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2.1. M|8E ¥4 P(3HB)

2.1.1. P(3HB)¢ &4

i, iQ’JO] 29% pjfﬁoﬂ/ﬂ Zﬂ.”f_j duE o] o] AsH R T3}
&= &Aool PHAZ dlF2 A4 ¥t (Anderson and Dawers, 1990).
PHA+= 7}527], 4b7], 42717} F-Al ek (chiral carbon)E 4]
o7 A3y o] A+ hydroxyalkanoate T A 100~30,0007F A X=7}F o
2~H 2 A3 om AdAdxo = B&A TFFANH, +x242 Fig. 2.1
7 2t}h (Lee, 1996). PHAYE wW€l7]1¢] ngky}t $=4k7]9] R7]el upe} ohek

3 FH7F EAS L 1o wEk PHAS Wro] AA = oj )
( 1
+ O—CH—(CH,);— C
N\ 100-30000
n=1 R= hydrogen poly (-3-hydroxypropionate)
methyl poly (-3-hydroxybutyrate)
ethyl poly(3-horoxyvalerate)
propyl poly (-3-hydroxyhexanoate)
pentyl poly (-3-hydroxyoctanoate)
nonyl poly (-3-hydroxydodecanoate)
=2 R= hydrogen poly (-4-hydroxybutyrate)
=3 R= hydrogen poly (-5-hydroxyvalerate)

Fig. 2.1. The general structure of polyhydroxyalkanoates (Lee, 1996).
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(BHB)7} Ao =m Add dd FdAlolth P(SHB)L reg, 43

OFAEAL, o]4bstEbA Fo] EAaAYoR Abgd *5131 (Khanna

and Srivastava, 2005), Ait3i4d o A A LA, A8, HE4d, 714

A T 54S 7HAAL Qo] Ed & ﬂﬂr Ojumu et

al, 2004). Table 2.1.= P(BHB) A4t o5 7|, wjgzxd, Aitd

P(3HB)9 & g=F, A4e (A4kE P(BHB)g/L/h) 5= A8 sk xolt
(Anderson and Dawers, 1990; Kim, 2000).

P(3HB)®] 7|A14 57/4-& Table 2.2.°1 WebAth & A 5 <l

< ZYz=293 (PP)Y fAetY Al e

or FNE

o

Fmet g NAH 54 =
°F 6%% PPHTF @5 vith webx] P(HB)E PPREU st FA%
71 4tk (Doi, 1990). 3 HE=d3 AASE7} ol A2 o] & A
g Wtk G A ATk (Lee, 1996).



Table 2.1. P(3HB) production by various bacteria and culture methods (Anderson and Dawers, 1990)

_ Major Culture |Cell conc. |P(3HB) conc.| P(3HB) |Productivity
Bacteria Culture method _
substance | time(h) (g/L) (g/L) content(%) | (g/L/h)
Cupriavidus. Glucose control
Glucose 50 164 121 76 2.42
necator fed batch
C javidus. Recycled gas
cHpriabIaEs COy/Hs 40 85 62 7 154
necator culture system
Ccupriavidus.
Fed batch Ethanol 50 64 47 74 0.94
necator
Azotobacter Glucose control | Glucose+fish
] B 47 40 32 30 0.68
vinelandii fed batch peptone
Azotobacter
Fed batch Starch 70 54 25 46 0.35
chroococcum
Pseudomonas |Fully automatic
Methanol 170 233 149 64 0.88
extorquens fed batch
Recombinant pH-stat fed Glucose+LLB
o ] 42 117 39 76 2.11
Escherichia coli batch medium
Recombinant
Klebsiella Fed batch Molasses 32 37 24 65 0.75
aerogenes




Table 2.2. Physical

polymers (Doi, 1990)

and thermal properties for some common

_ Poly (Ethylene
Properties P(3HB) | Poly propylene Nylon-6,6
Terephthalate)
Melting
180 176 267 265
temperature(°C)
Glass—transition
4 -10 69 50
temperature(°C)
Crystallinity (%) | 60-80 50-70 30-50 40-60
Young's
35 1.7 2.9 2.8
modulus(Gpa)
Tensile
40 38 70 83
strength(Mpa)
Extension need
6 400 100 60

to break(%)

2.1.2. CO.E o] €3 P(BHB)Y $AHA=

H A 3-ketothiolase (PhaA)7} F+ 7l9] acetyl-CoAE FHFREEo 3
acetoacetyl-CoA= wt¥ o, F HA Fos= &4+ NADPH

(nicotinamide adenine dinucleotide phosphate)*HS-
acetoacetyl-CoA reductase (PhaB)<ld]
Q1 A A & A (stereoselective) &2 (R)-3-hydroxybutyryl-CoA &
P(BHB) 34d<] &2+ P(BHB) synthase
(R)-3-hydroxybutyryl groups Zgo|AHZE AL
o3& &< Yzt (Ojumu et al., 2004).

o] & A+ acetoacetyl-CoAE
Ll
(PhaC) 24

o ~H = Al

o4



Acetyl-CoA Acetyl-CoA BHbA Acetoacetyl-CoA
i i g 8
'y Cohl -G CoA C G Coh
- -~ S - it
CH; 8 CH, S :’_l CH, ~CHy 87
CoASH NADPH
PhbB
NADP*
-4 B
s CH, .C CH, O CH. .C CoA
cH, [0 TcH, [07 ﬁ"’ ? T T
O CoASH

Poly-{3-hydroxybutyrate)

(H}-3-Hydroxybutyryl-Cos

Fig. 2.2. The biosynthetic pathway of P(3HB) in Cupriavidus necator
(Ojumu et al., 2004).

P(BHB)®] &4 4&F Eq. 2.1)¥ #Zo] el + Stk COE ©l
43 P(3HB)9] A2 ZAW 3] Z(Calvin cycle)E %3 CO, Aol A
AlZbstt) [Eq. (2.2)]. Phosphoglyceric acid (PGA)”7} phosphoenol
pyruvate, pyruvateZ 7 * acetyl-CoAZE wv}¥H o} #& A=
P(BHB)7} $d€tt [Eq. (23)]. ©ol& s FEWEA S Eq. (24)¢
2}t (Volova, 2004).

2acetyl— CoA+ NAD(P)H+ P(3HB),— NAD(P)" +2CoASH+ P(3HB), .,
Eq. (2.1)
6 CO,+16 ATP +10 NADPH— 2 PGA+ 10 NADP"+16 ADP + 16 P,
Eq. (2.2)
P(3HB), +2PGA+ NAD+2ADP +2P,—

— P(3HB), ,, +2ATP +2NADH +2CO,
Eq. (2.3)

S0 - B kit



P(3HB), +4CO,+14 ATP +10NADPH + NAD"—

— P(3HB), ., +14ADP +14P,+10NADP*+ NADH
Eq. (2.4)

d

J=2 o] &3 PGHB) AAitel #8 A= T%
TPE Zo] fFFo R SHAIMGA A A
th. C necator ATCC 17697"'2 S duldnt FHGSu o] 25
TR, ol ol&d 7|E& SHIIM
19w HpeF 0.9 Hl&©] 75 : 1.5 (v/v)ollA
Holm 50 g/Le "AE FE9 53% (w/w)el P(BHB) ¢
(Ishizaki and Tanaka, 1991). 3+ H,9} StA| Alg< o] Zdo]
A e 71A 2480, 6.9% (v/v) ©l3h) WelA mAE FEE =
& A AT S SR E ol &Sty 7 &AM EE E=o 91
g/Le] HAE FE9 68% (w/w)¥ PBHB) d#s AUt (Tanaka
and Ishizaki, 1995). Wb WM = FHFJFu G 571G vl S
29 MY S ol gt 26-43 g/L9 ARMNETHI 56-82%
(w/w)el PBHB) =S AUt (Tanaka and Ishizaki, 1994). C
necator B5786 5 E o] &3 AFoA = Hy Oy COz9 H|E©0] 6 : 2 :
1 (v/v)l E&d7t2E 7122 174 g/L9 vAE w29 90% (w/w)e
P(BHB)S 42t} (Volova et al., 2004; Volova and Kalacheva, 2005).
o= FTHALu L =M P(BHB) A4t (37~223 g/Lo WAE &
&, 46~80% (w/w) P(GHB) &) Hlus|= F&s] F&4 oY
(Table 2.1.), CO.7} PHAs Attol #8&3 7d= o]&d F &S Al

A,

ro

N
-

1o
2 2 2 do of

L 8o

=
s
P
N
)
o
§2
rlo
el
w
o
=)

o
N
)

11 - SEask



2.2. IIAE A P(3HB-co-3HV)

2.2.1. P(3HB-co-3HV)9 &4

Hu
Q,
N
it
ol
of\
i)
2l
u

P(3HB-co-3HV)E 3HB9 3HVZF F&¢l= <
3HV @49 AFEZQ Z2aitoly g 25 o] F35HAS
A3 (Lee et al, 2000). weba o]} #ea o] 3HBE %
dote= 714l TRy Aol WY E2qks BREV|dRE Hrtste] w5
AE Aitets WHo] ®o] A& AT} (Lee et al, 2000; Shang et al,
2004). Table 2.3. P(3HB-co-3HV) A4t w23} 714 6z, A
2bgl P(BHB)9] <3 3k 3HV 3% 52 A3 Folth (Anderson
and Dawers, 1990).

P(3HB-co-3HV)E &g AllA SHBS 3HV x4 wat &4
o] =t} Table 24.2 2t @FA|e] ko] W =42 WS Ho|E
o} (Reddy et al, 2003). 3, 3HVS] &aFo] F7ighel] wel Fdsta 7
=k ol Z2 542 PGHB)7F 7H 4] @3 & -

o[:ojg

A=RYS
NS WYk olye; 3HV dFe] uwhgl theksk &
(Shang et al., 2004).
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Table 2.3. P(3HB-co-3HV) production by various bacteria and culture methods (Anderson and Dawers,

1990)
) Cell P(3HB-co-3HV) 3HV molar
) Major Culture ) P(3HB-co-3HV) )
Bacteria Culture method concentration | concentration fraction
substance time(h) content (%)
(g/L) (g/L) (mol %)
Cupriavidus. |Glucose control| Glucose+
o _ 46 158 117 74 4
necator fed batch propionic acid
Cupriavidus. Glucose+
Fed batch _ _ 66 110 37 34 63
necator valeric acid
Cupriavidus. Fructose+
Fed batch _ _ 66 10 6 65 59
necator valeric acid
Cupriavidus. Olive oil+
Fed batch o _ 72 6 5 78 8
necator propionic acid
Paracoccus
o Fed batch n—pentanol 30 7 1 16 99
denitrificans
Paracoccus Methanol+
o Fed batch 120 9 2 26 60
denitrificans n-pentanol
] © 1] & 1
A=

_13_



Table 2.4. Thermal and mechanical

properties of P(3HB-co-3HV) copolymers (Reddy et al., 2003)

Composition Melting Glass Heat Distortion Young's Tensile Impact
(mol%) temperature | temperature temperature modulus strength strength
3B 3V °C) °C) °C) (Gpa) (Mpa) (Mpa)
100 0 179 10 157 3.5 40 50
97 3 170 8 140 29 38 60
91 9 162 6 125 19 37 95
36 14 150 4 112 15 35 120
30 20 145 -1 99 1.2 32 200
75 25 137 -6 92 0.7 30 400

_14_



2.2.2. P(3HB-co-3HV)Y &4 A=

C. necatorel] 93 Z 2324ty ¥EFS& o83 P(3HB-co-3HV)
o] ¥4 A=+ Fig. 239 Yeudoh. =23 24ko] propionyl-CoA7}
¥ a1, o] AT} acetyl-CoA7} 3-ketothiolase (PhaA)el] 2]k =3+ Hk-g-oj
9]3) 3-ketovaleryl-CoA=Z v} T} acetoacetyl-CoA reductase (PhaB)+
3-ketovaleryl-CoAZ  (R)-3-hydroxyvaleryl-CoAZ #v}#t}, wpxut &
29l PHA synthase (PhaC):= (R)-3-hydroxybutyryl-CoA¢}t (R)-3-
hydroxyvaleryl-CoAE ol ~HZ A3te] 93 F29=2 &9 yriHy
P(BHB-co-3HV)E 34 gtt} (Ojumu et al., 2004).

Propionic acid Glucose
ATP + CoASH ——
CoA synthetase TCA cycle
AMP + PPi ¥
propionvl-CoA acetyl-CoA  (21x)
_——"'-H-F-.-’)
T ketothiolase  (1x
» othiolaze (1x) -
CoASH 4— = CoASH
L J
3-ketovaleryl-CoA acetoacetyl-CoA
NADPFH+H™ — —~— NADFH +H"
Hﬂ\ acetoacetvl-CoA /
reductaze
- I\“H_
KADPt T  NADP®
R-(-) 3-hydroxyvalervl-CoA R-(-) 3-hydroxybutyrl-CoA
- 'H-/I
—  PHA ;';rh:we
CoASH +—— T CoASH
P(HE-HY) PHE

Fig. 2.3. The biosynthetic pathway of P(3HB) and P(3HB-co-3HV) in

Cupriavidus necator (Ojumu et al., 2004).
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A 2 g 24ke] ARREAE Wi v =g A ARE wEA
Hrh 2 dAFolA AR e =AY Af B
v 24k9k= @e] vlE hydroxyvaleryl-CoA & e 7} A
3HVE] Aoz oozt (Fig. 24.). o AWAte 94 o3t PHA
= A Sk, Fig. 248 1 FARE A3 A2 2 hydroxyacyl-CoA
= ol w2} hydroxybutyl-CoA ¢} hydroxyvaleryl-CoA EF+& X
gtalth (Ojumu et al., 2004).

.-"‘_T _L-l'-
+, Faty Acids
[faxidation

¢ Propionate 1

brizzz Propionyl-Cod

HB ----C;
'

PHA {TMB ..o
HY ~

HMY ---

Fig. 2.4. Schematic representation of PHA production from different
fatty acids (Joao et al., 2006).
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2.2.3. P(3HB-co-3HV)9 A &3 71& A+

Table 2.3.914 HZo] P(3HB-co-3HV) Aol &3 A+
718 2E AMgsta, 3HBE @45k 71 3HV d+EH
A2 A7tk %%—ﬂxﬂf—— *@*Po} HFA O &l o3 AL
3HVSE dATE4dE s
2, 9% vk o4 ] 4 ]
gAl 3HVE Aitstr] 913 EZ:ﬂ 45 FYste ¥H & 243}
thekdt 3HV S 2HE P(BHB-co-3HV)E Aitstel s A7 2ol
o] FoJ Mt} (Kim et al., 1994; Du et al, 2001; Shang et al., 2004; Lee
et al, 2008).

F71eg 425 o3 PGBHB-co-3HV)E A= dAT=2E,
Volova®}l KalachevaZ} & 24F H7F Sl47F @S5 3HVY ol
Z7lslE A #eld AXE (Volova and Kalacheva, 2005) o] 1 3] w]

8 Aol

3
;ﬁ:
Hm
IH

= L
o !
X om
O
19

2.3. P(3HB)¢ P(3HB-co-3HV)¢ 95 & &&

i Mo
of
ot
o
N
)
i
2
o

r210 o
o ME
2 ol
iy
POy
lo
HU
Lo
kst
o,
) rlo
Rl

e =25 BasA HA (
wo 98 R ook AA f nEA ZHJEJE'H 7}% %—Pﬁi =49 4
AAREE 7HAIL Slo] o84 Age a3 Fdo] 2 F = A
2 &84 -

] 0 =1
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A ek PHA7ZF & AAATAS 2t 2L olyth PHA £

z27, AHE 591, 8o web AuelA o] <

2t} P(B3HB-co-3HV)®] A, AdA o]&E nbg

olr 7] 9% AFr weol HYPHi vt AnkH o

P<3HB—co—3HV>7} AdEAS W W wrgo] Aot
=

L
o
o= RH&&

e

o]t} (Volova et al., 2003). < A+ A3}
skeko]l oF 30 mol%7HA= ¥ ©gE ol&E Hk3-o] g§lo]

AANARAEE 2= Ao 2 YEET (Shishatskaya et al., 2004).
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Table 2.5. Potential applications of PHA in medicine (Zinn et al.,
2001)

Type of application Products
Sutures, skin substitutes, nerve
Wound management cuffs, surgical meshes, staples,
swabs

Heart valves, cardiovascular fabrics,
Vascular system _ _
pericardial patches, vascular grafts

Scaffolds for cartilage engineering,

spinal cages, bone graft substitutes,
Orthopaedy _ _ _
meniscus regeneration, internal
fixation devices(e.g., screws)
Micro- and nanospheres for

Drug delivery _
anticancer therapy

Urology Urological stents

Barrier material for guided tissue
Dental o ) .
regeneration in periodontitis

Computer assisted tomography
Contrast agents

and ultrasound imaging

m\‘i
rulo

ogg &2 AEH dojM 3HV FEe =He 1
3 V el wel S/do] vt S &8 (Table 2.4.), v‘i’—
DA e v Aoz d#A gth 15 mol%e] 3HV FHFS
P(3HB-co-3HV)7} Aol A PSHB)ET} oF 1.4-20v] 4= © w2
e AS g A5 AA7F otk (Shishatskaya et al, 2005).
= o, SHV o] dgd
ol o5& &8 FQ3Ft} (Philip et al, 2007). Table 2.6.> 3HV
ol W& P(BHB-co-3HV)9 o8& &85 Ued Folth

>

)

2

oo feor

P AT B FAANE 2AY 5 3

30

_19_ -"'H._E -|'_._;i
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Table 2.6. Biomedical application of P(3HB-co-3HV) with different
3HV content

3HV content in

P(3HB-co-3HV)

application Comments Reference
(3HV mol%)
No adverse effect on
_ _ _ _ Volova
physiological, biochemical
4-30 suture

_ et al,
and functional parameters of

2003
the rat’s skin and muscle
P(3HB-co-3HV) with 8 HV

_ Galego
. bone mol%/HA (hydroxly apatite) ¢l
et al,
tissue blending is similar with
2000
human bones
The antibiotic-loaded carrier
q implanted into rabbit tibia | Yagmurlu
rug
22 _ and almost complete et al.,
carrier o
remission was observed on 1999
day 30
nonporous No acute inflammation, _
_ _ _ Gogolewski
disks and |abscess formation, or tissue
5-22 _ _ _ et al,
cylinders | necrosis of the mice was
. 1993
implants observed
3 ] I\.I_":
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A48 A5 2 UH
1. 438 A=

3.1.1. M A E

PHAE 3As= dF2ZA  F22kskrl Cupriavidus  necator
ATCC 17697"2 A&3t9tt. C necatore= SHASuF 2HolA 712
2 Fh AL oS EAE ol&eteH FAE ASE i A8 oy A
2 ojitstet A E 1A 7|3 P(BHB)E =4 gkt} (Ishizaki et al., 2001).
EESJ TEHEAYMY 2HAME et {7 HAE ol &t AR

AES] FAS 9k Mg NHCIS 2AaYoz AMESE HAAS
Hj A (o] et FFuiA)E A&t o™, KHPO, 2.3 g/L, Na,HPO,x2H:0
29 g/L, NHCl 2 g/L, MgSOx7TH,O 05 g/L, NaHCO; 05 g/L,
CaClyx2H50 0.01 g/L., Fe(NHy) citrate 0.05 g/L, 7l #d A& 1 mL/L
2 FAEHA A vEHYPAERS ZnSOxTHO 0.1 g/L, MnClyx4H,0
0.03 g/L, H3BO3 0.3 g/L, CoClax6H,O 0.2 g/L, CuClyx2H,O 0.01 g/L,
NiClox6HO 0.02 g/L, NaxMoO4x2H,O 0.03 g/L= FA %o dr}. =3k
P(BHB) 4 & fIg o= dadoz AMEd NHCIS AAT H4
B LA (o]t FAuA)E AR SFATH

A1)

-1 - A =T



3.1.3. &44

PHAES #A3l7] 913 daxdoz CO9b wd2ike AME3kith
CO,E o4 PEHB)E AT w CO, F=7F vA & JIS 32157
A3, Ho, Oz COz NoE EFT 37t~ Wl s 5%9 CO; (1, 3,
10, 20%) & AF&3t9 T [Hy (7% v/v), O, (1% v/v), CO, (1, 3, 10, 20%
v/v), No (4™ A])]. PBHB-co-3HV) A4S HaAes COE X3 &
729k g4 0.025, 0.05, 0.075, 0.1, 0.2% (v/v)e] & Z4FS ALE3FA
t}.

q T

3.2. 49 U

C. necator®] "MA= W PHA 42 vAE AFS 93 3 WA
@A ¢ PHA 45 98 7 HA SAE o] Fox 2 & v U
o]-§sto] Tttt A WA HAE A A= GFRe] ST =
Aol WMAES wEForA MATE =2, olofA= F A PHA
=4 dAd A= PHAZE &HAYS SwEstAT 54 dgde] 294 3
BolM & dAEHE EAS ol&sto] N, P, 09 #e o] 294
2718 A% PAES WYttt (Anderson and Dawers, 1990). ©]
it e vAE 5 S/ § HAE U9 PHA 3 7}

C. necator®] "AE AL o3 ] WA oA 382 vt B
do g FEe COp (1, 3, 10, 20%)8 EFste EF7E2 50
mL/minE AEHA o2 Fustr 3120 dHE A= FY
AL ATh C necator® HE3 WA 600 mL= 1 L Atz =&

3 o ;
-2 - =1



=of X]sgﬂgilﬂ— 29 % 3.1.2
(IE AEEAT T AT B Hoel A S A

ChA] mjFelfoll F=9dste] P(SHB) %45 sttt

Sampling

Fig. 3.1. Reactor setup used in the present study.
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38te] &3 = (Optical density, OD
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A
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Re MU = B o o B oy o ; 2 o
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T T A W m = ~ Qe —_ =
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W R X Meow . i HE s B SO o
Y ALPJO]PHL o S Mo o ©
= Euc p = A X VU om xo T2 e - < or w
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49 Fere 3w wFoR ﬁs@%}oﬂ NAE v
OD (at 600 nm) kel °F 157} ¥ $ ﬂ%ﬂgi w S A=tk itk
A wgxo] FElshd AFAIZF (HRT)S 4 A8 (32.1.3 322
Fan)ell A eh w7 A 2 642 fFAs ek 24413 w300 mL o] wi <k
NS il 300 mLo] FUdAE P T

oA G g 3 AA G wgd e oF 10%E 9 R 3

5, =4 600 mLol EAMAA 1 L AZEetxAe Ya OD (at 600
nm) o] &F 169 HEE 3 & 30°C FLFFd A 135 rpmo 2 4%
Fob & it AtEt At sk (3HB co-3HV)E ¢F 15%9]

3HV mk% 2 Ao gakga, MY = nhg o
= R

rlo
w
N
N
1o,
i)
:_

i

Fig. 3.2. Continuous culture reactor used in the present study.

- %5 - o ATl



3.3. £4 %9

331 HAE &4

A A GA gl A mAAES] S ODSE MAFE 244 1wt

datdct 7 A A v A= A AIzE (WE 0, 6, 12
24, 48, 72, 96A17H)ell M AE ] DCWE A stdch sjdode] ODE #
F33 = A1(2120U0V, Optizen, 3=r)2 600 nmolA] =AHsta, A&
DCWE Wl 8 mLE YAlel (7000 g, 5 min)gt & 60°Coll Al 244
v Azxste] =AsAY. C necator? WA= PBS  (Phosphate-
Buffered saline)® wj<kolS 10% 107, 10° w) 3AAIZ 2 wjkgd oz
B A wjkolS x| d kel A (Nutrient agar)ol] Z=@sle] z+zh 24417+
ikt & JigrEtd. BE Ay 2~37 A gk HFgS AFEEEA

.

3.3.2. PHA & %2 &4

oA GA wFel A A AIZE (F F 0, 6, 12, 24, 48, 72,
96417l =2 ¥ P(3HB)¢} P(3HB-co-3HV)Q wx, wi) F 73}
= g ELed seE SASAT s W FH 5o 9= PHAE F
Z3l7] 918l DCW 11£3 mgol 82 15 mLe g4t (37%) 05 mLE
A7k H, 100°Col Al 8A17F RWESAlA HES3l (butanolysis) A% Th.
MBS Ao w 23 F 4 25 mLe FHS 4 mLE 47 Hote
of wykgk & FEE ® 952 Aol A&t

Z} 5]

PHA+ FID7} #&€ 7t~a=2etE 289 (GC, 6100, Young Lin
Instrument Co., 3=)& HP-1 (30 m x 0.32 mm, 1.00 ym) ZAHS A}
S3}o] Akt GCe =2 =42 Table 3.1.3 #r}.
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Table 3.1. Operation conditions of FID gas chromatograph for

determining PHA concentrations

Parts Conditions
Column HP-1 (30 m x 0.32 mm, 1.00 pm)
Injection volume 1 ym
Initial column temperature 70°C for 5 min
Temperature rising rate 20°C/min
Final column temperature 240°C for 1 min
Carrier gas & flow rate Helium, 30 mL/min
Temperature of injection port 250°C
Temperature of detection port 250°C

PHAS e AE el PHAZF S4d H=E Ushls o=
Eq. G.D& AH&3tel 3tal, P(3HB-co-3HV) W] 3HV ek
(B2)2 Fetdrt (943 2000).

Eq. (3.1)
3HV(g)
B 100.117(g/mol)
3SHVmol% = SHB(g) SHV(g)
86.09(g/mol) = 100.117(g/mol)
Eq. (3.2)
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2], FE= 5, AE ANATE AHste] A A
th 2y oJdSs FwA A PGBHB-co-3HV)E A 5 3]
ggo HHE PHAE 353t AxAZT P(BHB-co- 3HV)OIA]
AL FAS syl 98 'H-NMR 3E4S Faect. 3
43 P(3HB-co-3HV) 0.02 g< 07 mLe FZ2XE-Dol &A1
Bruker AVANCE 600 MHz ##7] &97]& AR&ste] EA43AH
P(BHB-co-3HV)E ==X & &3|AA 045 ym PTFE ZEH=Z o
5k 3 Waters GPCZ o]&3lo] P(3HB-co-3HV)Y Ex# A& 43
stk GPCel =% =712 Table 3.2.3 2t}

Table 3.2. Operation conditions of GPC for determine the molecular
weight of PHA

Parts Conditions
Detector Waters 410 RI
Column 2xShodex LF-804 (7.8x300 mm)
Eluent CHCl3
Temperature of oven 35°C
Eluent flow rate 1 mL/min
Injection conditions 100 pL, 3 mg/mL
Molecular weight standards Polystyrene

] [, | 5
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P(3HB-co-3HV)°] €4 E5A4S &<et7] 9% DSC +4 [ =
(melting temperature, Tn), 2] d o] =%(glass transition temperature,
Ty), AA3} &% (crystallization temperature, T.), &8 <=3 (melting
enthalpy, AHy)] Perkin-Elmer Pyris 1 DSC with coolergE ©]-&3}%
o A4 71 dtellA BA2Re Rl -40~200°Celx, $2& =t
WzEEs 20°C/mine 2 fFAstde P(3HB-co-3HV)9 ZA 3%
(crystallinity, X.)&= Eq. (3.3)2.& &tk

H

AH,

X. = 5
- AHpyg

Eq. (3.3)

714 AH,& A59 &§ dgdolx, AHwypE &5 PEHB)S ©
2 g8 A=y (146 J/g)eltt (Gunarante et al, 2004). <S1AE
ASTM D 8320 +3to] F3 At A1@717]1= WITHSAB A}e] UTM
S AR, A¥EE 5 mm/min, 224 200 N, 27 Ag 50

mm, A 3>% (23£2)°C, (4545)% RH 7oA 3 = 3t

=
T

KeN
T
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e 24k FID7F A 2d 7h~a=2atE 289 (GC, 6100, Young
Lin Instrument Co., g=7)¢} HP-INNOWAX (30 m x 0.32 mm, 0.50 n
m) ZAHS AFgste] B350 GCeo 23 274 Table 3.3.3F #t}.

Table 3.3. Operation conditions of FID gas chromatograph for
determining valeric acid concentrations

Parts Conditions
HP-INNOWAX
Column
(30 m x 0.32 mm, 0.50 pm)
Injection volume 1 ym
Initial column temperature 120°C for 2 min
Temperature rising rate 10°C/min
Final column temperature 190°C for 2 min
Carrier gas & flow rate Helium, 30 mL/min
Temperature of injection port 240°C
Temperature of detection port 250°C

3 30 3 -':I'H."i _-.:_.._ 1!, - ..:



4. 4% 23 % 23
4.1. P(3HB) A4S $1% H4 CO; v% 273

411. A HA GA uwjEF717F 5 CO, %9 W& C necator
o A%

E37b A Y COy BE7F C onecator] AAe] wxE AFS Fig.
4.1.3 Table 4.1.° Yebsth w71t 5 Aol wE CO, &%=
AaEgle] vk =7] OD <2 0012 6¥ F OD gkol
CO A Z+7; 23, 2.1, 2.1, 192 Z718t9tt. 24298 Asstr &
Hag ool A HA GA w71 sk Coonecator] 7ol
dojyt S-S yehdth E37t2 W CO, 529 71 wel 69 mi g ¥
#E OD #2 23914 192 433 (Table 4.1.), DCW= gHs| 2w
CO7F 13 20%Y w) Z+27F 163 1.2 g/L= °F 04 g/Le =Fo|7} )
o= B2 FE COlA mAE Aol o & doss vt
s NASE 2710 oF 50x10° CFU/mLelA 3 wiA whA vl
% Hyt 3.0x10° CFU/mLZ 6008 A= F718klen, CO, wXxo ut
2 Aol AA 2Utt (Table 4.1.). 3 HA A wjF $ P(BHB)9 &
F CO, s=7F S7hgel whet ZFa3al, d= 0D #hel #pel= mAd=
el 4% PBHB) & Zolol] o9& Aow & 4 vk C necatore
Aol PBHB)E FA#o]l F7istd 1o vldste] wA&Ee] Fu7} 7
Aok, webd mAAE A B oty et M= Weo] P(3HB) 4 %=
OD #9 #ol& YEbY 4 dvh(Anderson, 1990). 3 ®H#A A& &A o
A AAE AT CO, s dFS A FkAINE st A

o]l %4¥ P(3HB) ¥& CO, $E7F 242 o Egth

B 31 3 "':I'H-_E _'k.::_ ] |: ;-



10% COy.
15 4

1.0+

Optical density (600 nm)

0.5

GJ:I ﬂ_ T T T T T T T
0 20 40 60 80 100 120 140

Time (h)
Fig. 4.1. Changes in the optical density of Cupriavidus necator grown

in the nitrogen-amended mineral media (2 g NH,Cl/L) with varying
concentrations of CO; in gas mixtures (7% H; 1% O, varying COs

concentration, and N, balanced) during the 1st stage growth.

Table 4.1. Optical density (OD), cell number, and P(3HB) content in
the nitrogen-amended mineral media (2 g NH,CI/L) with varying
concentrations of CO; in gas mixtures (7% H; 1% O, varying COs

concentration, and N, balanced) at the end of the 1st stage

CO; concentration (%)
1 3 10 20
OD (at 600 nm) 2.3 2.1 2.1 1.9

Cell number
(CFU/mL)

3.0x10° 2.8x10° 3.1x10" 2.9%10"

P(3HB) content (96) 32 21 18 14
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4.12. F HAA GA It F CO, %9 W& P(3HB) =
2 W3}

Fig. 42.+= F WA 97 HHOkoﬂjﬂ 1, 3, 10, 20% CO.& Al&3S
u, A7k & DCW, P(3HB), #H+% (Residual)e] W3 &FS HolF11
ATt o714 FHFEolE DCWoIl A P(SHB)J ¥ WM oz mAE
] =

A P(BHB)E AlQlgh ywx] F3&& ougct F HA oA v
PuE Adrdo] APE BAdAME Ay dulgo] FAo] A E
3ty e H@ade i PHARZ A&¥Ett (Anderson and Dawers
1990). weba 49 3he] wieF 713 Eob A dAT FE FASE 1
52 DCWE W37l g P(BHB)Y Z7kol 9laia dojds <on]
=3

ot Hu

2.[} i {ﬂ) 1% CDJQ—'

L.5 -

1.0 4
Residual .

oncentration (g/L)

C

0.5

0 20 10 60 80 100
Time (h)
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C

Concentration (g/L)

oncentration (g/L)

1.0

0.0

1.0

=
N

(b) 3% COz+

Residual

40

Time (h)

G0

a0

100

(c) 10% CO3+

Eesidual .

DCW..

0.0

40

Time (h)

_34_

&0

80

¥

100



(€) 20% COze

oncentration (g/L)

C

0.5 -
P(3HB)..

D.D T T T T
0 20 40 60 80 100
Time (h)

Fig. 4.2. Changes in the concentrations of dry cell weight (DCW),
P(3HB), and residual [DCW —P(3HB)] of Cupriavidus necator grown
in the nitrogen-limited mineral media with varying concentrations of
CO, in gas mixtures (7% Hs, 1% O, varying CO, concentration, and
N, balanced) during the 2nd stage growth.

Fig. 43.2 CO, 5% ®H=Z u¢f 7|9} vjd 3o =4 % P(SHB)9
¥S HoFErh 7] PBHB) s&7F €8] &2 3S

iy = AE ol 48 PGHB) %ol CO, 5% HE thE7] ui-o]
t} (Table 4.1.). P(BHB)& T 7 WA @A SHEd=d T oA
A A W F7 I S %—7}35} P(3HB)¢] %<& 3% CO.olA 7Hd @k
i (094 g/L, AA wE9 83%7F F+ WA GAHAA F4), 1 e
10, 20% CO,¢ o & vehyttth 1, 3% COE AMgstdS 49, F
A A v el A FHE P(BHB)9 4e] 2ol AA FAAR, CO, &
=71 10, 20% = Eolx WAl 1 o] 7FAEY 1:} 20% COull A ¥ WA
9A ¥ F PEHB) 3 #HL 3% CO.9 70% T2 UEH o]

S
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B RS w9 COp (10, 20%)7F 1R FdFE A9 1, 3% Cot ¥
R Uﬂliﬁ‘r P(BHB)®| 7ol A d4de dod = Ass rdn
% PHB) 8% 1, 3, 10, 20% CO» w02 vehukeh o] gk 94 1,

3% CO1 M= =Fol7b AL fIARE 10, 20%2 CO, FE7F F71shdaA
AshE Ao TRl A WAl g dAe T oHA 54 dAE
o] & uj CO, ¥=ol W& PBHB) 4 1F% (10, 20%)° A Bt}

TE O, 3% aedds g AR T HA A w] g
7—34 P(3HB)9 F&e oF 47~57% 1, 3, 10, 20% CO, o &

el oy BAHR B w H=g F

_>¢ Mmooy
—l}’ oL

o

f

= 3

olAtt (Fig. 4.3.). WA F
of X miF=elA FHF 2! P(BHB)S &4 &Fol 7HE #dd 1% CO.
7F M e Aem Helth

M

14 100
B [nifial P{3HE) concentration
12 4 [ Final P{3HE) concentration
—#— Fianl P{3HE) content N
=
=n L0 A -
=} o
% 08 1 — st
£ | :
g T =
g 0.6 T
g 8
o 0.4 .
a - 20
0.2
0.0 - -_-—— 0
1 3 10 20

CO4 concentration (%)

Fig. 4.3. Changes in the initial and final P(3HB) concentrations, and
the final P(3HB) content in Cupriavidus necator grown in the
nitrogen-limited mineral media with varying concentrations of CO, in
gas mixtures (7% H,, 1% O, varying CO, concentration, and N

balanced) during the 2nd stage growth.
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4.1.3. CO; %7} C necatord A#&3 P(3HB) &§Ad "x+&
3 uF

Ao = 1% COE 7IH2 ARRES w7t 71 B8 7
A7 P(BHB) 42 B9t (Fig. 413 Fig. 4.3). ol 7]|d = F
Sat7b~ Wl CO, 5%7F F718e %= P(3HB) H3ko] AF&E CO.
T7tetAl Fdee ugn. o]y3 Ay oy THA] o]fE 4
ATH WA Hot O, & b& 7|dEo] AGEA7] "ol
shit> Ho9t O2HFH COp Ao Fasgk JduyxAE
(Pohlmann, 2006; Reinecke and Steinbuchel, 2009). H,%] Ats}=
ATP e 9 olyAE Ao COE ol &ste=d, & AFoA AREg
oF Oy AoAQl & W ofYel (7% Hy 1% 09, &3%=(H, &3l%
0.0040 g/= 100 g, O, &3l%= 0.00016 g/= 100 g, 20°C, 1 7]hH %= o}
ng=o] o] &d F Yv Fol AT oINS Aow AT o] H
CO; e a3t UuA7l AgEEA CO; 5@l solve A

r EOI

l

=y o

['19, ﬂJJ.,
JTorr -D' ol 02 92 o
T 0B o o 2o

&

{
a

3 £ gle 3o Ho] PBHB)E AIHE COy 4 1% COE &9
stouj] o] o] HX| R Aog B 4t 7]E AFolA Hy, 0, CO»
7y Z}2y 75, 15, 10% (v/v)= E3FHo0] 9 7125 gAihYgoz o4}

o] ¢F 50 g/Le DCW$F 53% (w/w)el P(BHB) & AUt (Ishizaki
and Tanaka, 1991). °o]& ¥ Ao|A AFE3 Hy, O, %9 10w =+
OS2 Hy O 22 tE 7ZEY TEE =do=Z4 ¢ =2
COE o]&3ty ¢ B2 4o DCW¢ PBHB)E 45 & I+
=0 B3 o, 0, COx9 H&S 6 @ 2 @ 12 (47 °F 67, 22, 11%
(v/v)el= EZ7t=E o] &3t 174 g/Le] DCW2F 90% (w/w)Y]
P(BHB) %S 42 d743% Atk (Volova et al., 2004; Volova and
Kalacheva, 2005). o] & 71E AFel A FHA 7~ B &S Hy, O
COZF &4z 7 :1:1 ~ 6 :2 103, ¥ A= CO7I 194
20% = =ouwA o] Hl&o] niyo] DCWel P(3HB)®| AAFFo] <o

PN
EjloR B R g
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iz CO7F mAE A H’Jr P(BHB) =#ld wx|
Ael @aFel wE 7IEAT A, nAEY A dA ek P(3HB) =
Al A 22% (v/v) COxE pulse® T3}, —Zr 13k Al 7](A] A 7], of
AA7DNE 71743 h and 6 h CO, pulse)ol wWakA CO, pulseE F
A GgskE W Bu A AATIZE BoAAAY HF HAE F
P(BHB)9] &7t YolAl= 5o Al A4S &dstAdtt (Reinecke,
2009). o]} o] AMEHA i FFstE LEEe COxx= M= A
Folv P(BHB)9| 4o 9=
gt 7A R FoA= CO; w25 A4ds)

4.2. FI 24 H71 93 P(3HB-co-3HV)Y A
4.21. ¥Y 24 FY 3= 274

Fig. 44 F WA @A wdo A e@axgdo=z 1% CO.2F 4 0.05,
0.075, 0.1, 0.2%¢ WH22E AHEAS o, Alzte] wWE  DCW,
P(3HB-co-3HV), #FE9 W3lgS "ol %E}. T oHA GA
< Aol A9d 3 2 9 ol A 9} mpR71A] =
DCWe| W3sl= i P<3HB—co—3HV>4 7kl oS dojvpar b
TFES I Sk o

-1
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Concentration (g/L)

Concentration (g/L)

L5

L0+

(a) 0.05% wvaleric acid +

DCW.

P{3HB-co-3JHV}..

Time (h)

100

L0 S

(b) 0.075% valeric acid +

P(3HB-co-3HV).

Residual .
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(c) 0.1% valeric acid +

oncentration (g'L)

C

Residual |

] 0 40 60 80 100

(d) 0.2% valeric acid +

oncentration (g/L)

C

100

Time (h)

Fig. 44. Changes in the concentrations of dry cell weight (DCW),
P(3HB), and residual [DCW —P(3HB-co-3HV)] of Cupriavidus necator
grown in the nitrogen—limited mineral media fed with 1% CO: and

0.05, 0.075, 0.1, or 0.2% wvaleric acid during the 2nd stage growth.
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0 0,20
(c)0.1% valeric acid+

L5 F 015

F 010

3HB, 31V concentration (g/L.)
Valeric acid concentration (%)

(d) 0.2% valeric acid+ | 020

Valeric acid .

F 015

L0+ - 0,10

3HB, 3HV concentration {g/L)
Valeric acid concentration {%)

Time (h)

Fig. 4.5. Changes in the 3HB and 3HV concentrations of P(3HB-co—
3HV) with various initial valeric acid concentrations (a) 0.05%, (b)
0.075%, (c) 0.1%, (d) 0.2% (v/v) during the 2nd stage growth.
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Table 4.2. Production of 3HV in P(3Hb-co-3HV) with various initial
valeric acid concentrations of 0.05, 0.075, 0.1, and 0.2% (v/v) during
the 2nd stage growth

Valeric acid concentration (%)
0.05 0.075 0.1 0.2
3HV (g/L) 0.30 0.45 0.56 0.38
3HV vyield
_ _ 0.92 0.70 0.73 0.43
(3HV g/g of valeric acid)

3HV molar fraction (%) 17 21 33 46
Y 24k w5 wE 3HBY 4 542 Fig. 455 &3 S0
T At 3HVe = €8 3HBe 7|5 %7F EAs =Y oA A WA
A mAE A SAE 1% COE X338 &7t~ E bl 7E= 3
of Fast7] ot F WA @A vl A 1% COE A& &5
st 3HB7F WA 1 sx=rh S7kH SHBS @4 A= )
A e Ty Eate] s FIFs WAL 02% HHEAS FAIT A
T 49 sk w7 Uiy EEA FE7F ¢F 0.05% oS A
st SHB7F &4 %A ¢9ka [Fig. 45.(d)], 0.1% Hal2aks F43 4
= 48AIZF o] WY EAE FETF 9F 0.05% otz Astal Aok
3HB7} §4=7] Al&dth [Fig. 45.(c)]. 0.075% & 24 H7ke] A
o= Z& 7ol yEtar ot [Fig. 45.(b)]. ¥FH 0.05%9] 74 o=
AuE Aadd flel w g7z w<¢k 3HB7F @A WHa Atk [Fig.
45.(a)]. 15 Fdl 3HBQ Aol Al wx] ¢k Wit TR of

- 44 - MM =-TH 1



422, THYEA F Wy wE YIFI 3HV F9
P(3HB-co-3HV) &4

4214 AAHE AA T4 55 (005% oldhe FY WS
W 3A| A 7k o] A o] P(3HB-co-3HV) Aol mAe 93-S Auugt
t} 0.05%9 W EA F¢ AF A wyEste] BE AZEE A FS
48A) 7ol e 22H(0.05, 0.025%)S 3 U FUTozH AL Fle
F&FS FAsATh Fig. 462 F HA A vl A 1% CO.9F &7

o
3HV @do] 4841 o] Foll ke dojrtal 5+ o
Fo e Ess FUrE FYALE FHHeR FdEE 3HVY &
< 0~48A17F Aol g 3HVE FETE AAth 0~48A17F &k
032 g/Le] 3HVE AN L 25k F7F 79 F 48~96A11F &<t

e 24k /‘}%3}04 SHVE st mA= SA=7F "old=
o

HolFoh 3HBE 7] 0.05% EHHEAF Fo= Qg ¥HoE A3
s 0
q

M o2 o o rlo

> ot

< U o FYskA, FY F 24A1%F <k 3

th 1 o] % 72~96A1edl = EHE EAE U 7 ol 22 AL

0.01 g/L/h)2 2 thAl 3HB7} &4 = Ath.

Fig. 47.& % ¥4 @A gl 1% CO.9F 4 0.05% e =4t

vk Z7]ell, 0.025% Bl EAFS 48A%F o FrlH o R FUIS

°] 3HB9 3HVE FxwWEE HoFu gty SHVE W% %
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Conce ntration (/L)

0.05% .

L] 20

0
Time (k)

[ 1]

80

100

Fig. 4.6. Changes in the 3HB and 3HV concentrations in P(3HB-co-
3HV) with addition of 0.05% wvaleric acid at t=0 h and t=48 h

during the 2nd stage growth.
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Concentration (/L)

[ 0 40 0 30 100
Time (h)

Fig. 47. Changes in the 3HB and 3HV concentrations in
P(BHB-co-3HV) with addition of 0.05% valeric acid at t=0 h and
0.025% wvaleric acid at t=48 h during the 2nd stage growth.

Table 4.3.= Ll 24 F¢ d2ldd wep & HA GA g 49 F
o] g4 % 3HB, 3HV, P(3HB-co-3HV), 3HV ¢S el Folu}, vt
48
L

s B3t 1% CO; whs A&

= H

i, 0.05% TeElEaks H Fedskle w1 Fol Fasklem, 0.05%
deEqks o AE FA3E Wrk 7 A2 SHB A EE 2o
g 2qke] AL FRldM = F oA F9 sr=e 0.025%°0A4 0.05%=
°f S7k7F SHB A&l mAl= 4@ SAAHeE Ao Aolrt gl9d
oo Wb 3HV @A =S S EA FYdo] soldel wEt Srhskaith
Ty 2qks FAskA] @ks W 3HVE A H A &8k, 0.05% HH=
AhE H FPEe o 025 g/L, 0.05% EHEAS F o FYES o
= oF 17 il 043 g/LE A&l dH=tts F U AE5 £



oft
Lo
)
o
rlr
%0
32
)

Aol 7 WA FY FwEd wWE 3HV A

P(BHB-co-3HV)¢] %2 3HB®} 3HVY ¢S 33k gto= +
k7)1 7F wot @4 ¥ F P(BHB-co-3HV) o]t} whe =4t
A5 & AT FY Ul met 2 XolE HolA gt
1% COxr& ARERE 4-%-oF Hlws) 35 of, & P(BHB-co-3HV

T B Eqbs FYekA] B2 A oF 1.2v) A= Ednh oA

tlo (m
X
o N
XN oo
M AN > o g2 ox (R oo X -

]

¢

g =22k FQlol wel 3HBS @ el FaskARE o] Hls] A
SHV o] didez o @okr] wiolvt. SHV #&Fe 45, Ze=

A
°F 30 mol%= 9 FY Al B oF 28] A= =qka

>

=2 o

w2 Zol= A (Y ol F3tE &2 uwl, 0.05% 2
FUo2 oF 17 mol%e 3HV %S zt= P(BHB-co-3HV)
=]

DA DA Ao

o © o off AB

off o gL M1 N
e

T UL, SHV #§Fe =ol7] A7 =t A% F9d
[¢]

&l 30 mol%e] 3HV &S 25 5 AAHh

Table 4.3. The concentration of 3HB, 3HV, P(3HB-co-3HV), and 3HV

molar fraction with different feeding methods during the 2nd stage

growth
Valeric acid 3HB 3HV P(3HB-co-3HV) SHV
concentration (g/L) (g/L) (g/L)
_ mol%
(time added) (A) (B) (A+B)
0.05 and 0.05%
0.59+0.04 | 0.43+0.02 1.02+0.05 31
(0 and 48 h)
0.05 and 0.025%
0.64+0.03 | 0.42+0.03 1.06+0.05 28
(0 and 48 h)
0.05% (0 h) 0.81+0.05 | 0.25+0.01 1.06+0.04 17
No addition
0.88+0.02 0 0.88+0.02 0
(only 1% CO»)

] [, 11 =1
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4.3. d4&4 %S E3 P(BHB-co-3HV)Y A
431. FAE AFL 9T A A 9A A&54 wF

A WA A wgES AEE A 159§ Wb ETE b skE Sl
Hgst | & wjekele] OD, DCW, 7iAl<, P(3HB) &&=

Table 4.4.+

Ho]Fal k. 4.1.9 4264 A HA @A s 64 & IS
2 PR s wek nlus] = o, v]dE sx=9 JHAlS, P(BHB) 3
R v =8 s fASt vk ole A WA 9A A5 wMgs
3 F WA g4 <k P(BHB-co-3HV)E %43 4 A& C necator
g v AEHoR FHE F deS et

Table 4.4. Optical density (OD), Dry cell weight (DCW), cell number,
and P(3HB) content in the nitrogen-amended mineral media (2 g
NH,CI/L) with CO; in gas mixtures (7% H, 1% O, 1% CO,, and
91% N») during the continuous 1st stage

OD Cell number P(3HB) content
DCW (g/L)
(at 600 nm) (CFU/mL) (%)
2.1£0.1 0.94+0.1 (2.4+0.2)x10° 36+2.6
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Fig. 4.8. Changes in the 3HB and 3HV concentrations in P(3HB_co—

3HV) with the initial valeric acid concentration of 0.05% during the

2nd stage growth with Cupriavidus necator grown in the continuous

reactor.

Table 452 2 oA Al M F3sto] &L SHV &&Fe Hof
Fa gtk Al W wrEE AN BE 16%9 SHV IEFS zre
PGHB-co-3HV)7}  AAts QAL ojAE AHFHo=2 A F29
N

P(BHB-co-3HV)E A4k
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Table 45. 3HV content in P(S3HB-co-3HV) produced by Cupriavidus
necator grown in the nitrogen—-limited mineral media with CO; as a
carbon source in gas mixtures (7% Hs, 1% O, 1% CO, and 91% N2)
after the 2nd PHA accumulation stage followed by the continuous 1st

stage for microbial growth

Replicate Number 1 2 3

3HV content (mol%) 16 16 16
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43.3. 4R HV ZF9 P(BHB-co-3HV) B4 £4

= ﬁ% gelslo], A4 E PHAZF P(3HB-co- 3HV)°1 S

g9 5 Ak (Fig. 49.). 3HV ¢ CHy(1)3 CHg(SM SEANE
ol A4 & Zk2} 51.3799F 10.035%1 1L, ©1& &

2 oF 17%= GC ¥4 23} (16%)et HHT TrAFSE

& Astd SHV &
At
CHy(1)
5 CH3
1 CH3 0 6 CH: D
+0. CH -CH;- C-}—@D CH*CHZ-C-)-
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Fig. 4.9. 600 MHz 'H NMR spectrum of P(3HB-co-3HV) produced by
Cupriavidus necator during the continuous 1st stage for microbial
growth followed by the batch 2nd stage for PHA accumulation. This
spectrum shows that the P(3HB-co-3HV) has 3HV of 16 mol%.
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Table 4.6.2 P(3HB-co-3HV)9| &4, 7|AA 53 EAE+S e}

Folth M %3 3HV %S 7k v AT 7Ur o] /443 Bl

w, 2 Ao Mg P(SHB-co-3HV)E A W9 U] e

7}A 3 Jth. Table 2.4.¢1 P(3HB)o E4 3 hLéM AHEw, A
o

S w2k fEfdo] 2xrF gaskdlt A A
RH# 2l P(3HB)¢ 7ﬂ><*5»L‘£<55—80/>oﬂ H] 8 %ié}ait} ZIAH Sl
M AR =S} BAS BF sk o9 22 EAEe] W
dnbH oz HVel ghFel SrbshiA dehdua de A e ddFet
Adx gt AN B4 We HEE PBHB)Y =2 AAS =9 /A
71 A3 g5 JFE¢] P(BHB-co-3HV)E FTFAE o] FHA AA
ol AT Faste] fedola FAdd AR v Ao
Ao g wAEe o3 A4d® PHAS A% (My)S 500~1000 kDa

BEE FAE (My/Mo)e 2.0 o139 gholl A ohdstA yetue x4k
3 BAEE 3HV stEdE dA7F @itk (Kim et al, 2009). 2 &l
Al ¥ P(BHB-co-3HV)® A1 F4tes dubd o=z nAlEd
olzl A== PHAS Hl==gk gh& 7HA a0 ATk (Table 4.6.).
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Table 4.6. Thermal and mechanical properties of P(S3HB-co-3HV)

_ Mechanical
Thermal properties )
properties
HV ) Glass o . .
Melting o Crystallization | Melting o Tensile | Young's Reference
mol% transition Crystallinity
temperature temperature | enthalpy strength | modulus
temperature (%)
(°C) °C) °C) (J/g) (MPa) (MPa)
16 165 5 74 44 30 11 550 this study
Shang et al.,
21 171 2 73 28 19 - -
2012
Sankhla et al.,
19 143 -6 - - 48 20 1100
2010
Misra et al.,,
12 154 4 - 58 40 54 510
2006
Madden and
18 161 -3 80 35 24 23 404
Anderson, 1998
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Table 4.7. Molecular

weight

of P(3HB-co-3HV)

produced by

Cupriavidus necator during the continuous 1st stage for microbial

growth followed by the batch 2nd stage for PHA accumulation

Number average

Weight average

) ) Polydispersity
molecular weight molecular weigh
(My/M,)
(M, kDa) (M, kDa)
247 749 3.0
3 3
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Abstract

Transformation of Captured CO, to
Biocompatible Medical Plastics Using
Cupriavidus necator

Inseon Park
Civil and Environmental Engineering

The Graduate School

Seoul National University

Polyhydroxyalkanoates (PHA), raw materials for biodegradable
plastics, are synthesized by numerous bacteria as carbon and energy
storage compounds under certain nutrient limited conditions. A
hydrogen-oxidizing  bacterium, Cupriavidus necator  (formerly,
Alcaligenes eutrophus) is known to grow autotrophically using Ho,
0,5, and CO», and accumulate poly(3-hydroxybutyrate) [P(S3HB)], which
1s the most common type of PHA, in the cell. The production of
P(BHB) using CO. has a potential for transforming wastes, captured
COqy, into useful materials. The biocompatibility and biodegradability
of PHA make PHA the attractable candidate for production of various
high value—added bioplastics intended for medical applications such as
surgery, transplantology, tissue engineering, and pharmacology.

However, for commercial wuses, the copolymer like poly(3—
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hydroxybutyrrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)] has wider
applications than the homopolymer like P(3HB), because
P(BHB-co-3HV) is more ductile, easier to mold, and tougher than
P(BHB). P(3HB-co-3HV) can be produced by adding co-substrates
such as propionic acid and valeric acid that can be used as the
precursor molecule of 3-hydroxyvalerate (3HV).

This thesis consists of three chapters with each chapter having
one objective. In the first chapter, the effects of CO: concentrations
on the growth of C necator and the accumulation of P(3HB) are
investigated by increasing the CO; concentration in the substrate gas
mixture. During the first stage, C. necator was cultivated for 6 d in
a minimal medium with NH4Cl as a nitrogen source, the microbial
growth followed the order of 1, 3, 10, and 209 COQOs. During the
second stage of 96 h cultivation in the nitrogen—-limited minimal
medium, the P(3HB) accumulation in the cells decreased with
increasing CO: concentrations. The reduced efficiency of P(3HB)
production at higher CO, concentrations can probably be attributed to
the limited amount of other substrate gasses (H; and O») as well as
CO; toxicity.

In the second chapter, the effects of wvaleric acid concentrations
and feeding methods on the growth of C necator and the
accumulation of P(3HB-co-3HV) were studied. The results showed
that the valeric acid concentration should be maintained under 0.05%
for the effective accumulation of the 3HB and 3HV at the same time.
By changing the feeding method, P(S3HB-co-3HV) having different
contents of 3HV could be produced. P(3HB-co-3HV) with about 15
mol% of 3HV can be produced by adding 0.05% valeric acid once at
the beginning of the cultivation. P(S3HB-co-3HV) with about 30 mol%
of 3HV can be produced by adding 0.05% and 0.025% valeric acid at
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0 h and 48 h, respectively.

In the third chapter, the possibility of continuous production of
the P(3HB-co-3HV) with specific 3HV content using continuous
culture was investigated. The two-step culture method consisted of
the continuous growth stage and the PHA accumulation stage. The
continuous culture was stabilized after about 15 d producing 0.9 g/L
of cells with 36% (w/w) P(3HB) content. These cells could produce
P(BHB-co-3HV) with 16 mol% of 3HV consistently over three
repeated tests. The mechanical properties of the produced
P(BHB-co-3HV) with 16 mol% of 3HV in this study showed the
similar properties exhibited by other microbial based P(3HB-co-3HV).
It was also more elastic, flexible, and tougher than P(3HB).

Based on the previous studies, P(3HB-co-3HV) with up to 30
mol% of 3HV can be used in contact with blood without negative
effects and the produced P(3HB-co-3HV) in this study meets this
criteria. Overall, the results report that the optimal cultivation

conditions for P(3HB-co-3HV) production using CO, and valeric acid.

keywords : COs conversion, Poly(3-hydroxybutyrate-co-3-hydro
-xyvalerate), Cupriavidus necator, Biocompatible plastics
Student Number : 2011-20976
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