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(bottom-up synthetic biology)> 40AH 02 Zolrt AEE 7|2HE] thr] AAIeH= XSEL O F “IF M| (artificial
celly’E 7gshs dtEolot), o2l it AFAEE H|E ABlgh HEs oAt A9 T3 EHES
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Abstract — Cells first emerged 4 billion years ago and have evolved over a long period into an excellent system.
Bottom-up synthetic biology is a research field that aims to develop “artificial cells” by returning to 4 billion years ago
and redesigning cells from scratch. Although these artificial cells are not perfect, they are artificial cell mimicry systems
that possess important characteristics of living cells. By designing the artificial cells, researchers in this field aim to
explore the organization and the origins of cells from a different approach than traditional cell biology and ultimately
seek to replace the use of living cells. This review aims to introduce the concepts and recent research in capsule and
biocatalyst-based artificial cells, which have been actively studied recently.
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Fig. 1. Top-down synthetic biology and Bottom-up synthetic biology
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Aol a4 0% Yoz Ve o8 Q=
3 (artificial cells)”& THEo]d H @/do] Qlt}. 53] 313k
&8} (top-down synthetic biology)y ©]& 3l Aol3li= Al
o= SREo| AR, ol At Aolol AlEe] 2RI &
s 7= gick

A= mlo] AR 8] A2 A710]4, 11 belli= i A
EAREo] TASHAINE, 242k o 7 BAPH ol uhe- s ekl
9ou, ol el UL oS BEspA A2 dal Aok E ol 5
Ot 9] 273 o] Wstol] wif-¢- wztsiet. o] ¥l Eej 3k 84
T ETeka, e mle- S84 0% k= Vs 22T
ow, o] gHA ] Wstm Y APAle] AR Y A ES
ShaAE, d Qe ??l' OS5l o] AlEe] -
A Al 2ERE o] A5 71k WiRE A d w5
S B 3H A A2 o2 W E o] 98 Aojg S
B} wheb A E o) o]yl A|AEA EXS Z ¢ 77 olsfst
Hol7bA o8 Ertsto] 88k H3E 54 (cell-mimics), <
TAEE HGL(LEGO®) ZHAH HENH AAlshs 3] &
3-8} (bottom-up synthetic biology)” w0k} .2 237 QIThH[3].
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T, 249 AR, 2Ea golAAlE Al S a7k 5o, o]
off thal NzAll3E BAREE] 2ebiS drdstarat Stk(Fig. 2).

2-1-1. 5H5¥ 231 -F7H(confinement)

Aol Al i S FHEE = AAIREE] H7EQ) 331
7HRek= Aol 71 Fast Aotk AlEE 7YskE o8 7]
S B2 S fA] HdEl A4 7558 7 Qe
d, ol THEES ST o wY Ao ry Vs T3
WS HAsketal, vtz Al ARlo] 7e& 2 W 243
3171 SlsliAlE SHE 2 F31o] A1 A 07 o] AXITE A
Tl A5 ZAUS AL A BH 02 RE SHE 37hs
A A shEA B8 Bl A2 HgE Slisks A0 E A7
T 2w o] Agtebalel A= 2 @ 9l (Alexander Ivanovich
Opariny> o] SH¥ 3712 7|02 {7]&2] v ARl =
oM 2 H|0] E (coavervates) S A|QFSH7 %= FTH4). T3t H5H &
7He A3sHA HEg-o) ofsh YAFREAtA S =2 AskE
2r2 Hu| 371 A5 sh 0 24 53 & I (crowded effects) U .7
W &S A A 7 = AR A E I JlT5]
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2-1-2. -2 3}(compartmentalization)

AlREL] U3 T Fgte] opet EE] A 0% e of 31
71€] 2271 ¥Horganelles) O = L1 014 itk o AAE 783} =2
U2 3} (multi-compartmentalization) ] 2Fal 3t} 53] o] -]
Sh= 15 AlRERD A 2] A1 EAolnt, RleA| 2] 4
Z1#shs 9l g oz A E A EFO] sh3tel] Bo| 34
(symbiosisy& 3151 Zlo] A4 zglato] ofe] 47|} EHA 3t
L] A BAZE A SIS Ao R At IT;]_ [6]. Arolg) =
Al w9 B AR AR E 7 3L gl o]/ At
BAEES EEYo® FEYFoE2A 7 giat %% AustA =4
aFaL Qlrk. wgh 01{ TH@71IHES 15 E 3lo] o AR
QARHES = AXRES L(cascade reaction networks)S
A3l A2 54 (communications)yS 3T}, t3EA Q1 AL 47139
A5 T4 D2 (central dogma)©]th. DNAZF A% RNA
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ATAHE kS
(mMRNA)E #AKtranscription)ah= ¥ 0] 3 U -of| 4] o] F01 2] 11
AARA 7Y A2 = ZH A4 X A (rough endoplasmic reticulum;
rough ER)9] & X 5 (ribosomes) O & ©]F3dFe] whaiz 2 W
(translation)¥] = $Hd 77 o] Lojultt MAAE Za|HWE| == =X
A (golgi apparatus)i o] Fsto] MY & 47 (post-translational
modification) J-5-& 7 ®}.

2-1-3. &4 A H(metabolism)

e P 28R F Shbe 2w BATARE oItk
7;]\0]‘34, ]1__ c&/\].o]_O] KX 7934_ “}\]—O]-O]X] o].o 9O ?___'_-——]___ —6‘_:_1. S 7]
wolth Aol AlEe A5 ¥ =AU R E 7L 9le
W, o8 A4 1 0% AGeka 2n 2ART XY HRH 2

79 271l ol HAE e B R8T A8
Hl&o] YJojih=d), th A o 7 oJokrgie] el 1l Aks) skl 7S
E3l RS A ISALE Al AR S Wojshs 2= AatehA

L, 22 Al Al ] 24 Y Bepshes WheEo] tjanzo|t)
37 (glycolysis)> AIEL] thira] 1 S TAL #7g 1], 'hA
7]. 67H01_ 1::1:1:1— H ]xl—ﬂ;é_]i/\]-/\e o]ﬁ_g]._‘iﬂ/\-] ﬁi,_

F3l oyA] =K1 O]'EﬂJﬂ‘ AFRIZH(ATP; adenosine triphosphate)
< A3, 28 2 (coenzymes)?] HZ B = o} Hd thol
=2l 2 E] = (nicotinamide adenine dinucleotide; NAD)E A <=3+3t
o). o]# 8 A2 2] BAAF HH-5-2 T2 F A (enzymes)2til B2
= AAF AL o3 dojupe], Bl M9 mE Al Ui 9]ellA
E27F AgH(binding)sh= W= EAUALY] UF o7 BRE 4

oJt}.
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2-1-4. 2% (transportation)

AT a7 0w RE Aelg gow BAS AEFoR
ek 52 AL Qe BeE Y B410) 5844 84
ol )¢t AlsEute] Meld fEak, S aholt S B Y A
B3 AEH 0% 2445 B3A)7) 7] 4] thEAolh il A
EE FAEHE ARES Bxjgko] 11, |27} o] gal] Y8l 5
Sk BASL BAge] ArjH o At} o] £ WA
8Py, RAE, 3k o] B JAL ol galo] BAL Sk 218
AE7 BAUAE A7) $18) 2320 JpS T
AR MESIL, AEAES She B B4L A% F
Q3 ot

2-1-5. 7 (replication and division)

R A3 (a mother cell)= =E3te] F 702 &A| 3 (daughter
cells)E A=t o] & A|EFA (cell division)o]2kal ), 4
o] dojur] Hell Aol A7 717 K (genome)= HA = 1
EAE Al A el AR EEEE S AR 9] A
2 TR BAES RAESL S e A sk A
20 2 A7E ARojA(F-HH R 5)Y A7 E A (self-replication)
A E4 9 Al Qs T2 A v O R o AR, A
E7F AEA o' AR G FeshEt E5ARl ER R
St M3ES] A i AT oA dojuf=], 2 A7)
Awre] SV onjgitt. FE9] AHE ] BAETE T 9
DA WA T7)9F dio] AA TR AEHI7E HET, o]
A 22 AEES 33E Tl g BARES 279 As 7

FSEA) SEAY /\g %i_;]— 203

= 590] gleh. AIEE) 27] F7ke AXehe] TR A4
of g Bl U 23S Bl o) FolAlt. A A fAEA) B
A 8 2 AL 21w BAE e FNi,

2-1-6. B (defense)

A T2 AAEF 13%)01vt DA (0F 15%)7 22 A8t
A AR I Qi) o5 EAFES E/d A (reactive oxygen
species; ROS)# 2+ 2ol o gk AbslHh-g-of -9 —H"L‘;}‘ﬂr 24
sbans ARG A A ERS AbSIAIA Alzete] f57dS AA Alsket
Ak, Gz o) WA KAEZ S FAH0] 58 YOoA MEe| X
HAQ EARE sttt B3 ML 2= vle] g A vl glofek
-2 YA o] & (xenobiotics) = A F oFslt}. o] witoll M=
WoAIALE F5310] AMikE S A8 = 545 7 glrt
& é*&iﬂl &k th324] 21 o] 7] 2h2 ZF-EFX| 2 (glutathione)©]
SRR AR B0l SHRES-S tial Faste] AYAIRE
94 S ol 9ES sttt AAlo] Ee tish Az e] o
7_(]—

2 E2)2Rg 1l F4F(lysosomes)y= ©]-8-3F Fauk-g-o] Qlct,

zi'-wlm

N
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2-2. QIBMIZS| 714 =4
AolglE AlEE XA HERAtE YT §47) 127157
1870 Aboll BHalrA 8 7HR AR A2 X e] =90 A4
-20~60%% %ﬁ— oMM EE fEAS 7B, vk o] o]} A
£ B 729 74 59, 183 AT (self-
assembly) A& o] &3t &4 FA 2 B (repair) 2] SHAA
*ﬂim‘ﬂ E’é]i H A Sretrh7]. SFAIRE 43k T =Sl
HIEA] sk ‘ﬂ““’] =47 2
%&7]‘ giu}_ A whE ’Lﬁr"ﬂ FHoksta, welA o oFsh, Al
2ol GA =g} ¥, v F
st 240] gto] AlgHA] o] ek Tl o] Qlth. whebA 01;5144
S B eketo] e BS ARSslE A
T uEE 4 glon, EHE@EE AEAE o] &3 EYHE

a3

3t F7o] tjeko & wo] o] gt}

_ti?“
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2-2-1. AAA A A (lipid vesicles)

QI A o]FF2 Aol Mg vt Fdst v 725
2}, o] ujioll AEA L} fFAFsHAl AAsH= Flo] &
A Al ATl 7P 44 0= T E= ZA 0|t o}X]
oF3= MEES] A T2 wikg- EAgdehd), A AR el H}it
ok 117 o] 9] XA 3} 26711 2] A4 31u] A (sphingomyelin) A]
Az FdErhg]. AE=H A=A ES] 72 74 AL
36 %] phosphatidylcholine (PC), 305-2] phosphatidylethanolamine
(PE), 125 2] phosphatidylglycerol (PG), 13 2] phosphatidylinositol
(P), 12131 13%2] phosphatidylserine (PS)°|T}. 0] T2 ¢14 218 B 5
o]gate] QIFAES] =27E FVdsk= 2 uig- v a&2o]7] whizell
QIFA| 3= 52 phosphatidylcholine 1-2%, phosphatidylethanolamine
12, 28]31 IAA o]F3e] 725 MY ATE ZHAHE
= Z§eto] o] &gttt o) gk QX F 9] Z23HS kRl EAte]
2h A} F-% (lamellar structure) F4d 5-21Q1 217 32| E] (packing
parameter)’} 71€] 10l 5 eHES AA R TE 3§38l 4] ol

AeHT 25 =2 o] ~$’_—E§ 7 A= €k 4= 167) (palmitoyl
group; 16:0)2}, =20l o]n] & f-5/d 2] e sk 1719
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Fig. 3. Size and structure of vesicles including liposomes and polymersomes. SUV/LUV/GUYV: small/large/giant unilamellar vesicles (top).
Pack parameter and self-assembly of block copolymers (down)[9].

523t 158 7= F2

o]-g-ghtt.

= k4 = 187N (oleoyl group; 18:1)Q1 A&

2-2-2, AR} A3 A (polymeric vesicles)

IAF A= E2]7<E (polymersomes)© |2 E 21| 912 A
LXAE FRA SR BARSE Aotk FE FpA 1AL} AT
AR THlls A2 AA S £ F-F 3 (block copolymers)ys
o] g3ttt QA A XA 9} i IA 2 A7 sebE 5 129} 1 AF
olo] L= BHFFTAE A, o] F o] &3dto] EEHES
Az 5 ATHFig. 3)[9]. AHEEHE A AHHA 0% 20,000
ol8le] A& o] 88k, XA Fai-2 Eeole A= 2] (Polyethylene
glycol; PEG), &5 -2 E2]-EFt] Sl (polybutadiene; PB)©]
1 Z2] AE] W (polystyrene; PS), Z2]7}E 2 2H= (polycaprolactone;
PCL), Z 2] t] v e A =2hpolydimethylsiloxane; PDMS) 5 TFF&}7)
ARggic ARk o R ZHued A AxA|HE FRA O
U Pgeitta LRIl oL, AR RS Al AR RS thE
A (polydispersity) .= <13l P o] A k=] L TheFst b
ol& BRItk kAR FA IR = AFAA A 2 Fal = x| gk

T X
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& EQste] 7159 QA Al TEA) @R A
Al2gE AT TR Qlok MRS T2 A B vljoke] A
718k fAbsHAl 2 AI8E71 180 1~500 pm A7 0.2 Al s, o] &
Al E2]HF(giant polymersomes)2til HH, A FA| 3L okl A
71 wo] ARg-EInt, FHtolle A mEAE ARk 2
ZH°] = (proteinosomes) = 7NHH o] QFAHEL] FZ o] 0]-F-F]

At

A A

o3

(¢

g
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2-2-3. T4 AK(porous particles)

3 IRF AR H]E I ExFe] A7 AR A7} oy
e JIFAES ZAEADZ A = QItH(Fig. 4). tl3EZQ1
3 YARR1 AEhe s Wol e e ZIe T EE FEl
TR e EARe] AEA FARS FXE - Q1o B R QFAE
Al 2~Elof] A8 4= QJT}[10]. WIZ T3 (mesoporous) O 2 B
TR U9 SR 2~50nm2] 75715 TR ER, Tl ) e



Fig. 4. Schematic illustration of silica capsules as artificial cell plat-
forms [10].
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sle] §7] 9l ¥| BASL &4 818 4= gt} o] BxpA &)
(molecular sieve effects)= 53] B 4~ (enzymes)-} 35| (photocatalysts)
9} 22 E4S Ul <& 3Hencapsulation) 301 1Y HH-3-7]
(miniature reactors)® AR5} A} S wj] v {230}, =3 AE]
7t T2 flolA Agst (A AXAG EuEe) vlel EE)3)
sh2] 0 7 ull-9- QHete], 2 2, AlHEAIA|, EElA 24, 715
E3NES Sl vl-g- vido] Ashek= o] itk kA g
YA} AR Az F29= ThA Zol R o] Q7] wiiel], Q1
SAE S FACE 7] 8 o7t esttt.

AR RS ALE TEE T Al e e
Aeieked], F2 Ao Fe3 54 9 /X Asiol A f
AR RIFAHIEE A= ofoltt. of A & &sf i
& 7ok ATAEE BEAoR HETt gt Axse &
Aol7t Qlom, A 0% AAHE 572 v 7her A2ES
7Ack, vl ‘Qpr ATASE 2] Hegom g g
EE Al QU e o T Sk sk 5
S EAlsh HWOH% oln] Aolglis Az Aol EAlel]
Eoll, 719} HZE AFAEES AAISR: ARk vlF e A
ol shefehs AEas AEe] S weleAL), 590 A
AT AEH 0 TR AE fAMIE Asls Ro) osld §
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Fig. 5. Schematic illustration of lipid vesicle-based artificial cells as chemical microreactors with spatially segregated reaction pathways [11].
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#o|t}. o] 5 o] &3l 7]E9] Alxzol8-E& thAlsHAY, A7} A Aow FejElo] QlomiA e
2 gl Hue A ARShs Slo] JIFAIE $-8-2 H4 A 719ke] QIEA|E

oJr}. 2= A 2¥AE

[e)

A FRE M ddEo] Yl A 2
5 HHESIATH11]. N2
ofe] 7] 25 7= 7] S1siA] st

FARE 2] U5 A E A (multilamellar liposomes)E 11QFsHl

)

gmolet

2-3-1. QA2RkS EAUAE Fchs BE QIS A =], 2 7rEo] o ikes vieHe S e = o H it
&= Imperial College London®] Oscar Ces W5 A58 &7+ SHAIRE Oscar Ces W A7-8-> ©-AuHe] 43 A (unilamellar
Ribosome
P: PNGP
@ B-Glucosidase P —
h Glucose oxidase H: Hydrogen peroxide
. . A: Amplex red
ﬂHorseradlsh peroxidase R: Resorufin
1 2 20d
B(1,4) link N
( lZ) inkage HO (En oH 3
o SN0 O, OO, CH Glucono-3-lactone
HO™ 7 ToH T o, WO o H H
Nitrophenyl-B-glycopyrancside B-D-glucose H i 0.,_CH,
(PNGP) s i Py A o~
MO g e gy
Amplex red
1.0t /@
c
i)
@ 0.8 |
&
()]
© 067
Q.
=
L 04
-+
Q
3
x 027 e : Open condition
o : Aqueous confinement
0'0 L L 1
0 100 200 300
Time (min)

Fig. 6. Schematic illustration of model artificial cells inspired by living cells. Silica nanoreactors-carrying enzymes are sub-compartments as
cellular organelles. The three subcompartments comprise the cascade reactions networks [12]. Reprinted with permission from [12]
Copyright (2018) American Chemical Society.
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liposomes)2] W7} o] 7)2] -3 0= oA Sl AXAS fL~0.4 pLe] F3]E 7}X]=H, ©] confinementol| 4] o] F{X|= &
AEEFATHFig. 5). T3 747te] 7350 8w ehs Set At 20] S-S T F-u]o X2 NS HT Ul WErhs 2l =5
&= d.o717] Sl 2elli= Aol AjlEo] 7S 738k Bt sttt o] & B3, A2 9 e 723 J‘”"ﬂ’ﬂ ke A2 ¥1-3-¢]
Hl2jopd H420] AF]1 &3] Keko] A (alpha-hemolysin)o] 2h= o G8o] At vle] AR A7]9] F3tellA stslA | dle]
lzg o] gato] FEE AAISIITE ANE- e EAE 2= 7S ARSI
o] g3t =, 79 3l & Ax(lactase), £ A3} E A~ (glucose Syl £AEH o] gl g AFES 4 S Peke
oxidase), 712|311 F:F8}a A (peroxidase)® T3S TE A HA & WeE O 2 A= Q1A E A|AELS 7SI TH13]. AR el A
29l fsll g Fd(lactoseys X Gyt A EZXZE A Nt Z2HE 79ke] Q13 A = poly(butadiene)-b-poly(ethylene
ARl G ASlE Ay XS ST sk AR, Al oxide) (PB;,-PEO, 5) &5 A HE 74E4 = AHE-3F7H, Pluronic
A ;i?l At E A IS B ALAE FalshEA L121 (poly(ethylene glycol)(PEG), y-b-poly(propylene glycol)(PPG); g
FFEAQ HAFH (resorufinyS A st} 72H2re] aAE 584 -b-poly(ethylene glycol)(PEG) )& T ELZE AMH8H] FHdS
o7 shte] FEeful xR E|o] glowm, AN Lut-a|Eeto] M E TEA Az g w52 w|AA (microfluidics)
A8 Tl BHEolAE 1.5 nm A4 9] TS So FA] gk Al~ELE F3) w9 w st A= Azl om, 2732 9F 100 pm
&3l o]zl ot o] AT 747} thE aAE HEsehe 01317};<],]
5 Max Planck Institute for Polymer Research®] Katharina RERIFAES}, e G445 shte] F3te] as) sh= Rdljls
Landfester 5= A58 A&7} QRS 47|13 807 ska AEZE 42 Adsto] QgM 2L FA13 A A E Lﬂoﬂf\i«l 5
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A& B JAFAEE Pt 2] A7 edA s A T3 7 WS TH3IRIh(Fig. 7).
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(HRP)E 77t 54 02 Heslets A7 9] v A1 o] & = 2k (Glasgow) t8} 2] Jonathan Cooper 2.4~ <175 2},
SFATHFig. 6). A7 YedAks A2 dsi-54-S dAdsh=dl, Ll R ( arvard) Ti8H 2] David A. Weitz 5= 78-S ¢
AR g4Q1 Wek-ZFIAH|o] =7} Fa 2] wlEf-1,4-2 8 FA = WAS S ste] miEshs EElwE 71Nk BEl RIFAEE T
ZA3HB-1,4 glycosidic bond)S 7H-3llske] L =S A8k, SFATH14). o] ZEHEFLS 35 ARl ZejoddFa =
FHA 540 TrF A E 0 AHA 49 Tl E 4 9 (Polyethylene glycol; PEG, &4 5000)2 A5/ I-A}Q1 &
& =gy IEEAS AA dF2FEE AT 7Y Q3 A et E2k(Polylactic acid; PLA, 2 10000)2] &5 &5 &A|<l
F9] A7 0.5~15 um A7) AE 3 A9 A7) 9k FAksE, 0.5 PEG-b-PLAZ o]-&3&}o] 2| %3} th(Fig. 8). ©] 17-%1-& w3k 1
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Fig. 7. Schematics illustrating the programmability of enzymatic reaction network in microfluidically synthesized polymersomes with distinct
molecular permeability [13].
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Fig. 9. Schematic illustration showing the procedure for cell-free gene expression of eGFP in proteinosomes that consist of protein—polymer
conjugates (BSA-NH2/PNIPAAm) [15].
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permission from [16], Copyright (2014) American Chemical Society.
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Fig. 11. Self-reproduction of supramolecular giant lipid vesicles combined with the DNA amplification [17].

(disulfide bondsye 7H &5 w=qlehd, SFERA] 2 42 $h¢l TrollA o] A ol AR o] Fo1 A A3 A (lipid
A BA4o o8 Exalo] Zrlslod YRES WEsH sl 75 vesicles)©] ™, UlF-ol4 DNA -34S (polymerase chain reactions;
F7hE Foig = SltkFig. 10)[16]. PCR)°| Aol HAISITHFig. 11). A& 2FA= 7719 5
A XA 3} 3o ool g QIXA R A5 =], 1-Palmitoyl-

2-3-3. 9752 7 Bl Q1AL 2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-
QA Eo] F7thsk Tadashi Sugawara W= 7ES kS]] glycero-3-phosphoglycerol (POPG) and 1,2-dioleoyl-sn-glycero-3-
&l H-dsh= x4 7|Hke] B El A FAEE ANLEIATH17]. o] phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) ammonium
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FEAL M 325 Brf 5o 210 3o wEEH Aksehd
PDMA-b-PNIPAM: 31040 €] A& 7w Eefm ool 5
el A2 EARIT o] Zejro] X 325 K vk 2o
= 5% PDMA-b-PNIPAM= XAd0] HH Z2w & o 2 HE]
%—‘?H %0 %2 gafjulo] vhedA iAol 7 A1 WE-s et
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Y-S FAHA H oA AlEHY] FA3} fARE S Btk

¢
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A ge] i @ hwA | EFE o] gl 84
B EAtolnt. oIk g FAE = B olUA7F 2 QE= A
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vesicle

36°C

1880 s

Fig. 12. Giant unilamellar polymersomes with a temperature-respon-
sive polymer for temperature-triggered division [18].
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Fig. 13. Structure of ATPase (top) [19], and membrane-integrated
ATPase for artificial mitochondria to produce ATP (down)
[20]. Reprinted with permission from [20] Copyright (2017)
American Chemical Society.
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Fig. 14. Continuous NAD*-production and regeneration by an artificial
enzyme set. The combination of LDH (lactate dehydrogenase),
LOX (lactate oxidase), and CAT (catalase) encapsulated in
semipermeable silica nanoreactors [22].
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Table 1. Advantages and disadvantages of the four strategies for coenzyme regeneration

Approach Advantages Disadvantages
. h Er}vu‘onmentally friendly 1) Instability of enzymes
Enzymatic 2) High turnover number 2) High price
3) High specificity gnp
1) Low specificity
Chemical 1) Low price 2) Pollutants as byproducts

3) Low turnover number

1) Renewable electrical energy

Electrochemical 2) Broad applications

1) Low turnover number
2) Low specificity

3) Electrode fouling

4) Mediator dependency

1) Clean and sustainable light energy

Photocatalytic 2) Broad applications

1) Low efficiency in particular in visible light region
2) Photosensitizer dependency
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