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Polyhydroxyalkanoates (PHAs) are a family of microbial polyesters that can be produced by fermentation from renewable
resources. PHAs can be used as completely biodegradable plastics or elastomers. In this paper, novel applications of PHAs
in biosensor are described. A general platform technology was developed by using the substrate binding domain (SBD) of
PHA depolymerase as a fusion partner to immobilize proteins of interest on PHA surface. It could be shown that the
proteins fused to the SBD of PHA depolymerase could be specifically immobilized onto PHA film, PHA microbead, and
microcontact printed PHA surface. We review the results obtained for monitoring the specific interaction between the SBD
and PHA by using enhanced green fluorescent protein, red fluorescent protein, single chain antibody against hepatitis B virus
preS2 surface protein and severe acute respiratory syndrome coronavirus surface antigen as model proteins. Thus, this
system can be efficiently used for studying protein-protein and possibly protein-biomolecule interactions for various

biotechnological applications.
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w2 (E 3], 3d-gA), A LYgAL, Sl A AT Fo A
2GS ATty sl ulg $8% Qboth whEL
B3 ’3} , 38t aste] syl FHZ3L, streptavidin-biotind}
T2 3ol & H3AE & o]&AM At TKES,
11-13). WFE 2F87]9] F&ATL o] & 73 whul
o 14dgdE F=S F 31,121 gt B2 wite ol AEl Ao
oet WA Bl ofyga vlEold FZd i 7}
AS 4 Aok E3L HA 4 o] EQdAe &
e TAE ob7lst7] wWidel 1A 7o) Hwo| 753 o]
1A os A S 1A 4 Qe HEHolHA &
<l HhHe) aEI k. wEbA, nlol L EA Y A3
E 3t 1A 7|BL2 vlo] @A fabricatione 3] & HQ
& 2 7HA] 8471 e e 2ThS, 14-15). AA, o
Ze| 2] g vlEo]F FF o] glojof st} &4, 5|3
oli Al viide] nAsy} o]Fox o} Fht. wlz|g}
O % WAl nYJE AT £ Slojof It
o[t Tl Zelslo]| =2 A YT R0 E (polyhydroxyalkancate,
= @¥d uA}E 3 wgH ol &
ATt PHA® BYA|e] AR wet EAlo] tt24
Elues ulAE Sl AESA 2EAF polyestero] TH16-21).
H|E PHAV} &40l B 52 e 4o A @
2 BAEES 93 #9815+ PHA depolymerase}il 3=
I3k ) E A 3] E3 P oHR2).

2 =idA $2le 3% ZE|ZZA PHA depolymerase
o 712423 TH|Ql (substrate binding domain, SBD)#} 712
EA PHAE AMgsle] dwide 1A31sl7] 943 ZHE
7les AMEstazal s

pm—

dEsd nEXR,

ZC|oto[ESA[LFIO0|E
(Polyhydroxyalkanoate)

PHA+ B2 WAEEC] MEZU 48 duix A%
EAEA, 71E9 dEIHA %E’%Nél-% g7H0 2 A

F 3 Aoz dHA fvey. Folu #7148, 4=
5¢ Balow olgsd TAES 4EA AEFHF
F% o 80 %% o4 PHAZ 342 4 YUtk PHA
E TEAE ol§F FTRNAROPIMN AgHE BAF

U 14% AR § BES AT 99 o189

AT PHAS &£ ©dAe FAS8AY Exze o3
24" gtz o g @A 78 fH9 ©4 A o
2t Al 7FRY 2FSZ uvdt Short-chain-length (SCL)
PHA< 3-57l, medium-chain-length (MCL) PHA+ 6-147] 9]
g2 FAEY £ SCL-MCL %A} 98 4 9
o} XF7A] 25049 7HA 9] A2 & Ado] PHAS A2t
v Al2 RBIFYPUY24). WIEAHCEZ  Alcaligenes
latus(25, 26), Ralstonia eutropha(27, 28), Azotobacter
vinelandii(29), methylotrophs(30, 31), 712l Pseudomonas =
(32-34)0] Aotk thAREIA TPl 3 AFF AF
o] MZ3 PHAS A4z 1 AMAHE Fol7] s A
Hold ged O FAAANE AZRI NAT  (Escherichia
coli)°] PHAE E&A0 % AAE 4 Qs Aoz 8F
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th(35-37). BL =259 A 9 PHAY -E— off th 3l
B3P EY, PHAS AAksty] &8 f&EE'J gt §Ag, &

AR AR 2 7 dEkFHR EAY Tl s
B 3ETHI7-19, 24, 38).

PHASl EAL I ©dAY FAHLAd wel AF
PHAO dia] 7174 Wo] 974 Ao] PHAY YE<! poly
(3-hydroxybutyrate) 24 <kx}E ‘PGHBY=Z #7|€ETh 1A
A9l PGHB)E oF 177°CAlA AL Uiy ¢ &
vt A7 e AE At Yz g 2
7€) M8 SR8 {FAE F4E 2 got wig 1
7Fol7] ol ARt Eg2y EAA ARA FEAY
AFoZe A&se AANZA o Ho| o, 17
717 A 2] 95 EEEAM AR AMEHIT xS AL
Wte @53 AAE e JHES FHE7] 93 97t
FU Yol A&Ao s AYS i Yoh39). PGHB)E chiral
T2 gAadztd 71918 AAF FRAA uio] AAA
o] +2& 7HAA el Y& PHAS vl/AE P(3HB)
DdA = EF (R)configuration FHolth. wAE L&
oj&] AAtE+= PGHB)Y EA#EHS 19H~300% Da FEZA]
Tk, o 2 A5 F4HEE YEhdY. SCL-9eA 2
MCL-#4AH & X33 Sl PHA F3HA= AT ¥
742l Mt A EEE =T (16, 34, 40-42), ©] SCL-MCL
PHA ZZA = ZH @A PHAOA vehEs EAHT
Hojd EAE zte A= UeEYHE3). o3 SCL-
MCL PHA FZ#AE FolA poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate)’} 7F% & €#A ded A=
‘PBHB-co-3HHx)’'Z HRAFHE o FIFFTFA= =LY
Aeromonas ZOA =FEHE ALZ YEHFHUH6, 41).
P(3HB-co-3HHx)= Aoz T & iR FodAMx
AW E polyethylene (LDPE)Z &3 7|A4 SA4& 7HA|
T e Aoz HuEth43). 53], 10-17 mol% FAE
&9 3HHxE ¥33l+ P(GHB-co-3HHx)«= 850%7+A] 27
oy AEE 7HAA e, ol 20 mol%d 2AES
o] 3HVE X &3l= [PGHB-co-3HV)] FETAEY ¢ $-
73 B2 545 7HAZ dE Aoth42, 43).

PHA depolymerased| 2§t PHAZ2| 23l

BHFH 2 A Wl =H=< PHAE B2 "AE=
o &4 9 Jquxdez AMEEHW, AIEW PHA
depolymerase®] 93l 32 4 Ut T3, PHAS TS
79 A FFolFo s BHIE+ depolymerase?]]
o GdAZ WEA i F ATHR2). AE WA
ME & o8 $F9 PHA depolymerase’} F2| % UL
248d EAG 3 FEAdAY 540 BEHA #o-
PHA depolymeraset catalytic =" Q! (lipase box), 7|2 2%
=9l (SBD), 18|x o] F Z=uQlAlo]E AA3 = HHA
(linker)Z ©]Fo1A It} Kinetic 4022, PHAS 7}
H3= PHA depolymerase’} T E A T WA A3H
U, 7heEEsizl Jd¥Ee Az AbEAH. P(3HB)
depolymerase®] Aol thst EAdo] RE AT (Alcaligenes
Pseudomonas Comamonastestosteroni,

faecalis, stutzerl,
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Comamonas acidovorans)®] P(3HB) depolymerase®| SBD%}
glutathione-S-transferase7}  §-5H= ©] A T 5] % vH44-47).
P(3HB) depolymerase®] SBDo| 2]3 PHAR S <128
polyester ¥ ™3} SBD¢| U= EZE oAl Ato]Q] 3}&}
AR ol A4 4 HHS (hydrophobic interaction)ol] 2]
A o] FoARAE & F UATH

G4 THSS /5 PHA 7|3
Be MBAA 4} A9 P U AL Avels 1
9AS w3 wdol o] k1o,

11, 48, 49). H 9ol 1A StH GWA2 HL& okel WA
#H AlekE FA ARRE 4 lojout
MacBeath®} Schreiber= aldehyde® 7]538¥ 3 7|3 ¥
o dMde Gt H L §A A gE Exlete] nb
3ol 7Fede AE EATHS0). E UE
Whitesides 52 & ZTHYANA @ do
TG A4S FHAGG. o]y o
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S 237 ¢8| PHA E 99
A ¢ Ae MEL & .
He PHA %93 PHA depolymerase®] SBD Ziof doji}
T 50|48 43S o8 AU, 1 AFo M= v
ojlvf FE=E 1Ay A FAAF AR /&S
o] g3l {AHA 54 PHA depolymerase®] SBD$} &
M 22 JHESE FANAA olF HEHAT|= Aolth
PHA depolymerase® SBD+ U3t @i zo} HE =9
N-BE E c-gdd §3H oA wEAzl 3w
NAL 55 Z2¢A4Y AZ2ntETddy Wyoes HA A
A 4+ Ade=d Niol 285+ 6709 histidine tag®] =<
2 F Ak olYd FFEHAL AxF AT (YRkHe
2 Ay wgete AitEold 4 o o] F st
HADAHE A thkd PHA EH ZASANNZ ¢+ e
v o|m Al8== PHA £W-2 PHA 7|3, PHAY} ZH ¥
IA #EW, PHA vol=Z2 HIE F2 #E'd¥ PHA
o] &3+ 4 At} Park F(52, 53)3 Lee S(54) 443
4R A (enhanced green fluorescent protein, EGFP), & 213
S A (red fluorescent protein, RFP), BE 7+ nfo]d
S AALEEHA| (single chain antibody against hepatitis B virus
preS2 surface protein, ScFv), AFZ2x FZupnjo]ej 9] F 3}
¢ (severe acute tespiratory syndrome coronavirus surface
antigen, SCVe)S- Eelctil g 2 4 A}8-3}31 PHA £H 9o
A EElE g 7he) AaeE dsta At 3§
e MES FYE 7y A teAdE SYSAT

)
i
N
ihy
)
i3
L)
32
0,
i)

I}’ ol ofl Olﬂ
1o, ot o o

o]

SEttHAo wa 3 MU
AHEE T} plasmid 552 Park 5(52)3 Lee 5(54)

of o8 HIEHUTE A faecalis®] PHA depolymerase]
SBDSF 670¢] histidine ©}7x=Ato] §F8 EGFP, RFP,
ScFv, SCVe #3A = Z}7F #F73A $E7]& (polymerase
chain reaction, PCR)o| &3] SZd = YTt & ¢
FRAAES Zzte] EAYE Y ZRYHIN E colid] 2
A& =%t 6HEGFP-SBD, 6HRFP-SBD, 123l 6HScFv-
SBD §3% ##HA+ E coli BL2I(DE3) oA T7 X2
ZHo o3 wdE 4+ AMYaL, 6HSCVe-SBD &9 74
= E. coli XL1-Blue d59NA re TEEH| o3} LHE
ATHFig. 1). FTEHE AHE A3 AEZH E coli
F E3WiA] (Luria-Bertani, 10 g/L tryptone, 5 g/L. yeast
extract and 5 g/ NaChollA Hje¥3te] isoprophyl4+-D-
thiogalactopyranoside (IPTG)ol| 2}3] dFZ=H A w A
AEE Hob gfsiy Bdd FFIHAS FAS] Y
3 Ni-"E-E AHE-SFAT

Figure 1. Schematic illusiration for the expression of 6HEGFP-SBD,
6HRFP-SBD, 6HScFv-SBD and 6HSCVe-SBD fusion proteins.
Redrawn from Park et al.(52) and Lee et al.(54).

PHA 7|Z 2|29 LHEH& microarray

= N dEFJAS PHA depolymerase?] SBDS} &%
w3 sled pRHB) 7] A NA A microarrayd] 2@ vy
A2 A3 PGHB)E 8] stfelEd 8-/ H
9131 6HEGFP-SBD$} 6HRFP-SBD M AEL 747}
P(3HB) B ¥ <o) =9 microarrayerE ©|-83} spotting
33t sekole He My GdAE AZ F confocal laser
scanner2 THAFHJTH FolHolHA FEo] 7t FFA
7 FgEHdo] spotting® AA M HEHAL &4
279 E coli ME FH AL AHES AA A M= &30
UEREA] 2tk BHE Fa3 A 3o M7V g
Aol ke wiEt WHIA dERdTE Aotk 3
signal & §ger Aol 7t 247k 10.75 ng/ml. (6HEGFP-
SBD)# 6.25 ng/mL (6HRFP-SBD)Z 7 Uelywtch o]
FRA AL ol g3t FFA7IE vludERH e
Z Kol rlE#AT Frol vl st we Aol A A o
AHEE F e 7HEA S AAEtE Aolth
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PHA 22 0|88 B
AO| E0|N HE
PHA-SBD 7}57&o| @i -guldzte] As48& &
olfo g A& Al AHEE £ J=AE FUs] 9
3td, BY 7hgupole]29 E“ﬂﬂ%cﬂ] g der=TA
(ScFv)9t Atx Zauhhtol el ¥y (SCVe) PHA
depolymerase®] SBD2} & & st R th(Fig. 2). + 8¢ TY
22 PGBHB) ol =& US3IA 243 spotting™ XU
i FATC7F H@E BIE Trgutoly2e] ZHFY (22
mg/mL)Z} Cy57} EA]E SCVe (1.7 mg/mL)2] polyclonal 3}
AS Z47F AR T. ZHe) gTkol= HE PBS W H 9}
SHTE °|&38td AHI T AZRAIAA spote] FF A7
g SAsHY. ScFv-SBDS} SCVe-SBD §3HH AL
PBHB) 3 ol spottinglo] Ztzte] Eo|HQ &¢-gA|
gl 93 ¥FS eIt AN S tiRT A
v owF FdFx Yehtz e Ao E gt ScFv-
SBD®} SCVe-SBD w¥THAS 27t 27 ngml¥ 0.6
ng/mLe 2L FEE AREE A EF o] AxHe] &
NAEE el F5E98 Aot olest A8 E=
¥ PHA F 3} PHA depolymerase® SBDE o] &3+ AlA
g BY BT Ax wolag 42T 4 A= A A
A¥ 0 F X PHA depolymerase®] SBDE o]|£3}l+= FYT
WHS A&t oE FW Jd A"z $8E 4
A= FRA3FHATHE2).

7+ Bio[o A9 AlA HEO[E

L e gabed HERS © bt
sl varinu guigee g FlrLe wraeody

f St BAR D o
_ SR« agai s S5 —— \

, PLAE depri e ine SBD

Py S § ol i e g

Figure 2. Schematic illustration of manufacturing P(3HB) chips for
immunoassay. Immunoassays of HBV and SARS were carried out
using the ScFv against HBV and SCVe protein, respectively, fused to
the SBD of P(3HB) depolymerase based on antigen-antibody
interactions on P(3HB) chips. Redrawn from Park et al.(52).

HH

=

PHA & 2o S&Ttae] nHs} s
MEHEIe| M=

0| M4 Z214] (microcontact printing, LCP)9} 333
(photolithography)S &3+ 2 7}A|¢8] v Eo] {3, 11
A, 283 g4 AR "ol g Adoly A
Aetelr] AsiA ALH k5L, 55-58). 53], WAAHE
A4 CP= vlolL &AL HAAES TWEY] YA Tt
Gt APE 4 Y3 g BEFHLE ALY ¢ Qe
Woltt o8 T/ WA Eo|  polydimethylsiloxane
(PFDMS)E ¥HE91% %7‘]' Zc} (stamp)S A}-&3}e] =3
SHoZHYH & AX Y 8l ¢ ded, H
PHA o Tl U]H]—'HHLEJBQ T Ate Aol BH1
HAh(Fig. 3)(53). P. stutzeri®] PHA depolymerase =<

=
=

rok
a

A
a

R HE

Korean J. Biotechnol. Bioeng., Vol. 22, No. 6

TZE EA3lo, SBDY §3FE T MY FRuwEe &
HA717] 93 5 79 plasmid WEZF AZHATH22). 2
211 o] plasmidE- E. coli BL2I(DE3)o] &A= o] Z}

FULAE JUISS AT, AL F2As L4
_"

PHAE 2¥-FEH ?3} 71 H 3l octadecyltnchlorosﬂane (OTS) =
HAdFol FA4HL YA OTSE 7153
435S S5 PHAS ZRAYT %
29 PHAZ} 29 polyester2 AMEEHSIEW PGHB)S
P(3HB-co-3HHx)7} —17io|t}. @oFs}d, P(3HB-co-3HHX)E
PGHB)ET © U2 "HEs 5 4 doke Aot
50 ime] EFst 48 Fxo wud Huo] feld =
B d P(3HB-co-3HHx)E fabrication® 4 U (Fig. 3). E3H
PHA 7 $l)4 wud-gmdzie) 33588 T
%W EA  (surface plasmon resonance spectroscopy, SPR
spectroscopy)®ll YA E A1E F Ao AF7AL 2
s=y oy ey AHSs} sBDS §%
ATH B ZPE HdFe JIFH2= PHA 712 Hd
4 wuwdol} WEEES fHAAHYE & e
ev ot B (F& AHE) ¥ A= HEsh]
guld g e 43R8L ATIE A4 o)
2 g ATH53).

4 e

Figure 3. Schematic illustration of microcontact printing (WCP) of the
SBD-fusion proteins on PHA substrate. Glass substrate is treated with
OTS, and PHA was spincoated onto it. Then, the SBD-fusion
protein was microcontact printed by using PDMS stamp. Confocal
fluorescence images of G6HEGFP-SBD fusion protein (0.4 mg/mL)
micropatterned in circles type on P(3HB-co-3HHx)-coated surface.
White bar represents 50 #m. Reproduced from Park et al.(53).

PHA O[0|32H[E {0 SEHHMAL
H}O| 2 4l A

lo] S AN AFE 93 PBHB) wlolaAE®IEJL OW
(oil in water) emulsion ol 93] AZHATHSE9). THEst
A f9okdH 5 2% PGBHB)E 5 mL chloroformel]| =
o] 11, of water phase containing 5 % @% PGHB)E X %3}
I e 15 mLe] B4} (water phase)s 2 U7 (oil phase)
of A7 ol¥A TEoF O/W A2  homogenizer
(22,000 rpm, 208)E A}FE&31 emulsions FH|$H 3, W4
N 3000 rpmol A 108 F¢ LA EH S P(3HB) a}
olzZZM=E Rt riALoE AHAFS T3 FA

1Z3E Se
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¥ PGHB) wlo|ARHEx FAAZSI AFdP A 3
2 39 #ZAZAY. PGHB) vlolaAEZn =9 g B
A& HXEv] 7 (scanning electron microscope, SEM)¥}
A7) EA 7] (particle size analyzen)Z W23 AF} H
A0l 2 umAth §FEH A Eoly nAIE Qs
7} %18l PEHB) vwlo|zZzu|=E PBS WH o] Zoli
EGFP-SBD & 3#dHMAS 23313 v Axiydy &
g3 & 37CAAM ¥WREAIAT. HAFTHoE Y4EE 9 A
A4S AH 1a A2 GFP polyclonal & (1 : 1,000,
viv)et 37T oA 208 &< WHSAHATE A3 $9] P(HB)
vhojA 2R E= ThA] FITC7Y B3 23 a9} 37Tl A
1A & BREAIZIAL A AHTE S fFAE B47]
(FACSCalibur' ™, flow cytometer)S A}&3te] BA31HT &
E ASY A7 34 FF A=27]d 95 B
Th(Fig. 4). S ZTS PGHB) vlo]Z 28] =29} SBDEI=
EGFP$} ¥h-3A17) PGHB) vlolaz® =g 247 #AARA %
gd Aoz Yehsiedl, EGFP-SBD 3 dS
P(3HB) mlo]ZZH| =8 wh-3A17 73 (A7 F3A 7]
7} B ZA Yeisa oqr)d 12} FAE v E35te] FITCr}
A28 22 FAE WIAAE 9 (AN & o F3
FZo] el AT & UNTH54). ©]& T3 EGFP-
SBD &3t zo] P3HB) vlo|AgH| S| NelRo=z A
Ao F4dES el Jdue AE

] FRELF R SFTEREY

TahrEny

i , et o 2B RSy RAwow Sk
pranariirabee

Figure 4. Overall scheme for the immunoassay using the SBD fusion
proteins bound to the P(3HB) microbeads by flow cytometry analysis
(M, the mean value of fluorescence intensity). The lines represent:
black, P(3HB) microbeads only (M = 5); red, P(3HB) microbeads
immobilized with EGFP (M = 5); green, P(3HB) microbeads
immobilized with EGFP-SBD fusion proteins (M = 13); orange, P(3HB)
microbeads immobilized with the EGFP-SBD fusion proteins followed
by incubation with rabbit anti-GFP antibody and FITC-conjugated
anti-rabbit IgG antibody (M = 688). Redrawn from Lee et al.(54).

T3, -4 9heE Bl whold s A2 A

o
29138l 7] 98 PGHB) vlo]ZEHIEE 1
A2 Z2UnpolHAE AGgd & §)

sl

i)
%
tlo
o
_%
Ho
=
H
T
1z
N
=
=X
ot
oft
tio
e
e
Clt
N ..1},

o Bol4 AFS FFUNAF P o] &F B A2l
- whgel 9@ Bejgd AP $48 + 9
e Ag @ 4 Aot

e 7ied vloleried §FdTol i vimnpole
71€o] HAHT Atk Yerte] Vs Ta% T
9 sz A, o} vlo]oAlA Fobo A i o
HA 9 e A npo] S EA T e AT HR-E AFely) HE
gl AlA o] AEEe]
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4 9 FA-FA ¥ FE2 UEh At Ao
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B2 At 7]ukgl A2 =2 PHA depolymerase]
SBD9} &3 wuldo] PHAZF Z¥H XA 29 spotting
= Rar vAESAA TR ol 93 PHA Sl miAlsE
o] ARHAAE A& & F AUUTKG2, 53). o A=
¢ Z ko] PHA depolymerase®] SBDS} ThE ©ilES &
oz A A spotting® P EFo] 7HskA HRUAL
g-gA o HETH S Fal B2 volilN H A
T $8E 5 UASS FASAT. 53, PHA vwho|Z=
H|Z o= PHA depolymerase®] SBD<%} +8d ddes o
AA Doz FU-FA TS 5
AR Th(54). PHASY +Z2E AT
PHA u]Ad#j&l, PHA mlo]=aE HE F
™ multiplex assayE Aol AAL ¢ e G4 2
AL AMEE 5 U Ao 3
A AEHoE /L PHAE o]&
o] PHA depolymerase®] SBDE ©]
Aelzel gulale] 1] o|gE 4 3 1
o} B Ago] tieksl ghild vl 9 chul g nlo] o

o o ox

=

b

Mo

)

PO

1

N
Rl

T

-r-l
olo
tilo
5
oo
g

e
-—r—l
5
ko
Il
We
yor
_l_l
s
lo
rx
X
1o
o[o
oo
r
—{
=2
do

= s = =
o ITgstEol AT s 204 53 2" d7A)
Aol s F3d AFZAe|H, o] FA=HUT

REFERENCES

1. Niemeyer, C. M. and C. A. Mirkin (2004), Nanobiotechnology:
Concepts, Applications and Perspectives, John Wiley & Sons, Inc.,
New Jersey.

2. Fortina, P., L. J. Kricka, S. Surrey, and P. Grodzinski (2005),
Nanobiotechnology: the promise and reality of new approaches to
molecular recognition, Trends Biotechnol. 23, 168-173.



376

3.

10.

11.

12.

13.

14.

15.

l6.

17.

18.

19.

20.

21.

22.

23

24,

25.

Whitesides, G. M. (2003), The “right” size in nanobiotechnology,
Nat. Biotechnol. 18, 760-763.

Gourley, P. L. (2005), Brief overview of biomicronano technologies,
Biotechnol. Prog. 21, 2-10.

Laval, . M, P. E. Mazeran, and D. Thomas (2000), Nanobiotechnology
and its role in the development of new analytical devices, Analysr 125,
29-33.

Lee, S. J. and S. Y. Lee (2004), Micro total analysis system (¢
-TAS) in biotechnology, Appl. Microbiol. Biotechnol. 64, 289-299,
Lowe, C. R. (2000), Nanobiotechnology: the fabrication and
applications of chemical and biological nanostructures, Curr. Opin.
Struct. Biol. 10, 428-434.

Hodneland, C. D., Y.-5. Lee, D.-H. Min, and M. Mrksich (2002),
Selective immobilization of protein to self-assembled monolayers
presenting active site directed capture ligands, Proc. Natl. Acad. Sci.
99, 5048-5052.

Niemeyer, C. M. (2000), Self-assembled nanostructures based on
DNA: towards the development of nanobiotechnology, Curr. Opin.
Chem. Biol 4, 609-618.

Wilson, D. S. and S. Nock (2003), Recent developments in protein
microarray technology, Angew. Chem. Int. Ed 42, 494-500.

Cha, T.-W, A. Guo, Y. Jun, D. Pei, and X.-Y. Zhu (2004),
Immobilization of oriented protein molecules on poly(ethylene
glycol)-coated Si(111), Proteomics 4, 1965-1976.

Shirahata, N., T. Yonezawa, Y. Miura, K. Kobayashi, and K.

Koumoto  (2003), Patterned adsorption of protein onto a
carbohydrate monolayer immobilized on Si, Langmuir 19,
9107-9109.

Shadnam, M. R, S. E. Kirkwood, R. Fedosejevs, and A. Amirfazli
(2004), Direct patterning of self-assembled monolayers on gold
using a laser beam, Langmuir 30, 2667-2676.

Frey, W, D. E. Meyer, and A. Chilkoti (2003), Dynamic addressing of
a surface pattern by a stimuli-responsive fusion protein, Adv. Mater. 15,
248-251.

Zhu, H. and M. Snyder (2003), Protein chip technology, Curr.
Opin. Chem. Biol. 7, 55-63.

Kobayashi, G., T. Shiotani, Y. Shima, and Y. Doi (1994),
Biosynthesis and characterization of poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) from oils and fats by Aeromonas sp. OL-338
and Aeromonas sp. FA440, in: Biodegradable Plastics and Polymers,
Doi and Fukuda, Eds., p410, Elsevier, Amsterdam.

Lee, S. Y. (1996), Bacterial polyhydroxyalkanoates, Biotechnol,
Bioeng. 49, 1-14.

Lee, S. Y. (1996), Plastic bacteria? Progress and prospects for
polyhydroxyalkanoate production in bacteria, Trends Biotechnol. 14,
431-438.

Lee, S. Y. and E. T. Papoutsakis (1999), Metabolic engineering,
Marcel Dekker, Inc., New York.

Steinbiichel, A. (1991), Polyhydroxyalkanoic acids, in: Biomaterials:
novel materials from biological sources, D. Byrom, Eds., pl24,
Stockton, New York.

Madison, L. L. and G. W. Huisman (1999), Metabolic engineering
of poly(3-hydroxyalkanoates): from DNA to plastic, Microbiol. Mol.
Biol. Rev. 63, 21-53.

Jendrossek, D. and R. Handrick (2002), Microbial degradation of
polyhydroxyalkanoates, Ann. Rev. Microbiol. 56, 403-432.

Brandl, H, R. A. Gross, R. W. Lenz, and R. C. Fuller (1990),
Plastics from bacteria and for bacteria: polyhydroxyalkanoates as
natural, biocompatible, and biodegradable polyesters, Adv. Biochem.
Eng. Biotechnol. 41, 77-93.

Lenz, R. W. and R. H. Marchessault (2005), Bacterial polyesters:
biosynthesis, biodegradable  plastics biotechnology,
Biomacromolecules 6, 1-8.

Choi, J., S. Y. Lee, and K. Han (1998), Cloning of the Alcaligenes
latus polyhydroxyalkanoate biosynthesis genes and use of these

and

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Korean J. Biotechnol. Bioeng., Vol. 22, No. 6

genes for enhanced production of poly(3-hydroxybutyrate) in
Escherichia coli, Appl. Environ. Microbiol. 64, 4897-4903.

Wang, F. and S. Y. Lee (1997), Poly(3-hydroxybutyrate) production
with high productivity and high polymer content by a fed-batch
culture of Alcaligenes latus under nitrogen limitation, Appl. Environ.
Microbiol. 63, 3703-3706.

Dennis, D., M. McCoy, A. Stangl, H. E. Valentin, and Z. Wu
(1998), Formation of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
by PHA synthase from Ralstonia eutropha, J. Biotechnol. 4,
177-186.

Wang, J. and J. Yu (2001), Kinetic analysis on formation of
poly(3-hydroxybutyrate) from acetic acid by Ralstonia eutropha
under chemically defined conditions, J. Ind. Microbiol. Biotechnol.
26, 121-126.

Cho, K.-S., H. W. Ryu, C.-H. Park, and P. R. Goodrich (1997),
Poly(hydroxybutyrate-co-hydroxyvalerate) from swine waste liquor by
Azotobacter vinelandii UWD, Biotechnol. Lett. 19, 7-10.

Bourque, D., B. Ouellette, G. Andre, and D. Groleau (1992),
Production  of  polybeta-hydroxybutyrate  from  methanol:
characterization of a new isolate of Methylobacterium extorquens,
Appl. Microbiol. Biotechnol. 37, 7-12.

Kang, C. K., H. S. Lee, and J. H. Kim (1993), Accumulation of
PHA and its copolyester by Methylobaterium sp. KCTC 0048,
Biotechnol. Lert. 15, 1017-1020.

Ashby, R. D, D. K. Y. Solaiman, and T. A. Foglia (2002), The
synthesis of short and medium-chain-length poly(hydroxyalkanoates)
mixtures from glucose- or alkanoic acid-grown Pseudomonas
oleovorans, J. Ind Microbiol. Biotechnol. 28, 147-153.

Guo-Qiang, C., X. Jun, W. Qiong, Z. Zengming, and H. Kwok-
Ping  (2001), Synthesis of  copolyesters  consisting  of
medium-chain-length polyhydroxyalkanoates by Pseudomonas stutzeri
1317, React. Funct. Polym. 48, 107-112.

Kato, M., H. J. Bao, C. K. Kang, T. Fukui, and Y. Doi (1996),
Production of a novel copolyester of 3-hydroxybutyric acids and
medium-chain-length 3-hydroxyalkanoic acids by Pseudomonas sp.
61-3 from sugars, Appl. Microbiol. Biotechnol. 45, 363-370.

Ahn, W. S, S. J. Park, and S. Y. Lee (2000), Production of
poly(3-hydroxybutyrate) by fed-batch culture of recombinant
Escherichia coli with a highly concentrated whey solution, Appl.
Environ. Microbiol 66, 3624-3627.

Choi, J. and S. Y. Lee (1999), High-level production of poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) by fed-batch culture of
recombinant  Escherichia coli, Appl. Environ. Microbiol. 65,
4363-4368.

Park, S. J, W. S. Ahn, P. R. Green, and S. Y. Lee (2001),
Biosynthesis of  poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-
hydroxyhexanoate) by metabolically engineered Escherichia coli
strains, Biotechnol. Bioeng. 74, 81-36.

Steinbuchel, A. (2001), Perspectives for biotechnological production
and utilization of biopolymers: metabolic engineering  of
polyhydroxyalkanoate biosynthesis pathways as a successful example,
Macromol. Biosci. 1, 1-24.

Potter, M. and A. Steinbuchel (2005), Poly(3-hydroxybutyrate)
granule-associated proteins: impacts on poly(3-hydroxybutyrate)
synthesis and degradation, Biomacromolecules 6, 552-560.

Brandl, H, E. J. Knee, R. C. Fuller, R. A. Gross, and R. W.
Renz (1989), Ability of the phototrophic bacterium Rhodospirillum
rubum to produce various poly(3-hydroxyalkanoates). potential
sources for biodegradable polyester, Int. J. Biol Macromol. 11,
49-55.

Haywood, G. W., A. J. Anderson, G. A. Williams, E. A. Dawes,
and D. F. Ewing (1991), Accumulation of a poly(hydroxyalkanoate)
copolymer containing primarily 3-hydroxyvalerate from simple
carbohydrate substrates by Rhodococcus sp. NCIMB 40126, Int. J.
Biol. Macromol. 13, 83-87.



Park, T. I, A Research and Application of Polyhydroxyalkanoates in Biosensor Chip

42.

43,

45.

46.

47.

48.

49.
50.

51.

Lee, S. H, D. H. Oh, W. S. Ahn, Y. Lee, J. Choi, and S. Y. Lee
(2000), Production of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
by high-cell-density cultivation of Aeromonas hydrophila, Biotechnol.
Bioeng. 67, 240-244.

Doi, Y., S. Kitamura, and H. Abe (1995), Microbial synthesis and
characterization of  poly(3-hydroxybutyrate-co-3-hydroxyhexanoate,
Macromolecules 28, 4822-4828.

Kasuya, K., Y. Inoue, and Y. Doi (1996), Adsorption kinetics of
bacterial PHB depolymerase on the surface of polyhydroxyalkanoate
films, Int. J. Biol. Macromol. 19, 35-40.

Kasuya, K. T. Ohura, K. Masuda, and Y. Doi (1999), Substrate
and  binding  specificities of bacterial  polyhydroxybutyrate
depolymerases, Int. J. Biol. Macromol. 24, 329-336.

Kikkawa, Y., M. Fujitam, T. Hiraishi, M. Yoshimoto, and Y. Doi
(2004), Direct observation of poly(3-hydroxybutyrate) depolymerase
adsorbed on polyester thin film by atomic force microscopy,
Biomacromolecules 5, 1642-1646.

Shinomiya, M., T. Iwata, and Y. Doi (1998), The adsorption of
substrate-binding domain of PHB depolymerases to the surface of
poly(3-hydroxybutyric acid), Int. J. Biol. Macromol. 22, 129-135.
Jain, K. K. (2000), Applications of biochip and microarray systems
in pharmacogenomics, Pharmacogenomics 1, 289-307.

Rajagopal, K. and J. P. Schneider (2004), Self-assembling peptides
and proteins for nanotechnological applications, Curr. Opin. Struct.
Biol. 14, 480-486.

MacBeath, G. and Schreiber, S. L. (2000), Printing proteins as
microatrays for high-throughput function determination, Science 289,
1760-1763.

Whitesides, G. M., E. Ostuni, S. Takayama, X. Jiang, and D. E.
Ingber (2001), Soft lithography in biology and biochemistry, Annu.
Rev. Biomed. Eng. 3, 335-373,

52

53.

54.

35.

56.

57.

58.

59.

377

Park, T. J., J. P. Park, S. J. Lee, H. J. Hong, and S. Y. Lee
(2006), Polyhydroxyalkanoate chip for the specific immobilization of
recombinant proteins and its applications in immunodiagnostics,
Biotechnol. Bioprocess Eng. 11, 173-177.

Park, J. P, K.-B. Lee, S. L. Lee, T. J. Park, M. G. Kim, B. H.
Chung, Z.-W. Iee, I S. Choi, and S. Y. Lee (2009),
Micropatterning proteins on polyhydroxyalkanoate substrates by
using the substrate binding domain as a fusion partner, Biotechnol.
Bioeng. 92, 160-165.

Lee, S. J, J. P. Park, T. J. Park, S. Y. Lee, S. Lee, and J. K.
Park (2005), Selective immobilization of fusion proteins on
polythydroxyalkanoate) microbeads, Anal. Chem. 77, 5755-5759.
Bouaidat, S., C. Berendsen, P. Thomsen, S. G. Petersen, A. Wolff,
and J. Jonsmann (2004), Micro patterning of cell and protein
non-adhesive plasma polymerized coatings for biochip applications,
Lab Chip 4, 632-637.

Ito, Y. (2000), Micropattern immobilization of polysaccharide, J.
Inorg. Biochem. 79, 77-81.

Lee, K., F. Pan, G. T. Carroll, N. J. Turro, and J. T. Koberstein
(2004), Photolithographic  technique for direct photochemical
modification and chemical micropatterning of surfaces, Langmuir 20,
1812-1818.

Tanaka, M., A. P. Wong, F. Rehfeldt, M. Tutus, and S. Kaufimann
(2004), Selective deposition of native cell membranes on
biocompatible micropatterns, J. Am. Chem. Soc. 126, 3257-3260.
Gangrade, N. and J. C. Price (1991), Poly(hydroxybutyrate-hydroxy-
valerate)  microspheres  containing  progesterone:  preparation,
morphology and release properties, J. Microencapsul. 8, 185-202.



