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olvf A&, BAeHdEZ] AA, s A=A X T TdR Eobll &8 Thsshy] WiEel] B dAS vy
Ak 2 AFeMs Bl AI2HIOE Jayer-by-layer(LbL) S/3AIEHHS 7IWo 2 & o] AA st wlo|a=
FEY AFRAIE Axstal F49S Bt 53], LbL 3789 viAu @AlelM A 2sd 29 7k
golrl (catalase)E 4| T-8to] violAZ FH QFE Wl XS stk fdelols a4l dFo s
& Bkl Fvf s vk 2 A A2 o] Iskea GodlA B2 R 71E7F HEeA| AL mle]
A8 FHE 9 mE S5 FHole AS dEeith RS gdS 240 A8 5 7] il

o8] 71%S Edke AES o8-8k A AR e AEIAE Bke o e ZoE dEn.

Abstract: Self-propulsion of synthetic microtubes, inspired by the biological systems, have been attracted by many
research groups due to various applications ranging from drug delivery and medical therapeutics to environmental remedy
and chemical/biological sensors. In this work, the biocompatible self-propelling microtubes based on the layer-by-layer
process were synthesized and their characteristics were investigated. The catalase layer was deposited at the end of layer-
by-layer process. Catalase is an enzyme and can be used as a catalyst to decompose the hydrogen peroxide and produce
the oxygen bubbles, which efficiently provides the microtubes with self-propulsion. In this work, a lot of oxygen bubbles
were produced in the solution of very low concentration of hydrogen peroxide, and as a result, the microtubes containing
the catalase layer exhibited the motion with very high speed. Our strategy will provide self-propelling systems with var-

ious functions by considering the versatility of layer-by-layer process.

Keywords: self-propulsion, microtubes, layer-by-layer, catalase, bubble propulsion.
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52 Yepll= A7 32 7] Al (self-propelled machines)E & FOE WHEgto 2 Y wlolAE b BE 9 27t
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EZ 4 (Reynolds number)’} 22 -5 Aol 2jdl] #|
W= Hebe o5 A ofF A2 SAUM = FR3A|
7] wiizol] A ol dske Mo R FXES d= A
< HGA &gk ZEHQ AYE Tk flal vt viA)
oA E&A F%1 B BA AE FPshr] g A<
AT =Ho] o3| Jagh Aot

1 A7) F21 wAY S W2, o] AZAE Az
(microjet engines), HFo|H| € LU= 2 = (bimetal nanorods), L}
213 (helix) swimmers, °F 72~ YA}(Janus particles) 2 w}o]
A2 FE (microtubes)o} 7> Thtst 39 FE7F JIEE S
TS 252 tE 24¥ 718eks vl R 2P| A7) 95
(self-electrophoresis), AF7] E4H(self-diffusiophoresis), 25 5
Zl(osmotic propulsion), AW “&2 “Hlj(interfacial tension
gradients) 2 7] F%(bubble propulsion) 5 Tet 331 v
AUES Attt 2F5AME, A7 F31& 28l sheto
A& FdUA 2 Hskeh= Sl 52 39 EH=, 3
& gl Alo] 753 &% S-S JEeh, AE oA
B 37 X5 o|27|71A] thggk FokellA] 3-8 71540l
- =7] wiiEel] & S B3 ok gukdos RH
3 BHE Y 71 9 HEEE o8-S 7] sh8t Sl
ofal] AxHAL, o]FA A FEY HElE FE VX F
& o] gste] FRYE Zheth. o]F flEiA vhi=REe QF
&2 7|XE AT 7 e Fuiso] Slofof gith mlo]a
M FEY FA S A5 F2 HAksta 4 (hydrogen
peroxide)s AFE AM-SH 7497 Wk, ibslrdes &
jE o] &gk FANe-S Bl Ata 7IEE HA vk W
Folth. mEtA dslras ARE ARSI whe| 22 A
= FH Rl = FulEA wigo] SR |t olHg
A e} HAUES o835t sk AR 2 %, o A,
A, a5 2y e 72 A 9 U el 22 o
&g ofel 82 F Uthe Aol 712 AF AHE F3l
A dEERTh 2y 7129 mlolAR FEE REE9] A
Z 7S o] BRsta fA] 7] wiel] #% R2E 4]
AZE g AFe] Ade sHAZF o ofgd 1 JHE
SAAE ofgol Aot FARG A7FF2IA| ¢ &8 7S
o] & Hlo| L oof Fofol A83at7] flalir= A AFA3
e Aisde] de AEE ARSsl BHE Alzs)of st
= 7159 Bol ARSsIE WAl e 2= sHAI7E it

E AjoM e HEYo|EE 7| 2 3} layer-by-layer
(LbL) AZ7He] 37 |12gS o]&3te] nlo]a8 FH
Y AEFRAE Azt SRit. Lol 25712 gyt
How sk B4E e BAA Y, e w44
&, men ARG T Y-S o] gate] g 4 Hol T
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T O =
e Az 4 Qo gEA Q7] o), At dsiE
ok oy} oheFst R IEAL AEA 4715 2 H71/
F7] 4AF 55 olgst ot Axg & ULk o]
gk LbL7 |2 713e] A7 Fejol] Aigle] 288 +
Aol, B3 7)3 o]l vheAld, AYEE MlF Yol =
LbL 71 o]&ate] tadtets Axd 5 ot mabA
A mlolAR REIE AZs17] 9814 LbL 718 ©]8-3t
Al = 7]Ee] W) vls)] B Agle] Zo] Fxl HojA
A =) B AF Aeo] rhsshH, Sule] Myt 9 {RE
9] 7)58x vwE &4 T 5 ke Fho] ok
AAZ FZo| vlolaR F719] 7]¥S Zte WEEAS B
ZYo)ER AL LbL 7S Ag3le] FEY nlojaz
AZVFRAE Azg A2rb By SRR R, o]k
ATAFANNE A IERE S A7) 918 712 AL Sl8iA
Ws FiE AREstaL Qo] AP RIAE sk 84
o] ks A Ajet FEe ZEAvkae & 4 jlrh &
At E 71EH O nlo]AR 7]ge] HEHo|E LbL

A wEwA St

g
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ME. A5l 2pm 95 EF9 vlo]a=g 7|FS 2=
cyclopore polycarbonate(PC) membrane(Catalog No 7060-
2511: Whatman, Maidstone, U.K.}S LbL HIZd|°|EZ A&
sttt LbL 237|195 ©]838t mlo]a=® FHE 7]
3t AEE Fol29] poly(allylamine hydrochloride)(PAH)
(M,=70000 g/mol)2} &-°]-2] poly(sodium 4-styrene sulfonate)
(PSS)(M,=70000 g/mol)S Sigma AldrichollA FQ3ke] A}
2319t} FheElolAl(catalase from bovine liver, M=
250000)= Sigma AldrichollX] 9135t ARS-gH 0l 2 A]
©F2l methylene chloride(CH,Cl,), dimethyl sulfoxide(DMSO),
dimethylformamide(DMF), 3:F8}4~(H,0,), sodium cholate
£ Sigma Aldrichol]l 3k] F71 A4 glo] = AR&-3}
Ak Wy YO F= 0.1M sodium acetate(pH 5.0)<}
potassium dihydrogen phosphate(pH 7.0yS AF-SISIAL, pH=
HCI %= NaOH €902 2433

O|32 JREO| M=, A7EAE 91g nfo]a=2 {FHE
= PC HEZQS HEo|ER 3lal LbL 7|HS 48314
A|Z3IA0}. LbL 349l 241 PC HE91e oek&s} MilliQ
SHTE AFSINY. FH)E PC WEYCIS WA o9
PAH &40l 1587+ JAet] PAHSS S2AIX U, 57
T 23] AlFste] flHEY /1] S2ERA] e oite] Yol
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PAHE A7t arkeole WEH S Sol2] PSS &
Aol 1527 g & "RPRAR SRTE 23] AlH st o
we] PSSE AAST. o7 $4& WEsle] dshk= 5
THF AFote] A FAE Zhe vielAR RHE AR
sttt LbL 3789 w2 @Al = "B QlS JHEet
opAll g-ollol] At mo]A® FH QHEol= FhEEtobA|
Sol AAst=S stk FHeetoAl = 53 A (isoelectric
point)o] 5.40]7] WjEo] 548t} £ pHIME SHEE, W
< pHelM= FHskE wAl €. 7heeeAlE AFsh] &
el Fo] PAH 391 749ol= pH 4.59] = 7HEoA &
NS olgstod AFEAL, mA Fo] PSSRl Zd-foll= pH
9.0014 7heetolA] F& FEAIZ T

FreeloA7A] A5e Fol= 7 mle]aR FEE 47
M A3t Sl & ARg-ste] PC EEQLE Al A ST
T njo]m g FH
£ A3t Lozl mlelAE FHE 23] ¢ §ujE ]85t

= 5ol ARTAA A7 IE3A 2] A B8

=4 & FFH. 2o 4t e vlo]lAE FH| A5
A 0.12% =2 JisrEas Yol ol AHg
A ZA 2% F=2] sodium cholate 8= 7Fo] 7}l
T}, 408&-2] =9} QuantEM 512/SC Y77} U=
8t n]7d (Nikon Instrument Inc., Ti-S/L100)YS ©|-8-5o] u}
o|A® FHO FAS AFeIL o|v|A| 9 FFFE I
t}. Phillip AF2] 1 &}& v 7 (scanning electron microscope,
SEM)Z o]&-8to wlo]A® FHO ARRS LIt} mlo]a=
FHE silicon grid 1o AZEI5L, SEM #zko]] Qx| wiz
° 7 Fs

Ay o =2

Figure 1 £ AFoA] plo]aE FEY AEZAE Al
Z3he 3L BolFE g=olth. v PC HEH IS
LbL 71'H& A &37] Qg "IZd o] ERE AME-3ISITE LbL
AT7 S ol&3dte] mlo|AR FHE A|xsl7] 34 ALS-
gk ofo]-9] PAHS} 2o]22] PSSE A4l A3Hdel Sl A
o2 dHA o, & A= B AlxFlos el
55 Alxsk=d 7P ol AHE-E PAHS} PSSE AE 5t
o382 FHE Az Fuls xgsie] dE AR
A3 mlo|AR FEY AIFAE Axstaat shd <l
Aol Faliet A A3 AEE AME-st] LbL 5782 %13y
s Fok AAE A Aol Holup gole] 71EA
(chitosan)s} 2-0]-22] LA||o]E YEF (sodium alginate)yS
LbL 7H& o] g3l ts 52 Axs Bt dop? &
Aol A AR&3) track-etched PC WEH|S1S oF3l SH81S
W = AoE dEA Stk wEhA] olejgt PC HWEHQL
< HEHCIER st Ll 34 8] flalir= wA

o

o

Template
Removal

4

Figure 1. Scheme for fabrication of self-propelling mircotubes via

layer-by-layer process.

ol IHAF M| AFS AFslaL k3ol ol IEA}
A F=sle A2 Z8Ys|jofF 3t} PAH/PSSE ©|F

N

Z
o7l o]FZ(bilayer)®] 7Hr= Hale RS FAE Zhe vt
o|aE FH7} Aojd wj7lA] LbL ¥4S Fldste] 243}
AT LbL &7g9] vix|d Aol = FHgEtolA] & ol
A B GAE B AL BaEleE s1yT). vlo]|a 2
=8 YA AAE Ak 7| XE ulo]ag KHo| g & v
Fo 2 wjEEIL ojn wlo]AR RFEE A/IE31E S 2H
e} Aka 7|EE o] gg AR HAUSS 5o Wk
A GEo] vl w2 o] AU vHEe] ¥ F 9l
LbL 378< vl Foll&= & olER A ! e
Astal HEH o R vlo|aR FEE 47 drh HEEE
AA Bajx = FHell 7 F Tl 28] AR
Figure 2= LbL "'H-E o]-&3le] PC HEHR] HEHo|E
HlellA] mEEefzl mle]AZ FEE HoFa QUTh oA AT
St AR LbL 342 ¥ol22] PAH 52 WA 27] A%
slar, Wl npR o AR R AMEels FkESA Baus
o] Enl| AEE dh= FHEEHE AEste] Tl QI Hol
ARBI=E SISt FhEEtoHls T4 dFos ditksls
Ao] Balhe-g WEA EFXIA 7= SufolthEitslra #
awkS-: 2H,0,- > 2H,0 + 0,). FH oA Eafjnkgo] 213
E|3L Ak 71E7F WASHE 7|30 FEO| g Zo R mhAu
71 wlo] AR FHE FX1EHE AA "k LbL 380] &
ol epR|ete 2 JheElolA] S8 2 =Y HEYelES
AASIAL vlo]AZ2 FEE AA Hr}. Figure 2(a)~(c)= 33}
Hn 7S B34, Figure 2(dys AARARAS Sajx] #23h
nlo|A R FHO 248 HoFT Qlt) of7]A, (PAH/PSS),
= (PAH/PSS)Y] T3S F 205 A5 AL ov|s).

i
Figure 2(c)¢t 2(d)ollA] B3 wlo]a2 FEE PC RUEH]S
el 7L wet g BEeid 2 2 % gk doj7
olAR FHe] RS AEH0|T 1ol 9um, W Ee)

Y A58 2 umolth §lZ o] ES] B I E wlo]la
2 FEI7 FAE AL & 5 ) Figure 2(a)9t 2(b)lM =
AT HERIo] T3] FA] oA mlo]AZ FHI} ol
A= WEHRQ] A & B e BEFS B F . o]
A 3] WEY 1S AASA X 97 23] WH

Polym. Korea, Vol. 44, No. 3, 2020



394 o7l - &S - A

Figure 2. OM (a,b,c); SEM (d) images of (PAH/PSS),, microtubes
produced by LbL process after template removal.

Gl EE poredA] B2 e vlo]az FEIF AL
2 TEoRths AMS HoFa 9t of7]A, PC B
1] AA= CHCL 8§95 AR o] Folxltt.

o|FA vhEofxl wlo]AR FHO| L5448 4] fI8t
o, A5 E 2wi%e] IS E H7kekaL, w3k gt
L3298 WE7] 9alA] sodium cholate AHEAAS 2 wt%
718K Figure 32 #A|%3tk nlo]a=z FEI} #4k= o] Q)
= 0 AR ISl E HISE Fo] WS HolF
= FAnA ARloltt. 2o & F e AAE B
7127 A E A& & 7 Ah(Figure 3(a)2k 3(b)). 1A
LbL 3ol mpA|eto 2 JH QRgel 2 Z3gk 7hgetolA| 7}
BEH 02 IRIsFAE Ealsle] B T AAE vHEO
W3z 9IS gt} oA AFolA Arst AAE hdet
oA AF2 F /Y] ME T pHollA g3kt pH 4.5
A= FHgEtoAlZ FHskE W7) whitel S5kl PSS &
ool ZHEe IS AF313 L, pH 9ollX= ZFEEtolAl7t
A8 W7] w2l FHste] PAH 52 vAIZOR &L
FhdetolA & AZ3titt. o] % HEe | ER ARS-gF PC W
HYRIE AAsIL HEHOR wlo]A2 FEE AA A
Figure 3(a)°} 3(b)ell B AAH F 719 pHollA 25 7+
gEfolA 7 AFHom AFHIUL Jkshri Eev-eS
doNT Y-S & 5 Uk AT, F ] AAF] Akx V)
EE AREL e S48 AT, AAE Ak 712 )
WA o7 EAshs vlo|ARZ FHOA ThEoR]= Fo] oY
37, Figure 3(c)¢} 3(d)el] WM fo 2 FAg AAH HHE
glj1o] 53] [A] efobA] oY mlo|AR FHE ZHY Q=
Z AEHQ] 74 gojgloA] 7|27F HEAAAL S-S =
T Utk gl o= FASE XY WEHRIA s 9
o7l mo]AR FHE] H-goll= 71E7F A EA] et o]
A AEYR AA B AHE QA ARSSE &ul7t 7hEEr
ofA|e] Sl Fuist YIS HA7] Wl o= HAetE
ot HWEHRIS §3AZE v et 7] Sule ZHEEeA)
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Figure 3. OM images of (PAH/PSS),((PAH/catalase) (a and c);
(PAH/PSS),o(PSS/catalase) (b and d) microtubes in solution con-
taining 2 wt% H,0,.

qds w48 AaAA FreEtoA7E O o) walnkg
YA7IA] ZsHl = oL, A= o7l mlo|AE FH=
TR RS 7sS FHAl "t o] wlal £s] &
HA] 2 WERl Yo e rlo]AE REE JUxo=s
ol =ZEA] 371 wiEel FhgEtorAle] &/de] fAE]
= AoE AZET. o gufjolx ] JhaEtolA] whe-S A
H17] 93] DMAc®} DMF, 128]3 DMF/& E3ES WX
gSl AA 2 AHE 913 8= ARSSIsitE. DMAceH DMF/
& EgE2 PC WEH RIS &lA7IA] Fabr] wi2el =]
| mlo]a® RHEHE A4S 1303, DMFe HEHS =
oA molaR FEHE Ao A4S 5 UAARE methylene
chloridex]® 7HEH 02 ¢1ojxl mlo]AR FHAA Fhee}o}
Al S YERA] 0T

ol g FAE afdet] 9 WHoRE 2 AFolM= rt
o|A% FHE AlFsl= LbL FgoA 7hgetoAlES g5
o] ofd 2307 AZanh. &, T B oS 4
St EHolE AA AN {F718mE AHete 5
Qbell Heh gk B2 kol etz E4ds AT 5 3
=2 319IT}. Figure 4@)Sh 4(b)= (PAH/PSS)n(PSS/catalase)s
9} (PAH/PSS).(PAH/catalase),2 A2t vlo|a 2 FEZA
247} pH 4.58}F pH 90l|4 7heetolA] 7} A& nlola82 &
Hol B8 WojF It pH 4.504 % FhdetolAl7E <&
Asks w7] wjEol d3tke] pSset & W o] LbL #8-&
AP ar, Bt pH 9ollA= & ste] PAHSH A F 6t
FheetoA| F-5 Tl Bol AFarh. o]#A wsoixl mlo]
A8 FEE sl Iitskrd §oolx ArEIE S )
2ZE3I9aL, 1 A3 Figure 4(c)@} supporting information
of] AAISIATE. Figure 4(c)2] 3edm])7d AR} supporting
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Figure 4. OM images of (PAH/PSS),,(PSS/catalase), (a); (PAH/
PSS),0(PAH/catalase), (b) after template removal and of (PAH/
PSS),0(PAH/catalase), in 2 wt% (c); 0.5 wt% (d) H,O, solution. The
arrow in (d) indicates the time sequence of the pictures taken from
the movie.

Figure 5. OM images of (PAH/PSS))(PAH/catalase), in 0.5 wt%
H,0, solution taken from the movie. The number corresponds to the
time sequence.

information®]] 71l LGN & = = AAH B2
o] kA 7]37} WA EEA FS] WEA 2Holal U= A
S B g A, olZE ojxe Wl nlsiA o B2 ¢
o] FrdetolAlrt B4S FAI8AL e AE ofnlgitt v
o7t wEa AR 2Fols EAE A vig- o
A3, wE F o B Fre] dbeleas dgE Ht
3t 2L AT Figure 4(d)y= pH 9914 Aozl
(PAH/PSS),(PAH/catalase), PIo]|ZZ FEE 0.5 wt%2] I3t
3ra fAdoM AJ7ke] B 5o wet AR AAE HojF

It W wRe] SRR vlo]|AE REIE I 34

>

o)1 S-S & 4= Ut} Figure 5= 311e] (PAH/PSS),(PAH/
catalase), Flo]AZ FEI} ksl S AAa2 3
o] e EHLS A7F oMol wet BojFL AT}, Figure
4l ZEsE R o] B Fre] 88 JHIE F
3] wlola® FHIF B dodd A4 24d 4 =
Ao R HAFI Q). o] 24 2 Ator e HEEE
o]-§-gt LbL "2 S Aol AFA o= vlo|A2 REE
AR, 53] A7EFEE A7) A5 FajEA a4
AFR FHEEAIE o]g3te] mlo]aR [FHO A5y
< A sk o e 1A GUARE 2 Aol
Al AME-3E LbL W22 w@hes] 714 Q18 ol 8sk= A
o2 =4 Y] e AT F o] rlolaE FH
9] 7154& Fosk=d A+ o8 4 Utk 71 A
A ] 58 Aok WHORE A IS ol&sk= W
o] 7k Bol ARGE=, lo]AR FHEE Al&ehe
N 25 w= EZolvt YAE LbL WA e ' 835k
A A7FeZ Ao F- e rlolaR FEY Szl
NS Az 5 A Dot =3 715712 2te 225 Ll
FGoA A-gsA HH A IEZA] o 75ES A

4% Sl

g £

2 AToxe vl PC HEEH SIS HEE0|ER A}
8310l layer-by-layer(LbL)®] S/4A712% W28 283
AR ZA Y] 75E 2 vlolAR FEE AZsieith
LbL 22 A 7143] o 4% 5 doakgo] 7}
53 BAEL 9FH 0w »E HE M| witel &)
A E Azshet o] Tt =4 Mddo] 7hssitt. 5
2 AFoMe ARE AMSShe IslrAe] Ealnkgol
Sl 24 JhdEteAlE ARgste] £ O A A At
AAE Az 5 e 719k vhdsiith A A3 mpo]
A8 7] A7NE Zhe thd HHEERIS HEEolER AL
§olo mlolAE FHE AFEHOR AxEaL, THEEtolA
A mlola® FH QKo 2 AFHE A & UM
dojxl mpolAR FH= ikslrds Sl Fawhg-S
&3k 712 3 viAUSS Fol vl wE Hrw 4L
ATt & AFoA = mlo] AR FHE Axst=t] g
A A A E ARSI BUAIT, LbL 5737 A
AP AEE E3S vt 2o 283 5 qdr. ol=gh
E4& o] &3] ArEx1g Wk o} thE o] ¥4,
15 & TEAIEAL 9TE T3l vl o oht siok
T TS wobll A8 7Fsd AFERIAE AT 4 vk

o 4

o

f

O

LM Z: B ATE skt A7) AYoR 5
Hg et
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Supporting Information: 0.5 wt% 3}:FalE2-g-ello)
(PAH/PSS),((PAH/catalase), Plo|TZ FE 534, o] AF5=
T3 Aol Eo A A& 4 5 Y thhitp:/journal.polymer-

korea.or.kr).
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