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Indigo dye

0
N
L Molecular formula C16H10N,0,
N Molar mass 262.27 g/mol
H & Appearance dark blue crystalline powder
Density 1.199 g/cm3
I Mariet mlton Melting point 390 °C (734 °F; 663 K)
Eﬁ:f:'gd"igg?n] Boiling point decomposes
rom India 300g -
=ez0 | Solubility in water 990 pg/L (at 25C)

N £103,00

n/'gofa
- Requires 1.7 million acre farmland for 8,000 ton of indigo production
(~ 3.8 g/3.3 m?), 11 times of Seoul area
- 1870 Adolph von Baeyer; synthetic process of indigo production
H H H Q

N PCI, N Zn/ CH,COH N
o ——— Cl
{ N
o) o) 0

H

Isatin Indigo
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Chemical synthesis of indigo; BASF
1900, BASF
- annual production of indigo: 5,000 ton/year
- indigo requirement per 1 pair of blue-jean: 10 g of indigo dye
- Annual consumption of Blue Jean: 500 million pair p 5 kton indigo
H i
|
0 N._CN OH" N._ CO,H
+ JL + HCN —> A
H™ "H H,0
NH,
i NaNH,

H O
NN 0,
-
N
\O o
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Natural indigo vs bio-indigo

Natural indigo

Synthetic indigo

NH,
aniline
Formaldehyde
HCN
: H
Indligofera N _ON
Culture l
Extraction NaNH,
o e O’ﬂ
N ; 3 H
S92es 0
indigo

|nd|go

Reducing reagent (Na,S,0,)

Reducing reagent (NaZSZC\

Leuco |nd|go

Reductlon oxidation cycling dyeing

[-]

Gz 47l W2

= Toxic chemicals
(COH,, NaNH,, HCN, catalyst)
* High carbon emission

* Low productivity, high price
» /ndigofera culture, water
supply

» Low solubility; strong reducing reagent (Na,S,0,) requirements

20234 k| ‘ll.o|'7|

2471843

Bio-indigo

o Tryptophane
halogenase X
I
HN NH PyrH (C5) C7
SttH (C6)/Thal (C6)

~tryptophan PrnA (C7)/RebH (C7)
tryptophanase

*KID

H
haloindole

oxygenase l

J\] a
—p-0
oK

3-hydroxyhaloindole

Phosphokinase Oxidase
Dimerization

Xty Hjoj2 91cix Bl 9

I. Functional indigo
Il. Low carbon emission
lll. Eco-friendly dyeing process

A

=A
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1. H}O| 2 ©QIC|11
Bio-indigo synthetic pathway in £ coli

shlklmate indole
NADPH
CYP102A_scat
NADP*
HO (o]
H
N
0 -
N
H
0
indigo

N
H
2-hydroxyindole

Glucose
Heterologous pathway
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Lab scale production of bio-indigo dye

Indole + Trp feeding ~ 3.8 g/L

4.5

4_

i
v
!

w
]

Indigo (g/L)
N

N
1

1.5 A —-0 uM indole, 0.2 mM Tryptophan
1 —o—1 uM indole, 0.2 mM Tryptophan
-2-10 uM indole, 0.2 mM Tryptophan
9.5 -o-20 uM indole, 0.2 mM Tryptophan
0

0 4 17 21 25 29
Time (h)
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Lab scale production of bio-indigo dye

PRSP

e oI 44 4 2150

" Biotransformation

Bio resources  /

HeOH = —- ' .
e ; 1 i .:'.i.__w---_- .___'ﬁ
Glucoss : a | = | .
¥ 0 HiO|2 QIC| 1 W f K| 44t
g L ORI
A L-tryptophan N R

gh /S

BASF indigo synthesis

5 L Fermentation

Before
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1. HO| @ QIC|10 A& AMAL 7|= 7|4 20230 eI

Functional indigoid modification with various
functional groups

. 2IC| 1 Decolorization ¥X|E 2|3t hydrophilic functional indigo $H4d

Fibrils

at

: g - - HC; -OH -
Cellobiose Unit ()] ol ()
o e “ o~ o
i iy (XY H
el '“@W”af AR O
L 0 J
o Q“@)WQOGG oY DHO
S 7 cellulose Molecule — A . - H - mm e
Figure from Trisha Jain (nutrientreview.com)
0 X-iﬂdlgﬂ |
O . ‘ -NOz Nitroindigo
N ‘ OH Hydroxyindigo
© -NH3 Aminoindigo
Indigo -CN Cyanoindigo

Functional hydrophilic indigo
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Modification of indigo by Halides

o] . g
e

- N
O O ‘ N B &
N H el e

o]

=]

Indigo 5.5’-dichloroindigo 6,6 -dichloroindigo 7,7’ -dichloroindigo

5,5'-dichlor®,6’-dichlord,7’-dichloro
Control Indigo indigo indigo indigo
YN g b\?
7.3
&\ v

v * 0
L
HE N B

L

Dyes and Pigments, 2019



Indigo 5,5'-dichloroindigo
“
- | L ﬁ
l =
[ P (5 M indigo
P 5 P PGP indge 5.0H  Z-carbowyl
5-Bi  %-amipo 5N &N
5.5-dinitro indigo
44" -dinitro indigo
: v s e T

20234 sty &AL
47184898

5-Br 7-Cl 6-Cl 5-Cl
2-Carbouxyl 5-OH 5-Methy! S-Methoxy
5-N 4-N S-Amino 4-Cyano

Dves and Piaments. 2019

3

k2l
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Coloration of indic

35 |

Absorbance
N
[3)] (A ]

oy
o N

o-derivatives

5,5 -dichloroindigo
&,6-dichloroindigo
7.7-dichloroindigo
5,5'-diaminoindigo
5,5'-dimethylindigo

4.4‘4ir|lrmin.dbgo

5. 5"-diaminoindigo

20234 sty &AL

EXS PRE

5,5'-dichloroindigo
6,6’-dichloroindigo
7,7’-dichloroindigo
5,5’-diaminoindigo
5,5’-dimethylindigo
5,5’-dimethoxyindigo
4 4’-dinitroindigo

5,5 -diaminoindigo

Dyes and Pigments, 2019
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Coloration and dyeing of indigo-derivatives

Dying fastness

55'- 5,5- 5.5- a4- 5,5- T 6,6'- 55
Indi dimethyl dimethoxy diamino dinitro dinitro dichloro dichloro dichloro
naigo indigo indigo indigo indigo indigo indigo indigo indigo

(A)

!‘.

(B)
Washing H

(C)

Washing 2

(D)

Dyes and Pigments, 2019
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Application

A | eI SALAEIRIE
Cln = 4 7|5 70 e

Microbial Indigoids for biodegradable poE;/mers

cherichia coli

Pttt

7 ~
________________________________________ A Y
’r .- RENENY
L v
1 L |
LI | ~ LI |
[ | o
A H ] 1
L A M
il o | = L]
£ Ao n
i I o * [+ 4 i L
ALY M CYP10264 A A Indigo 1
e ' ' Lo Solvent
H S~ —
indod : : 4] N“ 1 One-pot ————— olven
ole . *
1 NADPH NADp+ Indoxyl : : production Extraction
1 LI |
I ) 1
i ktB iR PhaB TR | O u
Glucose PTS - s WB_. HiC $-0eh HyC L ————, To’ \/ (|
Acetyl-CoA Acetoacetyl-CoA 3-Hydroxybutyryl-CoA LI |
P(3-hydr oxybu!yrlt!) 1
I NADPH  NADP* 1
| IS LA |
‘ i i e S N R e B T B B i e S i o — ’ ’
\ s
~

PHE

o I L L

Blue-colored polyhydroxybutyrate (PHB) by bio-indigo

(PHE and indigo)

Dyes and Pigments, 2020
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Application

A=

= = 20231 BT S ARREH
2 7IE 7H = sarigaza

=== o2

Microbial Indigoids for biodegradable polymers

Iz

Indole

o |

R-Indole

Glucose

on,

H NADPH

Indole

R-Indole

o

BktB
H;C )l\s CoA )j\/u\s

Acetyl-CoA

FADH,

OH o
H -
CYP102G4 \ oxid N ‘ /
Xiagase p— ’
) - - - —(

NADP*

o
FAD* 2
3-hydroxyindole Indigo < \\
\ \;

CYP102G4
Oxidase
AN R 5.Cl 4-NO,
7 s. |mer|zat|on
H NADPH NADP* \ »
FADH, FAD* H i |§
A )

N Dimerization H PHB Indole

3-hydroxy-R-indole di-R- Indlgo

7-Cl 7-OCH,

= PhaC CH3 ' ___5 |Indigo derivatives-PHB
/\)Ls H onmerlzatlon complex polymer
-I3C

Acetoacetyl-CoA 3-hydroxybutyryl-CoA

PhaB

Escherichia coli BL21(DE3)

Dyes and Pigments, 2022
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E-K

Application
Microbial Indigoids for biodegradable polymers

1em

Tem

PHB

Indole & 4-NO, @ 5-OH Ul

Dyes and Pigments, 2022
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Appllcatlon
Microbial Indigoids for biodegradable polymers

0.60
60
0.50 g
% ;, 50
O 0.40 2
o g 40
0 .30 | e
I l < |
o g 30
o 0.2 | 5 20 |
€
0.10 | < w0t i
0.00 | 0
Indole 6-Cl 7-Cl 5-0 5 Br 5 OCH,3 4 NO, 5-NO, PHB Indol <l 5-OCH 5.0 4-NO
co. ndole 3 -NO,

Indole derivatives in PHB synthesis Indole derivatives in PHB synthesis

30
T 25
'3

173

2 20
E

=)

2 15
>

K-}

2>

= 10
e}

©

®
» ‘ ﬁ
[}

T

]

o 9

co_PHB 7-Cl  5-Methoxy 5-OH Indole 4-NO;!

Indole derivatives in PHB synthesis

Dyes and Pigments, 2022
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Melanin building blocks

o H
N N
o N H H H

Indole-5,6-quinone 5,6-dihydroxyquinone

carboxylic acid

OH
NH,
HO

L~-Tyrosine

aromatic amino
acid transaminase,

OH
o
HO

4-Hydroxyphenylpyruvate

Tyrosinase
_— >

5,6-dihydroxyindole
carboxylic acid
(DHICA)

-Dopa

Tyrosinase /
qu%

Dopaquinone

4 -hydroxyphenylpyrivate NH,
dioxygenase |-cysteine
n
Homogentlsate, HGA Cysteinyld
(2,5-dihydroxyphenylacetate) ysteinyldopa
Oxidation l l
Polymerization
Pyomelanin Pheomelanin

o
D/\/ HO N o [+ N o
Ho Indole-5,6-quinone
Dopamine Leucodopachrome carboxylic acid
o H
N ¢°
’ e
6 N ol HO N o
° .-Dopachrome DHICA
Dopamine-o-quinone l
Ij‘)ﬁ : 10
A N g
o H
Dopaquinone HO b .
DHI Indole-5,6-quinone
Neuromelanin

2023'4 2tet7| @At S-S A
fr7led%s

(o]
H NH; o
Ot
H NH;

Dopamine

Dopamine-o-quinone Homogentisate, HGA

(2,5-dihydroxyphenylacetate)

Cysteinyldopa

o
H .
Ok Tyrosinase o
NH, _—>
HO

NH,

Dopaquinone
\Decarboxylase l

I

Eumelanin
Frontiers in Bioengineering & Biotechnology 2022
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Microbial synthesis of melanin

Pheomelanin

R ——

cysteine
or glutathione

Cysteinyldopa

> g —_— lsomeraSe yI'OSInase
Tyrosmase
Dopaquinone Leucodopachrome L- Dopachrome Indole.6-qunone
Ho Z Eu melanin

L-Tyrosine \ ° Tyrosinase
Tyrosinase HO MH Tyrosmase
histidinol-phosphate L-Dopa "P_,__: .
aminotransferase DHICA
Acetoacetate 5’6'IQCA
4-hydroxyphenylpyrivate
] dioxygenase (HPPD) i
H Cuzt, 5 H —>__ Citrate cycle
Ho Homogentlsate Fumarate
4-Hydroxyphenylpyruvate (2,5- dlhydroxyphenylacetate)
v
Oxidation \l] OH
Polymerization \L #C —>  Pyruvate metabolism
! =
Pyruvate
Pyomelanin

Biochemical Engineering Journal, 2020
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Application
Synthetic melanin dyes for soft lens coating dyes

F/E-Melanin  Tyr-Melanin Sgiu-Melanin CA-Melanin PCA-Melanin F/E-Melanin Tyr_Me|anin Sg|u-

,I

Iﬁn . '

70 r
60 | — - : - ——
Color differences of soft contact lens dyed with snthetic melanine
50 Samples L* a* b* dE
Untraated 8273 .30 -39 0
- FE-Melanin 43 B6 3581 3141 62.01
|.I<]J Tyr-Melanin 67.37 831 2167 2001
Soiu-Melanin 7334 045 0.03 272
it CA-Melanin 6554 239 1198 BY
PCAMNElanin ja42 32357 12 3507
20
a2
10 | a1
40
39
0 38

F/E-Melanin  Tyr-Melanin Sglu-Melanin CA-Melanin PCA-Melanin

Calar Bingran Culer Bingran Culor Ningrms Calas Bingrmn Colar Dingrem

‘Water content (%)

&

%jiiiii

Untreated F/E-Melanin  Tyr-Melanin Sglu-Melanin CA-Melanin  PCA-Melanin

Dyes and Pigments, 2019



2.

Hi
=

=

Water content (%)

=
[ -

otw

m i 753 Ho|2

dlanl

PCA-Melanin

3,4-dihydroxybenzaldehyde
(Protocatechualdehyde)

/

Soft contact
lens dyeing

F/E-
Melanin

Tyr-
Melanin

Untreated F/E-Melanin  Tyr-Melanin Sglu-M

Sglu-

\Melanin

~

20234 87| =AY

2471a4Ys

F/E-Melanin

) I@ o I

[T WL oK wByy—
L1k -2 _4 er 8= 7/b =

Dyes and Pigments, 2019
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NH; TnaA ! MelC HO
A [tryptophanse}-@(:\’m 02G4©§Omdahon (tyrosmase]

L-tryptophan ¢ Indole 2-hydxoryindole '“d'9° Melanindigo Polymer

o) o
H H
o // OH ©
N N |\ N OH
o N "o o N 2o
H ¢
o
H
p ) o /N OH
[ I I\
OH
Ho N o N ZSN oh
— H H ¢
o\
N
HO N OH o N\ N\ OH N\ o
o
J
b o7 : Zon
o}
O H
HO
¥ N Va X
HO N 0 HO N o
H I H O/



o
HO O H OH '
N C
HO N OH »
o

. : : . melC + CYP102 : melC
Indigo  Melanindigo 7= mealnin  sav imace e
BT ok <a i,
melC K, ’ \ AL _ 5 s U,
melC + CYP10: e o : B ﬁ-ﬁ
: e

R
e ¢

Melanindigo = Melanindigo | 7|& mealnin

7| & mealnin

Biochemical Engineering Journal, 2020
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Melanin £ 0| E ¢t battery S

Frm— “ Cathode

~,
L3
v
-
-

.
O e e s i VP

Electric Field

4
»
€] C— Y

Polypyrrole Pyrrole

\\ - ’

~.

_____________________

Ref. Adv. Sci. 2018, 5, 1700634

0 600 1200 1800

o s e e e o B

14000
—#-5mVs!
0109 —e1omvs- 12000 "
—A-30mVs /
—¥ 50 mV s .
? 005 . +1 00 mV 5'1 10000 T /
(@) —<4—300 mV s} _' ~ 5000 .
< £ s
E 0.00 S S PP A R R RN NN R R : O 6000 ./ 10
Q N / o
= N 4000 - £
= -0.05- ) e S
o 2000 - -~ N 2 rf
S '
=010 0- T3 7 5 5w
Z' (ohm)
1 1 1 1 ) ) 1 1 1 1 )
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0 1000 2000 3000 4000
Voltage (V) Z' (ohm)

Biochemical Engineering Journal, 2020



2. néIEI'Ir_I ?_I'E Aol'llk_l' 7|% 7HHEI- 20234 B}5H7| 2 AFASH

2471843

Application Il
Microbial melanin for biodegradable polymers

/@/\HL TyrB MOH HPPD g > Pyomelanin ...
HO

L-Tyrosine

4-Hydroxyphenylpyruvate Homogentisate
(2,5-dihydroxyphenylacetate) % Sonication
nucleation
 —
DMSO
(o) O= emulsifying

PhaC CH; O > 0

Polymerization

BktB PhaB
)]\/u\ : Pyomelanin-PHB
H,;C S- COA S COA H5;C H complex polymer
\ Acetyl-CoA Acetoacetyl-CoA 3-hydroxybutyryl-CoA /

Escherichia coli BL21(DE3)

Biomass conversion and Biorefinery, 2022



& 7S E)

¢7|EE0

uture prospective
Microbial Indigoids for biodegradable polymers

Chromophore Functional textile dyeing

Functional polymers

=

Green reductase | Antibacterial textile
3 Nano-composite | Microbial deterioration

X
Indigo derivatives Indigo design
Halogenase Indi ig oid S Biodegradability

Oxygenase Antibacterial effect

Indole derivatives . Anticorrosive effect

Polymer property
Indigoids probe .
Environmental monitoring Wound healing
Metal/O4/HPOJexplosive Su_rgery ORi sensing
Nano-composite Layered fabrication Sk ireafment
Reduction/oxidation | Hole/electron mobility -
— al o
o (EHEE ) THE 4o R
s, %-g » — Sored) - -
cko=ocio=cio  ‘oHo,
- r ~~
o L ety :‘;f-}‘_f
Chemosensor Electric material Medical/cosmetics/food

Dyes and Pigments, 2020
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'20 Production of Tyrian purple indigoid dye from tryptophan in Escherichia coli Nature Chemical Biology 12.587

20 Whole-cell blocataly3|§ using cytochrome P450 monooxygenases for biotransformation of sustainable Biotechnology Advances 12.831

bioresources (fatty acids, fatty alkanes, and aromatic amino acids)

‘19 Elucidating Cysteine-Assisted Synthesis of Indirubin by a Flavin-Containing Monooxygenase ACS Catalysis 12.350

21 Microbial synthesis of violacein pigment and its future perspectives for applications Critical Reviews in Biotechnology 8.108
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