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Abstract: The pollution caused by improper handling of plastics has become a global challenge.
In addition to recycling plastics and using biodegradable plastics, an alternative solution is to
seek efficient methods for degrading plastics. Among them, the methods of using biodegradable
enzymes or microorganisms to treat plastics have attracted increasing attention because of its
advantages of mild conditions and no secondary environmental pollution. Developing highly
efficient depolymerizing microorganisms/enzymes is the core for plastics biodegradation.
However, the current analysis and detection methods cannot meet the requirements for
screening efficient plastics biodegraders. It is thus of great significance to develop rapid and
accurate analysis methods for screening biodegraders and evaluating biodegradation efficiency.
This review summarizes the recent application of various commonly used analytical techniques
in plastics biodegradation, including high performance liquid chromatography, infrared
spectroscopy, gel permeation chromatography, and determination of zone of clearance, with
fluorescence analysis techniques highlighted. This review may facilitate standardizing the
characterization and analysis of plastics biodegradation process and developing more efficient
methods for screening plastics biodegraders.
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(polyethylene, PE). %N (polypropylene, PP).
R K (polystyrene, PS). RF LM (polyvinyl
chloride, PVC)., R & & (polyurethane, PUR), %
X 2R — H iR £, — Pl (polyethylene terephthalate,
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terephthalate, PBT) I B (polyamide, PA)%!,
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R R O M SR IC R I, N R
R G el BT, R AR MR
AL B R BOR T-Be . AKX H i 1
() SRR A= 0 o A 1) R AR5 43 A vk S L RS
FlEATERIE , I8 I IR 56 70 B vk 7 0 108 28
Ao 5 itk T A ) B AE BB} fie /22 Ak B 1Y B
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T, A DERE R, 7oA COME R
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Fz 1 ERANZERPERENGE
Table 1

Commonly used methods for detecting plastics degradation

Detection methods Mechanism

Applicable plastic types

Qualitative/Quantitative Reference

Weight loss measurement Plastic mineralization

PE, PET, PLA, PS, PBAT, PCL, PBS, Quantitative

[11-15]

PHB, PUR, etc.

Gas release Plastic mineralization PE, PET, etc. Quantitative [12]

Determination of zone of Plastic depolymerization PET, PLA, PBS, PBAT, PHA, PCL, Semiquantitative [16-21]

clearance PBSA, etc.

Microscope Surface morphology change PE, PET, PLA, PBS, PS, PBAT, PHA, Qualitative [22-30]

(OM/SEM/AFM) of plastic PBSA, PETG, etc.

X-ray diffraction (XRD) Crystallinity change of plastic PE, PCL, etc. Qualitative [31-32]

Differential scanning Crystallinity change of plastic PE, PCL, PLA, etc. Quantitative [32-33]

calorimetry (DSC)

Thermogravimetric Thermal performance change PBAT, PLA, PCL, PS, etc. Quantitative [33-34]

analysis (TGA) of plastic

Loss of mechanical Mechanical performance PE, etc. Qualitative [35]

performance change of plastic

Hydrophobicity test Hydrophobic change of PET, etc. Qualitative [12,17]

plastic
Surface charge analysis ~ Surface charge change of PE, PP, etc. Qualitative [36]
plastic

Gel permeation Molecular weight change PE, PLA, PCL, PBS, PHB, PS, PUR, Quantitative [37-38]

Chromatography (GPC) PBAT, etc.

Mass spectrometry (MS) Molecular weight change PE, PET, PBAT, PBS, PLA, Qualitative [39-40]

PCL, PHB, etc.

Liquid chromatography/ Material composition change PET, PBAT, PBS, PLA, PCL, Quantitative [41-42]

Gas chromatography PHB, etc.

(LC/GC)

Fourier transform infrared Chemical bond change PE, PET, PCL, PLA, PBAT, etc. Semiquantitative [43-44]

spectroscopy (FTIR)

Nuclear magnetic Chemical bond change PET, etc. Quantitative [43]

resonance spectroscopy

(NMR)

Fluorescence detection ~ Change of fluorescent marker PET, PBT, PBS, PBAT, PUR, etc. Quantitative [6,45-49,
50-52]

B AR —Fh g k. Eek Rk
RAE R REIRY) B IR AT B AR b, I 3R
PR, R A YIS, A w TR R
GBI, RUIHEY 2/ 0 RBIHEREREY,
IR E VIR AR R 56— o 20738 0 T ik
A A LR SR A i A W AARDS) ) [)sk ET LS
1A ATIE WS (0 A KR AR AT 2 e R0
122 BRI

R ff R v SR e T 2 I Ak . LI N
MRS S PRAE X SE TR A Y A8 AL AT DLGE o 2 1
f¥’B% (optical microscope, OM)!! | 4 Hi 7 i fik
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%% (scanning electron microscope, SEM)"FIJE
T 1 {55 (atomic force microscope, AFM)®!
SRR, D6 BAEEE R A WL B RR
KR, H 3 BB 200-250 nm. SEM
AR AR e AU ERET, b )
Ferm b R R, HAFREAMEE 1 am'®,
SEM StE R, MEFR, MBSLRSORY . AFM
S PR A A I R g ek
JCAE RN IR it 2R T2 18] A A A 55 19 i~ [ 4
HAEM IR 5 o 0 R 5 MR BT, BB
PRGN A G 2 W AOK I = o FER R,



ETiK F/EMEMERENGENRRHRE 1893

T BN SR R gt ae R rh R TR S AR AR
1.3 MR EL
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ToE T R AW aE 2 TC 7 W BEHLHES G54 5 T2
Al 2R WA IR AR A T AR g4l . b
g5 S R T AR 2 R SRR L, B
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W B RE LSS 3 B2 i BE 3G 0, X2 A T
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MR, Gl syFa . 255E . sCHE
A INFRAE . SR AR, MMM R & & A4
BT,
1.3.4 HMB4EMERS

TiAN, BRREERIE G — e ke AR AL, ANk
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fur g PO AT fr 1 LAE A zeta FRLO A A ER
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RS N AL o 15D 0 B 30 A I 28 i A B
BRI 53 F (AR FUR F 58 e AL Bt H RE DA J5E i [1]
B, L E R BANREY
W5 BT 3% BT 22 1 sl ) 2 ol B M aE £, s fse R et
K . GPC M EESHCHEIY /7 FHM,). &
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distribution, MWD). %74 H it 191343
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PARA, ATy R LD 300-300 73, HATH]
FARUE SRR 2 I (A i sl B A2 1 CO,
e AR A R o A SR AR AR
142 BUEMS)-SHE(GC)YBE(LC) 7T #

JoT R (MIS ), AT L A A 0 98 e 62 fe v ™ A
NG FACE Y o BT 3 A — Al i 15 5
i bU (5T B -HL ] PO B o3 A ik, AR J
i S A E S PR A AR E, ERA
[F) o g L A7 LB F, SR EH, B
BB T, SEA SRR Wik B PR
Jiii% (high resolution mass spectrometry, HRMS)
BB, 40 KAFEF[E] (time of flight, TOF), {# B
A% 55 - [\ i€ 3L 3k (Fourier transform ion
cyclotron resonance, FT-ICR)Flit Hi, 37 % i Bt
(electrostatic field orbital trap)55, 7] SZ P & UEHf
Py BT o, XA B TR AR ) .

JE i A AT LS5 S S U (GC) SRR
(liquid chromatography, LC)%% G K& & 431/
O3B W RUBE R B . AR BT RS E
(GC-MS) AT Lo A AR A v 5 & Ak &4,
W AH B IE IE FH (LC-MS)id & F 53 B 1 A
HEREAE Y
143 EHEMTHRIIMNEIEFTIR) AL R
KL (NMR) 5 4

il FRL I 46 21 P O 3 (FTIR) VS A A% 1 3
P% % 1% (nuclear magnetic resonance, NMR)!"*!,

JERIN IR A Y TR O T H . 2D

=2 ERNEBNEESYIRILINFEES
Table 2

T A 43 1 9% 3l (% 3 ) BE 2 BR A W Wi Y 21
SRR AT E M . E R BT T . SR
f9 FTIR FRAE WO 5 (R 2)H T 3RAE SR A
ol 0 Ak o A 2o R A A AR AR B0 R IS A
(carbonyl index, CI)I & S Ay Ho 5 1 RS TR AR
55 F L B W ey T AR Z B, AT FTIR B
HHATFHE R RED R ALK, g 3R
T 2 A FH 5 A e D A% P BB % S A S5 )
WA TR E T . R s AT B 7, S
RN R G T A PUE Y TR B A
VER o A% AT LA 4 DR A 1T 5 1 53 45 1)
S Bk SEOT R AR BT Y AR 1k ok S
it A2
1.4.4 FRLEBDH

AR, OIS B Bk B 2 1 G
ST FEMORRE RS, L ISR B
WS 2 DI FIE R ML, BIEESR
SERIE AR ST BRAT o ARFR I BRATE = 2 DU AREIE
KAG LA 5 TR ST BRAT W A B 5 6Tk
S, PEYOREEG . PR — MR R
TS A BT R B G RO B sy
Bk PR v R R S SR RN R AT (Y 5
R, M) 2N T A RRE | SRR
FA R R A VR G 40 . 9Tkt 3R
TE SRR A ) — R 22T B, I ] SR} 65 i i
J& 5 BN B 9 S YR B o O R N,
R AT B89 D' A Ak SRAE B i ok B2, o 9B

Infrared characteristic bands of common plastic polymers

Plastic polymers Abbreviation Characteristic bands (cm™")

Polyethylene PE 2919,2 851, 1467, 725

Polypropylene PP 2935,2917,2873,2 845,1459,1377,1 156,971

Polyvinyl chloride PVC 2970,2911, 1426, 1334, 1254, 1099, 962, 693, 614
Polyamide PA 3299,2934,2 858, 1633, 1540, 1473, 1276

Polyethylene terephthalate PET 1715,1504,1453,1408,1339,1241,1102,1015,723
Polymethyl methacrylate PMMA 1730,1479,1443,1378,1268,1240,1 190, 1 150, 844, 755
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2 1" g (polybutylene succinate, PBS)!7)

RT _MR-2 —FR T & (polybutylene succinate
adipate, PBSA)*" | PSP PET-2Z iR Y
(PET-ethylene glycol copolymer, PETG)"", &
V\]@E(polycaprolactone, PCL)W]\ REFE T REE
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Khandare 2514385 1 4 FhRE % [ (I 55
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Bacillus sp. AIIW2)Z [t 4K 78 PET R H I 5| &
HEEMRAE . A T 8 H AT AR fE PET w5 AY
FEfdfE oL, WAl R E, ZBAE 90 d
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B 1 A 20 7 Bk & K X LDPE /Y % £ fig
Beltran-Sanahuja 25 L 1o 2 5 i B PEAS T B
MELF PLA BPEHEAS RIS T (B A6 7E B/ T
HEAME T BLBUK AT PR 5T S i5 Y/ o5 Je 540 F
B IS ) — A BRI 0L, R R
AN [F) R A 236 SR e TR, T O BR T e Y
AL
2.2 ERAENE&E MR

Charnock!" 1 4 T — Fl 3 T B IgF- te 45 77
PR T E vk, B TR G IR B X T PET
B K G M o 45 IR B /8 Ideonella sakaiensis
201-F6 (—FhEEFEMIFAIT PET A KAAHE)
) BT V% S TR T DA 2 3157 B (I8 1) 1T oAt
74 PP AR IRAEDERE h R B W . S5 S
1E PET /KGRI H AR AR L, 37 W VL B A
B S ARRE, AT SEBG PREEAR S R 0 AR R
O IR R A T v A O 1P a8 W A mT
TERIR R G i bEJ5 1 PET 7K fff B PR 56

Shin 25" T AL GE R BRI AR A5 T
V2K T A= 00 5 A B 04 A WL R TR R 1Y)
BB E B b, W2t A =/ NRSEH R
o % T AR SRR, AT LA S PR T a7 B X
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1 {£F PET KBk 7L & HI & BB As 4k £
(30 °C, 72 h)H Ideonella sakaiensis 201-F6,
ERANEEABETILERIEHE"

Figure 1 Ideonella sakaiensis 201-F6 grown on an
agar plate prepared using PET nanoparticle lotion
(30 °C, 72 h), zones of clearance are visible around
individual colonies!®.

SR B R R W o VR TR PLALL PBS,
PBAT Al PHA fifi et 73 85 th Z Wbk, IFH.,
I SEM | K Hefil /1 43 BT FZE X O HL 1 RE
ji%(X-ray photoelectron spectroscopy, XPS)5 i
T IR TR SRL I ) A W R SR
Molitor S5 Ut F i/ rhie (4 Tl = BRAE M IS
YA TR , R R SR BRI 1 732 B P
SE, W T Ok A 3215 Y HIERUR RIS i
FL R (BRI R (Pseudomonas  pertucinogena)
() SR TG Al 95 M . Danso 281N i3 25 4 A W
[Al 41 (integrated microbial genome, IMG)¥( ¥ /&
G 0 0 175 B P 0 R & B 4 R ELA PET /K M
MM, 7350, R IMAEHEE RN, WA
& PET 7K fiff il 36 [ 1 32 245 3, T e Rl oo 32
R R TS AETEH . Oh Z&P%%E ik PCL
L B A A f 2 O B 0 ke B T B A B R A
SERH (Candida antarctica) W) IR Wil B 78 {4
CalB-658 HA fi# K PCL itk . Ahmad %P
18 1 3R A Y B R R RS Tk A i 2 R
Y77 S ER 1 (Roseateles depolymerans sp.) TB-87
(49 2 A% i B i Est-H Fl Est-L 518 325 PBSA
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R e fie

Wang 25V BLFEAR Y ot 4y i g 3 v 5
B —F A H (Acinetobacter sp.) AnTc-1 BEWE
REf PS. flifiTilid SEM WSS 1E W it A v
A YR B, 40 A0 SR A IR R TE PS 3R
1, H PS BT H 30 & B LI AN, R
WPk AnTe-1 BEEFHTE PS IR I 3T K B A
PS. Ji4h, KEME . TGA., GPC 45 HRIELH
Bk AnTc-1 XJ PS (1R i fiE

Tarafdar 4512 MRGE T 088 R 26 1 A2 0 i %
BB =R A MA@ LT SEM & BliE
B EHIFF R (Bacillus siamensis) ATKU1 ZE1¥8
BLR Y A YR 7E LDPE R IADESE I B
FFLIR AN, RBIX LA A F A LDPE
VE MBI RE ) o B ) AFM R T iX bk
£ LDPE W B mi i A= ¥ i) 3D & F R, I
RIAE A WAL BS B 2 5 T LDPE 2 i i)
W, [Fi, DSC, GPC. FTIR I FT-ICR
MS 73 Bt R B T 1 Bk ATKU1 AT Ff# LDPE.

Akarsu S5PYiE T SEM ER A HTRT L T4
P T A ZE T R (Anoxybacillus flavithermus)
Gecekds FllRAH ZEHIAT B (Bacillus firmus) STS
XiF B RS [ RUSE B PE (50 A 150 um) A A= 4
Wk it B 0, B T R Rl A ) 0 e A A8 R e IR
512k 50 um 9 LDPE 50K, 1fii Gecekds X i
ki LDPE 3 H} 8 i AU AR AR o Kosiorowska
SN ik SEM R BB KA f AR BRI 1 B
(Yarrowia lipolytica)7E 40 ML #1 7= A= U5 H it 95 P
TV (Fusarium solani)f) ff BTl , FRILHE XS PET
(PR BE 71 - Sintim %Pl 8 SEM R BRI 4= 9
Wi 93kl PBAT F1 PLA/PHA 7E 18 J& (%4> T HE
HE 275 A v 23 T R AR 1 K AN 8 K R
Yoshida 251 i i i 5s & BRAN TR 1. sakaiensis
201-F6 RERSIH ] PET 1 H: E B 6

Chen F5P7i 1 o ik B (R Al & S mg o0 A 17
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PE TBHE A AR h R AR . L 32
R, B PSR A 4 9T (attenuated  total
reflection, ATR)$; AR IRAGHE i B 615 A1 RS 2L
PadE s SRJE MNP ATR Sk A i AR PR R
PRILFRIE, M ATR EHG R HEEL T IR S 2441 4%
% = if & (red, green and blue channels, RGB)gi
ERHIER N LAB Bl 2S [ AR PR(L M52 bR
JE . A HLL-SRE . B IS BREE); A
BEOCTE R AR S FE SAE S AL G, W
Rl G 5 5 J A H RS B R T U SN A
TR UGHE O R RS BRI [ AR R R 1Y
TRk I A R R A 7 PR

Schnitzler 45PR FHJC 5 B 407 4 B il
B (lens-less
LDHM)X} PETG Riff b i o A2 647 0 (&1 2) . 76
LDHM {4, PETG K i (1K i /£ PETase 4b
PR ASAHHURS . FF I8 BB SR VRS R R
B FAR A7 KR 2 R 5 B 52 BGOR L i 45

digital holographic microscope,

4 nm
15 nm

R, HAPTEAG RGP Ak, ifiE
o R B RO AH 4,33 (ultra high performance liquid
chromatography, UHPLC)F1 SEM #ESE 1 1t 7 ik
SHESita

Guo 5P FH 4 ) 12540 ) SEM
LRy AR W] T A L PRAE A W) e AL 3R
KA B EE R RS R K] [sPETase HY i
AR IBCHUE T HAM 4, JEEm T i
5B RURYI I G455 1 LS G50 WA X 32
WS RN TS MRS G B, JF Rt
P T PO RS SRR 9 55 ERAR G A e A 2 1Y
BERY X I FE 5 8 1 78 SR K fif v DS I i A
RV R E B, IR PET YRR IE
MG A TR
2.3 XRD/DSC&TGA&HH M RE& R E M BE

Gao 2P B B 1 A /55 B (4 ternaria
alternata) FB1 H. G 7F PE W% &5l i RE
il XRD 43#r & BH 28 d bk FB1 ALFEAY PE

Sample

211m[ I 7 / 7|;

4 nm Laser diode

CMOS sensor

2} ERERREERGNEERBFLEERFEFEE@G@Y  REEER THOERRICH R
BURHRE AL (A2); LDHM 2 B (A M) — RO A48, % — B DUIRT BI{ERY 12 mA g,
PR 650 nm, MRS, fTHSEISEH CMOS fRifgRic 3

Figure 2 Schematic illustration of the plastic sample (left) and of the lens-less digital holographic
microscope (right)®®). The schematic illustration shows the laser marked plastic sample with single
dimensions (left); The LDHM setup (right) consists of a laser diode driven by 12 mA current below threshold

with a wavelength of 650 nm. The plastic sample is illuminated and the diffraction pattern is recorded by a
CMOS sensor.
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IR PR R 425 E DA 62.79% I [ 3] 52.02%, X 3%
W FCTA AR AT DL 25 2 As PE RE W 4+
5458, SEM. FTIR, GPC. GC-MS 45
HEW] T AR FB1 RRAZ KM% PE W

Shi ZEP2HE T 3k A AR 24 £ (Candida
antarctica) BRI B RS ] H(F. solani)iy
fA B X PCL MR Bial . R E
(thermogravimetry, TG) il 7 A # H (derivative
thermogravimetry, DTG) %37 & B 1 i it 4 i 1)
PCL AP FEE LTI 2Rk, BRIVRE A
PCL 1) TG #1 DTG HhZem Bl X#s5h, &
Bl PCL WM BRI TR SY) . DSC Al
XRD 73 A3 PCL 28 £ [ e o 4 b B B A ]
TR, AR NI A e 245 S B 2 R D34,
il FTIR 3Hrai RR], f R PCL
B ORI E R, AR 2F B R

Beltran-Sanahuja %@ i DSC Al T % #1
B PLA APRHE Ry 3 — 4 RO REDAS [] 391
NIRRT DG . I AR RIS 25 (AH,,)
IR E(COBA K AW B2k, Ti7E PLA #4
R E] CL 8, HAEERAH T3
M. [RIE), x5 R 5 E & FTIR 43#r4s
R—2, UL ISR AN B AT RE s RE b Rt
fIFEAR . Joshi SE“IZ ] TG-DSC ZMHTIEW] T £
T2 BT TR T 4 4 D B 5 AR B A% LDPE J2 e 2818 fn
P )3 . Ruggero Z5PUMg FHIEM R AW
Mater-Bi®(MB), PBAT £ PLA HEFT#4L 20 d fY
REFRBTECFN 40 d AR B RYHENEIIA . TGA
ST R MB HIEMA ST T KIE TR, FERE
HUEM RIS . RIET, PLA Wil T &4 T4k
Rofie, P T, B BRI BE A 7% . X sl i
1 REPE . SEM., FTIR Al GPC A EITESE

Xochitl 2L BB IEIE 25 0F T, =
25 B 2 Jfi(high density polyethylene, HDPE)H]
TRERM, BRPRETEE 13%. A IbREf7
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1) 25 %5 i B¢ 24 (HDPE-OXO) Hy T-H i i 4 Ak
BN, WrEMRR TN 27%, SR1, it GPC
1 FTIR 43#7 % ¥ HDPE Al HDPE-OXO 7ESZ50 i
Jo AR R, B R AR T A R AR
2.4 GPC. NMR. FTIR. MS&LC/GC

Nikolaivits 251738 13 2 F i Al GPC B3¢
T2k H B B h R 8 (Moraxella sp.) W%
fitt(MoPE)%f PCL, PLA. PBS. PHB fll PUR
M BE J1 . PCL TELRHF i 70+ & (M, [
10.4%) A9 [l B 2R B0 10 S5 vy A B e i 2, R B2
H SR G W BE A o I R R S 8 WERE W
FHERYREALT 24 7E B T PLA B9 M, 082> 10.3%;
1M PHB =4 A A 24 ) T30 M, Bl 2b 46%,
Hfi 2k 8.9%; MoPE 7E PBS | A4 NI 1 7R
B, M,k E] 25%, JREHKL N 5.3%:;
[ IF, M5 PU I E R 3.9%, M, 820 4.1%.
XUEHERIESE MoPE & —Fi 2 U B 1 /8 ¥4 3R e
Mty , ELA i i LI % e

Prudnikova ZE%E it GPC 40# T PEAA AL
JU AR b, DX ARG - S A A R R A BRI 3%
L T PR B [poly-3-hydroxybutyrate, P(3HB)]HY GE
J1o BFE R BAE NI 15 S A fysesed i, db
P I BAEAS A M, ML 590 kDa 435I T [ )
537 kDa 1 550 kDa, M, M 210 kDa 435 T [ %]
129 kDa Fl 133 kDa, ZHH4#45%((dispersion
index, DPD)L M 2.8 34/ %E] 4.14-4.16, X FKHE
Gt R TR R

Roberts ZEMWIHESY T WA i 5 Ye i + 3 vp
B AEB AR PET (FEMREE S,
ATR-FTIR 734t KR EEA M AL 3T PET %K}
M)A YIRS I E T . TES AP T HL ),
MBS AR AR IS B0 PET IR 85X, oss/11 408) I
Tt TRFEFEEL, 715/11 208) FIEREEFE BT, 080/11 408)
TR, AZmEEER(H NMR)ZS B3], BFhan
WA PET JUUREL 0 8 35 v ™ A8 T R g R
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(1.04 ppm F11.88 ppm). & _FEH(3.26 ppm
H13.43 ppm) ¥ 3(2.28 ppm), FHIAHEIEME T
PET JHRIER B A 2407 . FRILMR I i) 1y B 2%
BT X SEAH TR X PET AR KM o 3K 300 A 5%
TIE T8 FH 200 TR 3K A5 AR A 7 A 0 o e R A 4 Tl
PET BURLE ) (4 T BE1E .

Niu 2095 5+ FTIR-ATR 4347 % BRI T ]
FUUAI R 0 2 50 om TR B AL TR i k4
I DA - 24 38 B R (B K 1 900-1 600 cm ')A
51 2R 2.8%IEMFNEE 5 )20 4.9%, X E
B DR b SR A e R R ST AR L AT B
SR W A I R AT 6 o X SLAE 5 S 3k i T
T UTER Y O R Y T A0 A RN TE M U
Rif e R AR T T 1) L i

Yan ZEPERGY T T ARG G R SN B AL
1 Wi (Clostridium thermocellum) 4y W 3% 1K W)
JE i LCC 7E 60 °C Xt PET JHJIE i) P A RE 1
i HPLC 23 A BRIERE 7 2 d Ja st nl 46 &)
Sy R TPA H(2-3% £ 36 ) X 2K — W IR g
(MHET). FiE#H pHAEM 7.4 PR N FER 6.5,
15 14 d JEOHASESE TS 6.2, TIFTASRIEN, g
IR Y — R W R S A BUAE PR
A FTFRFSE PET B A P4 i . Kim 26
ik HPLC 431 A& R 3K B AKX 3 (Chlamydomonas
reinhardtiiy CC-124 {351 PETase X PET

Fe(Iy+0, <& Fe(ll1)+0,~
20, +2H" — g H,;0,+0,
Fe(I1)+H,0, — Fe(ll)+ OH+-OH coo

COO~

H COO-
—_ I—[O‘ﬁj

HA R A R A 16 1

Cho Z5EPMfi I GC-MS 4 M7 2 1 #F
(Bacillus sp.) JY35 %F PBAT i1 F& M %, &
WAEFE IR 2 NSRRI S8 T, AR AR
o, 3% 3 FEIRH 50%. FiAh, AR
JY35 ik ] LIF%f# PBS .PCL.PLA .PHB . P(3HB-
co-4HB). P(3HB-co-3HV)Z:, ZFHH AT HEL
J5TF) A= ) S AR i 57

Nasa %10 I —F 26 F 26 48 8 1 0 48
% (selective ion flow tube mass spectrometry,
SIFT-MS) 9 JoAi J5 i4 AL T WA Ry Lt vb
PEAT B 1 — 2H BORHIE Fr B 45 R A P &
¥ (volatile organic compounds, VOC). i i 3 il
41 (principal component analysis, PCA)E(E 5347,
KB4 SIFT-MS DGk i i B AL R R 1Y
ZHREMBI S VOC HEMZe . BT
KA SRR R AR . XU EERELE 2 min ARG
SR R 8 HEAE R R R
2.5 ROLEE @G E

Ebersbach 27 2012 A8 T 26t
G DN 2 v 3 Tk 7 08 5 R AR R UK i 1 . PET 1Y
F K S N 2R W R A S Bk B L
AR B R AR A SR AT LR AL O B 9k
1) 2-FR BT — R I (2-hydroxyterephthalate,
HOTP), MifiitfriE il 3). it 96 fLik

Ex: 328 nm

X CO0

HO
—
COO X

Em: 421 nm

COoO-

3 SBESNUNSHXE - PRESEE L E RO 2- B E XK - REES HOTP = E™
Figure 3 Schematic illustration of the hydroxylation of terephthalate to fluorescent 2-hydroxyterephthalate

(HOTP) mediated by iron autoxidation™).
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HIZOG T, E T SRR T (Thermobifida
Susca) KW3 )R BEK fig B AL PET #ER A PET
ZK UKL P A TPA B &5 . X 5 HPLC J7ik
ARAG A 25 A A (R*=0.99), & HH 2 6 5E ki
FH T R 7K Sk T 114 vy 30 0 7 08 o 12000 5 Ty TR AEAS
) (0 22 vP I B2 . SO IS TE] . pH (E AR 1B A%
AR A m AR E M

Shinozaki 5T & 1 —Ff faj B H Y Jy 1k
R TEAR A Wy m] i ¥ 81 (biodegradable  plastics,
BPs, {d4% PBSA. PCL. PBS)REMFHCR. ¥
T YRR BPs BEHIVEIRY), SO 24 h )5 BEE
W B AR AL UESE T fH BPs FRAR S I I YL bR
o FELRIE 4. (1) B BEHERTTE,
TE B K EVR 235 A7 Bl % BPs WiR(BPs EZ
WG R — M ke, IR T () T8
BPs i IRIKEEIA W ; (3) MESUW (30 °C, 24 h)
(BPs [REFEARBEHLSRL, WK ODgoo B M) (4)
W SN AR B 96 LIS LR 1 IF I 5 ODgoo-
Xy B A W' BE %) 72 A ke DY 9 R
fiff . CACFATE T AT LATE 5 I [) P9 PR 53 A R o
AORES, AR TR R e BPs R, HAMY
AL M olili, b ] LAy AR R o At AT el
F 7€ S A MLk (total organic carbon, TOC)H Jr
PRI T WO EEMNAXT BPs AR PEAG A AT AT

Enzyme solution (50 pl.)

BP film containing Nile
blue staining reagent

PEo XIS LN A& T —Fhbl st BT B pEAl
BPs M2 [ A 1 575

Zumstein YO T —Fif 7 38 2R i R K
fRBER T2 . H RSP BRI R R
fi& (fluorescein dilaurate, FDL, —Fh2¢GHEIEY))
R A B R ERIL T, I 7 5 R A0 /K A S0 1)
I FDL Bfe oK i 2R (K 5). A1 ]
Tt ik ) (F. solani) W) 8 J5t i (FsC) 7K il &
FDL ) PBT # Bl ] pH-ifE . TOC i E #1
JEM IR 7T R R AT . BT FDL #Y
Jiik, a8 Wb AR AN R RE R X 2 b B A e
Bl (FsC AR B i T ) /K ik 8 Tl JIi J017 1 SR T ik
1 R R T . BAR 2 FIEEAY K AR 3R
HIS i R T A I PR RN S I R 2 () 2 S A O
AN, AELJi 107 A F18 30K e s 2% L o Joi i B P
o YRR JRE AR R TR B 1 S 0 M AR S 6 A
A a] R ML [ g 1K iR R A X T
VEZR T T FDL A4 7 2% 72 B2 58 Mg /K ik 1) i
e AL FT P B 1 fig

Qiao F5INFF R T — Fh 5 6 W T W 4 ik
(FADS)H U7k, T myid i 1% PET AR A=
Ve, ZM TS 4 D2 ERIE 6): (1)
TR T 32 2 A Tl ) B T VR LA B A L ) Dy =
BERTEWH s (2) BIOEREH IO R — AR

Water-repellent
printing glass slide

—

(@7 mm)

Bl 4 EAEENNEYEMREREEITAEN B REE
Figure 4 Evaluation of the relative BPs-degradation activity using dye-containing BP films (dye-BP

assay)[45].
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O 1 e ) N A )
O +H:O O +H20 i
R O R —RCO,H R Aoy s ~RCO,H S R
O%\O 0] 0/&0 —H 9 T8 e o Gl ¢ -H 0 0 > 30

Fluorescein monolaurateﬁ/ Fluorescein’ @,

Fluorescein dilaurate /
5 WHRZAEBRKNXARFDL)E/KBRRAALZREEEHPK N RE AERRES(ENPIEIKE

2/

Figure 5
fluorescein monolaurate as the intermediate hydrolysis product)t

Enzymatic hydrolysis of fluorescent probe fluorescein dilaurate (FDL) to fluorescein (with
46]

A
_ FDBz :
‘-‘ L] [ . \ ) I - > .’ :
R ole ~ [) ) ® ¢ ¢ — |
- 'r= ) (; .: & A [
Microbes
Making droplets Picoinjection Sorting Cultivation & Validation
B OH 0 C 0.9 - ,i,“:_,---__i OH

O  BHET

oﬂ 0_._0 0 T o=
((PH 8) O O % PETase FMBz
YQ)LOH MHET 0 N HO~ O~ OH
X0 0 LI
OH TPA 9
FDBz o

0 Fluorescein

0]
0]
O‘/\O PETase
0O
PET H

6 ERRERE_KREBRAFDB)EARRY), B RBHIRAEI PET BERHMEYHITTERNT
TERES A SEERUT, @4E PET MMM M58 . iR AIKIE. B: PETases Xt PET 4 ¥
2R MHET , W(2-%2 2. 38)%f 2K — H R fis (BHET) M TPA. C: FDBz /K fift B il A 4 (. 5¢ Y i FMBz Fll
Figure 6 Workflow for sorting PET-degrading microorganisms by droplet microfluidics using fluorescein
dibenzoate (FDBz) as a fluorogenic substrate!®. A: Sorting procedure including isolation, culture and

validation of PET degrading microorganisms. B: Biodegradation of PET by PETases releases MHET, BHET
and TPA. C: FDBz hydrolysis releases FMBz and fluorescein with green fluorescence.

b5 g

fig (fluorescein dibenzoate, FDBz, PET [fi# it}
FOCEREN T H BN (3) mid sk, 4R
TRRERE 41 FDBz BYGAED; (4) 20 B % [
PEG A TR IZ R G T ok B PET 2541
(KRR S IE I L3R4S T 9 Bk PET MR
Mo o By B9 N A Bl BR TR (Kineococcus
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endophyticus) Un-5 Fl13 F2 %5 % BR 1 (Staphylococcus
epidermidis) Un-C2-8 £t 4 JL N4 J7 51 73 B &
BT 2 AATRER PET MM S9 948 fil PHB,
I A FETE W E A SEM B T A K uE T8
ITX) PET FEMERYRE ST o 25 Bl 2R ET 1
o S VR A A 0 v R o TR R A
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SRy SRR R W (R T e B Rt T A LB

Li 2P0 T 923 AT e SR W 1 A A R
WM, T = RO M A A
13 455 PBAT Y [ A7 S B0 MRS ARIC AR Ik
WFSE T IR A FIOG ISR A 7 vk  PBAT K 224 i
SO BT RRRR, AT 6-2 R
(6-aminofluorescein, AF)7rF#ric. £ 490 nm
IR BN, AF 43178 515 nm 4b 27 i
HISER a0t . A, FRILAT AR N-FR L
FAME Y 1 (N-hydroxysuccinimide, NHS)#1 1-(3-—
AL 2 B N 2 )-3- & BE ik W i ER R R
[1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride, EDCII& k., 59 CHREH 2
R I EERE (B 7). Had B b e f B A e
PBAT Wi fl542 A AF %W HH R4 T8 75 Ak B . 7
AR A [R] R B2 W] AWRER BN ZE 6 Ry B 5] oA, 13t
Bl AF 2@ RS, H O RIRC
AF Peis, ZOEHRIHA . 1E 2D EUR Al LI
L2 HA 510-550 nm FEREEN MO0, £
HIAEAE R L . TEANFIMIET RN AF XA
PRic#®, EIAE 15 min 0] DLSE A58 3 B FRic
R B, FR G GRS A I e
SRR %) G fp 178 2 — b R AR H T RE RSN , T
AT 38 2o 5 G B PEAG AN 7] B A i 422 114 I
IR .

Gimeno-Pérez Z U T —Fh i FL 2

O

OH
Degradate HO
—b.. O
0O
O

7 AF ¥RiC PBAT /KR4 M~ =EPY

PBAT

i B A PET FfifpFe BE 1 SR o I SR M kT i
I )i i (KREDs) A1.0> )L 5 Jiff (diaphorase) 7E. PET
Rt = A A T R i R AR S s . He
SRR SeIe PET /K™ ¥ £ — BE(EG) i i
JR BRI I A, T A S AR A Bl S R Y
K JE(NAD/NADP'-NADH/NADPH), %% 4#
R 72 0O LB i A A0 LR 36, R RS TS5
f9 7] R W8 S5 R 5 9 G Y 2 (18] 8) . X T
W T RS PET AUSSHIEAIC EG 1 MR
Y14 6 Fi KRED, HA A% )e KRED61 . %
KRED61 53k BB i (Clostridium  kluyveri)
FLONUEREH G, W0 T ok B & B R e
(Saccharomonospora viridis) AHK190 i #Fa E
1 G AR IRAEAL 1Y PET FEfRIC N . Z )5, R
F HPLC & & 7304 PET FEf# 4, KIH59¢
ek Z [ A RF A ME , GEB] T IPtEE
A HEAE

Bayer 25181 9R 2 18 )5 i (carboxylate
reductase, CAR)Fll# Y Z iff LuxAB 255 76—t
M T — A E AN AR R L CARTER
WaFF B (Escherichia coli)yfF3RiKIHH TPA ik
AR B ZREECEA R, T AT DAROR B &0t
FFAR TR (Photorhabdus luminescens) W) 542 it
LuxAB A4 W& Bedn iRm0 77 LE A W RO . IR
W ¢ FH A6 0 BB A Y R R K A il PES-HI1 AN
LCC LK TR LCC'“C fitfk PET Bfi Ak

AF

Figure 7 The carboxylic acid produced by hydrolysis of the AF-labeled PBAT!".
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A R & HQ :: 0
O
o >f <:> < i 0] OH
0 Cutinase o) 0 Cutinase
~0 > e —\—OI-I . i
HO BHET T'erephthalic acid
xo O HO—\_
I > < > ? OH
0 OH y
MHET Ethylene glycol
B (0]
Ho-~~OH KRED of“*’
Ethylene glycol Glyoxal
NAD'/NADP* NADH/NADPH 0
I
LU0 <5l O
HO 0 0 Diaphorase HO B @]
Resorufin Resazurin

B8 FATRNEMBLAYN PET BREMBHERNY  A: MR PET 094 YIFE# R BHET .
MHET JH 4K, TPA FI EG 457 #). B: Ik Sz )W % T A ik B (KRED)XF EG AU, 3B 51 Al gl
JUUTE (DA AR TR 5, ANTIERE JC S 6 R 7] R B 18 S5 985603 il R

Figure 8 PET degradation and conjugation reactions for detection of degrading compounds!*”. A:
Biodegradation of PET by cutinase releases products such as BHET, MHET and their monomers, TPA and

ethylene glycol (EG). B: The coupling reaction is based on ketoreductase (KRED) recognition of EG. The
reduced cofactors can be recycled by diaphorase, thereby reducing the non-fluorescent resazurin into the

fluorescent molecule resorufin.
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Figure 9 Enzyme-linked biosensor for detection of TPA in Escherichia coli™. A: The biocatalytic
degradation of PET by hydrolase releases monomer molecules, including TPA and EG. B: TPA is reduced to
the corresponding dialdehydes and monoaldehydes by CAR,;,, which are recognized by LuxAB to emit
bioluminescence, and the endogenous enzymes further reduce the aldehydes to the corresponding primary
alcohols. C: Reactive TALs are converted to diamines by reductive amination and basic workup as an option
for future upcycling after further optimization.
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