activities will make it possible to

develop the soft robotics that the movement of object can

modulate by light of various wavelengths.
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4. Conclusion

In this study, three kinds of experiments were conducted and the

results are as follows. First, a high yield of α-synuclein of 45

mg/L was obtained through protein purification. Secondly,

experiments were carried out to disperse carbon nanotubes

(CNTs) with hydrophobic surfaces in aqueous solution using

purified α-synuclein and other proteins. α-Synuclein is most

bonded on the surface of CNT and makes CNT disperse well in

the aqueous solution. Thirdly, the previously dispersed α

-synuclein-CNT (αS-CNT) was added to a hydrogel such as

alginate, alginate/ PAAm, alginate/ PNIPAAm, and the properties

of the hydrogel containing αS-CNT were enhanced. The hydrogel

produced on the basis of this research is to be applied to the

biomedical field as a substrate for differentiation of neural stem

cells or to the soft robotics development capable of contracting

and expanding in response to light.
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국문초록

퇴행성 뇌질환 중 하나인 파킨슨 병을 앓고 있는 환자들에게는 루이체

(Lewy body)라는 단백질 응집체가 공통적으로 발견된다. 이를 이루는

주 단백질은 알파-시뉴클레인으로, 이는 140개의 잔기를 가지는 단백질

이며 주로 뇌에 많이 분포한다. 알파-시뉴클레인은 내재적으로 비정형적

인 형태를 가지며, 다양한 표면에 잘 결합하는 성질을 가지고 있다. 알파

-시뉴클레인의 이러한 특징을 이용하기 위해, 본 연구는 알파-시뉴클레

인을 정제하는 과정에서부터 진행하였다. 그 결과, 높은 수율의 단백질이

얻어졌다. 이후, 정제한 알파-시뉴클레인과 여러 단백질을 이용하여 수

용액상에서 탄소나노튜브의 분산 정도를 비교하는 연구를 진행하였다.

탄소나노튜브는 강도와 전기적 특성, 광열 현상 등이 뛰어나 여러 분야

에서 쓰이지만 소수성 표면을 가져 기능화하지 않고서는 생체 내에 사용

하기 불리하다. 이러한 특징을 가진 탄소나노튜브를 소수성 표면에 잘

결합하는 알파-시뉴클레인이 다른 단백질들보다 용액 내에서 가장 잘

분산시켰다. 더 나아가, 앞서 얻은 알파-시뉴클레인-탄소나노튜브 (α

S-CNT)를 생체 친화적인 물질로 알려진 하이드로젤에 첨가하였다. 그

결과 기존의 alginate gel, alginate/ polyacrylamide hydrogel의 신축성

및 전기적 특성을 향상시켰고, alginate/ poly(N-isopropylacrylamide)

hydrogel에 광열 효과를 첨가시켰다. 이렇게 제작된 하이드로젤들은 추

후 신경줄기세포를 분화하게 할 수 있는 매트릭스로서 바이오 메디컬 분

야로 응용하거나, 빛에 반응하여 수축과 팽창을 반복하는 soft robotics

분야로 응용할 수 있다.
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