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Abstract

Polyesters, especially polyethylene terephthalate (PET), are widespread in many daily applications,
including the textile industry. Due to their resistance to degradation, textile waste is landfilled,
incinerated or — preferably - recycled. Novel recycling processes refer to biocatalysis-based technologies
for plastic textile waste preprocessing, ink removal and hydrolysis while keeping energy costs low. Such
technologies apply cutinases, enzymes that are produced in plant pathogenic fungi and bacteria, which
can degrade the natural plant polymer cutin as well as artificial polymers like PET, making these

biocatalysts interesting for industrial applications.

This master thesis concentrates focuses to on the improvement of the recycling process for synthetic
fiber based textiles targeting an optimization of reaction conditions for immobilized enzymes to achieve
optimal performance. The very target of this work was the immobilization of Humicola insolens cutinase
on SEPABEADS™ECEP/M (Resindion), for hydrolysis of PET powder, its oligomers such as bis(2-
hydroxyethyl) terephthalate (BHET) or bis(benzoyloxyethyl) terephthalate (3-PET) and applying
optimized parameters for enzymatic treatment of chemically preprocessed PET fiber samples.

The overall-performance of the immobilized cutinase was explored under different experimental
conditions and compared to the free enzyme. A higher concentration of released monomers was verified
under alkaline conditions simultaneously with increased enzyme activity in the supernatant. The
performance improved when using the model substrates 3-PET and the water-soluble BHET. The best
result was achieved with chemically preprocessed samples at pH 7 and 50°C.

Free cutinase performed sufficiently under all conditions. The distribution of the hydrolysis products
varied, depending on the pH level and incubation temperature. The percentage of released TA was
highest at acidic conditions (pH 5.5) and 70°C. BHET was not stable when incubated at pH 8.5.



Zusammenfassung

Polyester, vor allem Polyethylen-Terephthalat oder PET sind Materialen mit verschiedensten
Anwendungsmoglichkeiten, unter anderem in der Textilindustrie. Kunstfaserabfélle sind nicht abbaubar
und missen daher, deponiert, verbrannt oder — bevorzugter Weise - recycelt werden. Moderne
Recycling-Konzepte nutzen Biokatalysator-basierte Technologien fiir Vorbehandlung, Entfarbung und
Abbau von Kunststoffabfall unter vergleichsweise milden Reaktionsbedingungen.

Die, in pflanzenpathogenen Bakterien und Pilzen vorkommenden, Cutinasen sind in der Lage
synthetische Polymere wie PET abzubauen, was diese Enzyme fur umweltspezifische Anwendungen

interessant macht.

Diese Masterarbeit konzentriert sich auf die Verbesserung des Recyclingprozesses fir synthetische
Textilien, mit dem Ziel die Reaktionsbedingungen fiir PET Hydrolyse mittels immobilisierter Cutinase
zu optimieren. Die konkrete Aufgabe dieser Arbeit war die Immobilisierung von Humicola insolens
Cutinase auf SEPABEADS ™ ECEP / M (Resindion), zur Hydrolyse von pulverformigen PET, dem
beim Abbau entstehenden Bis (2-hydroxyethyl) terephthalat (BHET) und Bis (benzoyloxyethyl)
terephthalat (3PET) um mit optimierten Reaktionsparametern die Abbaubarkeit von mit Druck und
Hitze vorbehandelten PET Fasern zu testen.

Die generelle Performance der immobilisierten Cutinase wurde unter unterschiedlichen
Reaktionsbedingungen getestet und direkt mit der des freien Enzyms verglichen. Bei Inkubation mit
3PET und wasserloslichem BHET war die Konzentration an Reaktionsprodukten deutlich héher. BHET
erwies sich als nicht stabil unter alkalischen Reaktionsbedingungen (pH 8.5). Die hichste Konzentration
an freigesetzten Hydrolyseprodukten wurde bei vorbehandelten PET Fasern bei pH 7 und 50°C erzielt.
Die freie Cutinase zeigte hohe Aktivitat unter fast allen Bedingungen, wobei die Menge an freigesetzten
Monomeren nach pH-Wert variierte. Der Anteil von freigesetztem TA war bei pH 5.5 und 70°C am

hochsten.
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Abbreviations

Table 1: Abbreviations

BHET Bis (Hydroxyethylene terephtalate

BSA Bovine serum albumine

RP-HPLC Reverse phase High Performance Liquid
Chromatography

HiC Humicola insolens cutinase

fHIC free Humicola insolens cutinase

iHiC immobilized Humicola insolens cutinase

EC/EP Enzyme carrier with epoxy functional group

FT-IR Fouriertransform Infrared spectroscopy

K-Pi Potassium phosphate

MQ MilliQ-Water

MHET Mono (Hydroxyethylene terephtalate)

NaAc Sodium acetate

PEG Polyethylene terephtalate

3-PET Bis(benzoyloxyethyl) terephthalate

p-NPA para-nitrophenylacetate

p-NPB para-nitrophenylbutyrate

SDS-PAGE Sodiumdodecyl-polyacrylamide
gelelectrophoresis

SN Supernatant

STD Standard deviation

TA Terephtalic acid

p-TA purified terephtalic acid




Table of Contents

Department of Agrarbiotechnology, IFA-Tulln Institute of Environmental Biotechnology.....................
IVTBSTET TNESHS. ...ttt bbb bbbt
AADSTTACT ... R R bRt b e r e i
ZUSAMMENTASSUND ...tttk b b ettt b bbb s st e bt e bt et nb e r e nn e ii
ACKNOWIBAGEMENT. ...t bt b ettt b bbb e et ne s iii
ADDIEVIATIONS ...ttt bbb e ettt bR b n et v
TADIE OF CONLENTS ...ttt bbb e et b b r e nn e %
TADIE OF FIGUIES ... sttt e s b e e e beeae e s b e s be e st e sbeeteebesaeeneesreans vii
LI o] Co 0 BT [V L o] LSS X
Lo INEFOTUCTION ..ottt b bbbttt bbb 1
1.1, OULIINE OF thIS WOTK ...ttt 1
1.2, O/P HYAOIaSES. ... coiviieiiiiitieiie sttt e 1
L1201, CULINASES ..ttt bbbkt b bbbttt b e bbb 3

1.3 GIEEN CREIMISIIY ..ottt bbb ettt b e 5
1.4.  Poly ethylene terephthalate .............coooiiiiiiii e 6
1.4.1.  Application of PET for synthetic fiber production.............c.ccoceieiiiiiiininic e 7
1.4.2.  Chemical and Mechanical reCyCliNg ........ccccccvviiiiiiiiii e 8
1.4.3.  Other recycling tEChNIQUES .......coviiiiiie ettt s 9

1.5, The RESYNTEX PrOJECL....cuviii ittt ettt sttt s be e sreete e renre s 9
151, WOIK PACKAGE 4....ccveeeieiie ettt ettt ettt s beebe et s be e e s te st e sreetaenbesre s 12

1.6.  ImmODIliZation OF BNZYMES ........ocuiiiiiiieie s 12
1.6.1.  Carrier bound immODITIZALION ..........ccooiiiiiiicc e 13
1.6.2. ENTFADMENT ... e 15
1.6.3.  CroSS-lINKING ... e 15

P /T (= T PSS 17
2.1, BUTEIS . 17
2.2, SDS-PAGE ... bbb aree 17



pZ0C TR 1101007 o 11 [ 110 [P RO RRPRRRR 17

2.4.  Determination of protein CONCENIIALION...........cccoviieiieiecicie e 17
2.5.  Determination 0f eNZYME ACHIVILY ........ccooiiiiiiiiiieiecec e 17
2.6.  Analysis of Substrate and MONOMETS..........ccciriiiriiiieeee e 18
B IMIBENOGS ...ttt b s 19
3L BradfOrd @SSAY ......ccueiuiiueriiteieeeiet et 19
3.2, SDS-PAGE ... bbbt e ae s 19
3.3.  Fourier Transform Infrared(FT-IR) SPECLIOSCOPY ...vveveiveiieiiiitieiesieeeesieseesieste e sresraesresreas 20
3.4.  para-(Nitrophenyl substrate) aCtiVity @SSAY ........cccevvvereiieriieieiieie e 20
341, ACHVItY OF frEE BNZYME ...cii e 20
3.4.2.  Activity of IMmObilized BNZYME .........ccoveiiiice 21
3.5, IMMODITIZATION ... 21
3.6.  Optimization of reaction CONITIONS ...........coiriereriiieiei e 22
3.6.1. LONQG tIME STADIIITY.....cveieiieiccce s 23
3.6.2.  Washing StADIITY ........cooiiiiiicic s 23
3.6.3.  PH STADIIILY .o 24
3.6.4. INFIUENCE OF SNAKING ..o e e 24
3.6.5. Incubation with chemically preprocessed SUDSIIAteS........c.ccvvvveieieiiieve s 24
7. RP-HPLC bbb bt nns 25
3.7.0. CaliDIatiON CUMVE ...ttt 25
3.7.2. SAMPIE PreParalion .......ccveiveieieiieiesiesie sttt 26

4, RESUIS AN DISCUSSION ......cuiiiiiiiitiitiitiite sttt bbbttt nb b nn s 27
A1, SDS-PAGE ... . bbb e aeanrs 27
4.2.  Activity and enzyme CONCENTIATION .........ciiiiriiiieieieieiee et 28
4.2.1. IMMODITIZATION ... 28
4.2.2.  Activity of the immobilized eNzYymMe ... 29
4.2.3. Long time 1eaChing aCHIVILY .........ccoiiiiiiiee e e 29
4.2.4.  pH dependent leaching and activity (p-NPB activity assay) ........ccccecervvrieerrneiiennnne 30
4.2.5. pH dependent leaching and activity (p-NPA activity assay) .........cccccerrvieereneiieennnennn 32



O T e I 1 o T4 1 1SS SSN 34

A4, RP-HPLC FBSUILS ....cviuiiiiiitiii bbbt 36
441, Washing StADIIITY ........ccooiiiiiiieee e 36
4.4.2. LONQG tIME STADTIITY.....cveiiiicce s 37
443, PH SEADIITY .o s 38
4.4.4.  Variation Of SUDSTrAe FatiOS.........cccoviiiiiiiiiie s 44
4.45. HYArolysis OF 3-PET ..o 45
4.4.6. HYArolysis OF BHET ..ot s 47
4.4.7. Hydrolysis of RESYNEX SAMPIES ....cc.veiviiieiiiicie e e 48

5. Conclusions and OULIOOK ............ceiiiiiiiiiis e 52
T AN o] o= oo L PSSR 54
7. RETEIENCE ST ... ittt b et b e enes 65
Table of figures

Figure 1: Schematic diagram of the o/p hydrolase fold (Ollis et al. 1990) .........cccevviiviiiiiiiiiniiiienins 2

Figure 2: Figure: A Ca diagram of the nucleophile elbow of the a/0 hydrolase fold enzymes. Shown are
Acetlycholineesterase(AChE) - green, wheat carboxypeptidase Il (CPW) -orange, dienelactone

hydrolase (DLH) -white, haloalkane dehalogenase (HAL) - red, Lipase (GLP -yellow) and triacyl

glycerol lipase (MLIP) — blue (Ollis et al. 1992). .......ccccciviiiiiiiee e 3
Figure 3:A schematic drawing of the plant cell wall/cuticle complex of focusing on the main structural
parts. (Yeats ant ROSE 2013).......cciiiiiuiiiii ettt ste et s te et st e s e s b e st e e e s beebs e besreesresteaneesreeraentenreas 4
Figure 4:Cartoon model of Humicola insolens cutinase (Own image created with PyMol® software) .. 5
Figure 5: Global production of fossil energy from 1800 to 2010 (H66k et al. 2012) .......ccccevvvvervennene. 5
Figure 6: Synthesis of PET using the dimethyl terephthalate process ...........coceveveiieeic i cicne e, 6
Figure 7: Synthesis of PET using the terephthalic acid proCess.........cccocvvieviieiiieiececie e 7
Figure 8: Process scheme PET production (HITACHI 1994) .........coooiiiiiiiiiieeeeeeeee e 7
Figure 9: Used textile composition (Own diagram, data from SOEXGroup (Germany))........cc.ccccveueee. 8
Figure 10: Core goals of the Resyntex project (ReSyNteX 2017)......cccurvrirerenenieiieisise e 10
Figure 11: Processing steps from waste material to chemical feedstock and value added products
(RESYNIEX 2017 .tttk b bbb s et b bbbt bbbt et b e bttt b e bbbt 11
Figure 12: Detailed process scheme of Work package 4 (Resyntex 2017) .......ccoocvvevvvivnieninenenenienns 12



Figure 13: Techniques for carrier bound immobilization (Cantone et al. 2013) ........cccccvevevevviiernenne. 14
Figure 14: Stick Model of Humicola insolens Cutinase (Own image created with PyMol® software) with

highlighted lysines (orange sticks) and the active site (in blue: Serine 105, Histidine 173 and aspartic

Lol [0 R O (o] [o =] | I 0 ) SR 15
Figure 15: Simplified reaction of crosslinking between amino groups and HiC lysine residues. R=
PEOLEIN, R27 CAITIY ...ttt et e e ettt e e et e e et et e e ee e e e e et eet et e eae et e eeeeet e s e eeeeeeeete et eneeaeeeneseeaees 27
Figure 16: Gel scan of SDS-PAGE after Coomassie staining. a-1) HiC, Size standard, a-2) Protein
Ladder PAgERUIEI™ ...ttt ettt s 27
Figure 17: Monitoring of immobilization of HiC a) Enzyme concentration in the supernatant, b) Ration
HiC ImmODIlIZEd ( STD < 0.5%0) ....veiiiriiiteieiieeeeee e 28
Figure 18: Released p-NP after incubation of p-NPB with IHIC. ..........c.cooiiiiiiiiiiece 29
Figure 19: ACtiVity OF THIC IN U/QBeads -+ «vereereerrererieniniinieiinieisee sttt 29
Figure 20: Activity of leached enzyme after long time incubation without substrate at 50°C 100rpm.
Additional incubation with substrate of 72h und same CoNditions............cocooereieieiniiii e 30
Figure 21: Enzyme activity of fHiC. Incubation at 50°C, 100 rPM........ccccririrereieiesisenese e 31
Figure 22: Activity of iHIC. Incubation at 50°C, 100 rPM......ccciiiiieiiiiiiie e 31
Figure 23: Activity of iHIC. Incubation at 70°C, 100 rPM.......cccciiiieiiiiiiie e 31
Figure 24: Activity of fHIC. Incubation at 50°C, 100 IPIM. .......cccviveiiiiiiiie e 32
Figure 25: Activity of fHIC. Incubation at 70°C, 100 IPIM. .....c.ccceviieiiiiiiiie e 32
Figure 26: Activity of iHiC. Incubation at 50°C, 100 rpm. (p-NPA)......cccooiiiiiiieeece e 33
Figure 27: Activity of fHIC. Incubation at 50°C, 0 rpm (P-NPA). ....c.ccoeviiiiieie e 33
Figure 28: Activity of fHiC. Incubation at 50°C, 100 rpm. at 70°C, 100 rpm (p-NPA)......c.ccccvvenenee. 34

Figure 29: FT-IR spectra of Resyntex samples that were chemically preprocessed. EE21B) Filtrated and
lyophilized solution obtained after chemical hydrolysis. EE21C) lyophilized solid residues after

hydrolysis. Normalization area 2200-2000 CM™ ........coiiiriiiiiiiie e 35
Figure 30: FT-IR spectra of PET powder and TA. Normalization area 2200-2000 cm™.........c.cccoenee. 36
Figure 31: Effect of washing on hydrolytic activity of iHiC. a) Concentration MHET, b) specific product
release MHET, ¢) chemical structure of MHET ..o e 37

Figure 32: Long time incubation of PET powder with iHiC 100 rpm, 50°C. a) Concentration TA/MHET,
b) specific product release TA/MHET, additional incubation with substrate of 72h und same conditions
(IO =) ISP 38
Figure 33: Incubation of PET with iHiC 100rpm, 50°C. a) Concentration TA/MHET, b) specific

monomer release TA/IMHET (no STD after 120h incubation time because of partial precipitation of

monomers Within Sample trPlICALE) ........ooov i 39
Figure 34: Incubation of PET with iHIiC at Orpm, 50°C. a) Concentration TA/MHET, b) specific
MONOMET TelEASE TA/MHET ... e 40

viii



Figure 35: Incubation of PET powder with iHIiC at 100rpm, 70°C. a) Concentration TA/MHET, b)

specific monomer release TA/MHET .......ooi i e s 41
Figure 36: Incubation of PET powder with fHiC at 100rpm, 50°C. a) Concentration TA/MHET, b)
specific monomer release TA/MHET .......ooi i s s 42

Figure 37: Incubation of PET powder with fHIiC at at Orpm, 50°C. a) Concentration of released
Monomers, b) specific monomer release TA/MHET ... e 43

Figure 38: Incubation of PET powder with fHIiC at 100rpm, 70°C. a) Concentration of released

TA/MHET, b) specific monomer release TA/MHET ..o 44
Figure 39: 2.5-20 mg of PET powder mixed with 10 mg of iHiC Substrate. Incubation with Tris/HCI
0.1M, PH 7 @t 100rPM, BO%C ...ttt etttk n et n et 45
Figure 40: Chemical Structure 0f 3-PET ......cc.oiiiiii e 45
Figure 41: Incubation of 3-PET with iHiC at 100rpm, 50°C (no STD at pH 5.5 because of partial
precipitation of monomers within sample tripliCate)...........cccoooeiiiiiiinii s 46
Figure 42: Incubation of 3-PET with fHIiC at 100rpm, 50°C ........ccoiiiiiiiiniieneieeee e 46
Figure 43: Blank of 3-PET. Incubation at 100rpm, 50°C..........cccoiiiiiinirine e 46
Figure 44: Chemical Structure 0f BHET .........cccooiiiiiiiiiece st st 47
Figure 45: Incubation of BHET with iHIC at 100rpm, 50°C ........cccoiiiiiiie i 47
Figure 46 Incubation of BHET with fHIC (100rpm, 50°C) .......ccciiieiiiiiiie e 47
Figure 47: Blank-of BHET (100rpm, 50°C) ..ottt ettt 48

Figure 48: Blanks for incubation of chemically preprocessed PET fiber without filtration (EE21A).
TA_B: Blank for TA (substrate + buffer). MHET_B: Blank for MHET. TA_B+B: Blank for TA +
EC/EP beads, MHET _B+B: Blank flir MHET + EC/EP beads .........c.ccccoovevieiievi i 48
Figure 49: Blanks for incubation of chemically preprocessed PET fibre with filtration (EE21B). TA_B:
Blank for TA (substrate + buffer). MHET _B: Blank for MHET. TA_B+B: Blank for TA + EC/EP beads,
MHET_B+B: Blank fir MHET + EC/EP DEAAS .......ccooveieiiiie ettt 49
Figure 50: Incubation of lyophilized solution derived from chemically hydrolyzed PET fiber before
filtration (EE21A) with iHIC at 100rpm, S50°C .......ccoiiiiriiiiiiieieieese e 49
Figure 51: Incubation of lyophilized solution derived from chemically hydrolyzed PET fiber after
filtration (EE21B) with iHIC at 100rpm, 50°C ......cciiiiiriiieiieieeee e 49
Figure 52: Incubation of lyophilized solution derived from chemically hydrolyzed PET fiber before
filtration (EE21A) with fHIiC at 100rpm, 50°C (no STD at pH 5.5 and 7 because of partial precipitation
of monomers within sample tripliCALE) ..........coviiiiiiii s 50
Figure 53: Incubation of lyophilized solution derived from chemically hydrolyzed PET fiber after
filtration (EE21B) with fHiC at 100rpm, 50°C (no STD after 120h incubation time because of partial
precipitation of monomers Within tripliCate) ............cooiii i 50
Figure 54: Reduction of disulfide DONAS ...........coiieiiiii e 55



Figure 55: Effect of SDS on polypeptide ChaiNS..........cccveeiiiicii s 55

Figure 56: Types of movement induced by infrared radiation (Alvarez-Ordofiez & Prieto 2012) ....... 56
Figure 57: Basic components of an FT-IR spectromenter (Alvarez-Ordéfiez and Prieto 2012) ........... 57
Figure 58: Hydrolysis of the substrate MOIECUIE ............cecveii i s 58
Figure 59: setup of a HPLC system (Waters 2017)......ccccccueiieiieiiiieie e sre e s 59
Table 1: ADDIEVIALIONS ..ottt st e st e saesbe e e steereentenreenee e iv
Table 2: The Resyntex work packages (RESYNEX 2017) .....ocerverrerieiiiiniienesie e 11
Table 3: Alternative substrates for NYArolYSIS........cc.oiiiiiiiiiiee s 25
Table 4: RP-HPLC Gradient .........ccooiiiiiiieieiee st 25
Table 5: BSA CAlIDration L........cooioiiiiee ettt sre e sre e e 57
Table 6: BSA CAlIDIration 2.......ccooiiiiiiee ettt ra e sre e ne e 58
Table 7: Standard CaliDration TA .......ooi ot ste e sreeraebesneeneeneeans 59
Table 8: Standard calibration BHET .........cocvoiiiiiiieie ettt 60

Table of equations

(1) EQ. L: CaliBDratiON:....c..cueeiieiieiiieeetest ettt b e 19
(2) EQ. 2: ACLIVILY TTrEE ENZYIME ..ottt 20
(3) Eq. 3: Activity IMMODITIZEA BNZYIME ..o 21
(4) EqQ. 4: ImmODilization eFfICIENCY .......ooviiiieiiei s 22
(5) EQ. 5: WEIGNT THIC ... bbbttt 22
(6) Eq. 6: specific Hydrolysation rate iHIC.............ccoiiiiiiiiiiiic et s 23



1. Introduction

1.1. Outline of this work

The research concept of this master thesis can be split in two major parts, beginning with a
characterization process for immobilized Humicola insolens cutinase hydrolyzing crystalline PET
powder amongst other model substrates like bis-hydroxyethyl-terephtalate (BHET) and
bis(benzoyloxyethyl) terephthalate (3-PET) to gain information on influence of reaction conditions
towards efficacy of the enzyme. This was determined by measuring the concentration of released
monomers such as TA or the oligomer BHET in the reaction buffer. This initial part is necessary to
identify optimized reaction conditions for the second part of the thesis: The treatment of chemically
preprocessed samples, where only PET oligomers were hydrolyzed and oligos from polyamide 6.6,
which can be used as second value added chemicals were left out. Incubation with free enzyme was
always performed under the same reaction conditions, since chemically preprocessed samples derived
from the Resyntex project contain soluble as well as insoluble fractions, therefore incubation with free
and immobilized enzyme finally gives a broader picture.

1.2. o/p Hydrolases

As one of the largest super-families, o/p Hydrolases and the structurally related enzymes belonging to
this family show a broad repertoire of catalytic functions. In the beginning of the 1990s, the elucidation
of the 3D-structures of five apparently unrelated hydrolytic enzymes revealed the so called o/p-
hydrolase fold (Ollis et al. 1992). The examined enzymes were acetylcholine esterase (ACE) from
Torpedo californica (Sussman et al. 1991), dienelactone hydrolase (DLH) from Pseudomonas sp.
B13(Pathak and Ollis 1990), lipase (GCL) from Geotrichum candidum (Schrag et al. 1991),
carboxypeptidase (WCP) from wheat (Liao D | and Remington 1990) and haloalkane dehalogenase

(HAL) from Xanthobacter autotrophicus (Franken et al. 1991). “The canonical” a/B-hydrolase fold is
an eight- stranded mostly parallel o/f structure. The fold has one strand (32) antiparallel to the rest with
the connections of the strands as outlined in Figure 1. The sheet is bent to form a half-barrel and it is
highly twisted with the first and last strand being oriented at approximately 90° angle to one another.
The first and last helices, respectively, aA and oF are packed on one side of the sheet, while the rest of

the helices are located on the opposite side of the sheet (Holmquist 2000).



Figure 1: Schematic diagram of the a/p hydrolase fold (Ollis et al. 1990)

The o/ hydrolase fold marks the core of the enzyme. This structure contains the catalytic triad, as
identified by Ollis. The active side loops like the “nucleophilic elbow”, which is the most preserved
region has a a central y-shaped turn between- strand five and helix C. The shape and degree of curvature
of the B-sheet has a strong influence on large scale structural differences of a/B cores.

These nucleophilic amino acids are always found within a cavity, consisting usually of a penta peptide
Gly-X-Ser-X-Gly. The function of this cavity is to contribute to the formation and stabilization of the
oxyanion-hole, important for the stability.

Figure 2 shows the nucleophilic elbow region of several o/f Hydrolases. The high structural
resemblance visualizes the importance of this area (Ollis et al. 1992). Together with the acid turns and
the histidine loop the catalytic triad is formed. Cutinases show features of two enzyme classes containing
this active center: Esterases which catalyze formation or hydrolysis of ester bonds and lipases which
hydrolyze or synthesize lipids. Those proteins are closely related, although lipases have a unique
structural feature called “lid” which covers the active site (Jaeger et al. 1999; Tyndall et al. 2002). In the
closed state the active site maintains a hydrophobic state. This changes when the enzyme interacts with
a lipid water bilayer interface, which leads the opening of the lid. Lipases can also be considered as
esterases which act on long chain acetylglycerols (Jaeger and Reetz 1998)

The geometry of the nucleophile elbow also contributes to the formation of the oxyanion-binding site,
which is needed to stabilize the negatively charged transition state that occurs during hydrolysis (Nardini
and Bauke 1999).



Figure 2: Figure: A Ca diagram of the nucleophile elbow of the a/0 hydrolase fold enzymes. Shown are
Acetlycholineesterase(AChE) - green, wheat carboxypeptidase 11 (CPW) -orange, dienelactone hydrolase (DLH) -white,
haloalkane dehalogenase (HAL) - red, Lipase (GLP -yellow) and triacyl glycerol lipase (MLIP) — blue (Ollis et al. 1992).

Enzymes that belong to this family often have a molecular mass between 25-65 kDa. They can operate
on substrates with completely different chemical or physicochemical properties. Most of these enzymes
do not require any co-factors for their function (Damborsky and Koca 1999; Fetzner and Steiner 2010;
Steiner et al. 2010); whereas other enzymes with this architecture require metal ions for the enhancing
stability (Tyndall et al. 2002; O’Connor & Stockley 1986). The a/p hydrolase fold family includes
proteases, lipases, esterases, dehalogenases, peroxidases and epoxide hydrolases, making it one of the

most versatile and widespread protein folds known (Nardini and Bauke 1999).

1.2.1. Cutinases
Cutinases or cutin hydrolases [EC 3.1.1.74] are enzymes originally discovered in phytopathogenic fungi
which use cutin as carbon source. They have a molecular weight around 22,000 daltons (Carvalho,
Aires-Barros, and Cabral 1998) with highly conserved stretches, which include four invariant cysteines,
forming two disulfide bridges. The Cutin is integrated and over-layered by intracuticular and
epicuticular waxes, complex mixtures of hydrophobic material containing very long-chain fatty acids
and their derivatives. The combination of cutin, waxes and possibly polysaccharides, forms the cuticle
(Jeffree 1996) Since their discovery in the early 1970s, various fungal and bacterial cutinases have been
purified and characterized. Their role regarding the penetration of intact plant surfaces is well

documented (Kolattukudy 1985; Purdy and Kolattukudy 1975). These properties can be even used to



enhance the pharmacological effect of chemicals used in agriculture (Genencor 1988). Figure 3 shows

a simplified drawing of the plant cuticle

A
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Cuticular Layer

Polysaccharide
Cell Wall

Figure 3:A schematic drawing of the plant cell wall/cuticle complex of focusing on the main structural parts. (Yeats and
Rose 2013)

Cutinases combine catalytic properties of lipases and esterases, therefore show catalytic activity in
water, as well as in oil interfaces. A big difference to lipases is the absence of interfacial activation,
meaning the ability to shield the active site from the solvent which gets accessible in the presence of a
lipid/water interface (Carvalho et al. 1998; Grochulski et al. 1993). Their lipolytic ability makes them
useful for many industrial applications such as hydrolysis of triglycerides and esters (Flipsen et al. 1996;
Goncalves, Cabral, and Aires-Barros 1996), esterification (Sebastido, Cabral, and Aires-Barros 1993)
or as laundry or dish water agent for the removal of fats (Flipsen et al. 1998; Okkels 1997; Unilever
1994). In addition, their high or even amplified stability in organic solvents (de Barros et al. 2011) and
ionic liquids qualify cutinases together with lipases and esterases for application in industrial processes
with challenging process conditions (Klahn, Lim, and Wu 2011). In non-aqueous environments this
enzyme can be used for synthesis of short chain aliphatic esters (Abo, Christensen, and Hu 2011;
Nikolaivits, Makris, and Topakas 2017; Su et al. 2016) to polyesters (Alessandro Pellis, Herrero Acero,
et al. 2016; Pellis et al. 2017). Together with other hydrolases, these enzymes are often employed in
organic chemistry, due to their wide availability, low cost as well as substrate specificity and
independence from cofactors.

In terms of plastic degradation, Cutinases from Thermobifida fusca (Thf42_Cutl) and Thermobifida
cellulolysitica (Thc_Cutl and Thc_Cut2) where characterized regarding PET hydrolysis and compared
to structurally related cutinases to evaluate their hydrolysis activity (Gomes et al. 2013).



Figure 4:Cartoon model of Humicola insolens cutinase (Own image created with PyMol® software)

1.3. Green chemistry

The essential tasks of sustainable development are reducing the negative environmental impact of the
substances that we use and generate. Therefore, a fundamental change towards renewable energy
production und substitution of oil based chemicals is necessary. Although it is not possible to predict
the exact date of exhaustion of fossil fuels its most likely that it the majority or oil-, gas-, and coal
reserves will be depleted by 2100 (H66k, Sivertsson, and Aleklett 2010)
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Figure 5: Global production of fossil energy from 1800 to 2010 (H66k et al. 2012)

Since the 1990s, certain trends regarding environmental friendly processes have established. Notable
achievements have been made for example in application of supercritical fluids for chemical reactions



(Brunner 2004). While it is difficult to give an exact definition for green chemistry, 12 aims and
principles, established by the American Chemical Society such as use of safer and less toxic chemicals
and solvents, atom economy (maximize incorporation of all materials us in the process), design for
energy efficiency, use of renewable feedstocks, reduction on derivatives among others define the outline
of this term (Anastas and Warner 1998). Modern approaches such as continuous flow processes (Wiles
et al. 2014) can help to establish sustainable und efficient production of chemicals, where operation
under pressure enables use of low boiling solvents and reagents at elevated temperatures. Precise

reaction control and cost reduction among other advantages come with these new techniques.

1.4.Poly ethylene terephthalate

Poly(ethylene terephatalate) is one of the most important polymers today. It is a thermoplastic polymer
with high tensile and impact strength, transparency and sufficient thermal stability (Zimmermann and
Billig 2010) and wide variety of applications. The crystallinity grade can vary from high amorphous to
high crystalline. Except for alkaline or acidic treatment, it shows a high chemical resistance
(Goodfellow Inc. 2003). Polyethylene terephthalate can be produced in two ways:

The dimethyl terephthalate process shown in Figure 6 is performed in two synthesis steps with the name
giving compound and excess ethylene glycol starting 150-200 °C with a basic catalyst. Methanol
(CH30H) needs to be removed by distillation to drive the reaction forward. Excess ethylene glycol is
distilled off at higher temperature with the aid of vacuum. The second transesterification step proceeds

at 270-280 °C, again with continuous removal of ethylene glycol as well. (Képnick et al. 2000).

HO

I
Oy s
S OH
H.C o\|

Figure 6: Synthesis of PET using the dimethyl terephthalate process



The terephthalic acid process is achieved directly at moderate pressure (2.7-5.5 bar) and high

temperature (220-260 °C) (K&pnick et al. 2000). The reaction is shown in Figure 7.

o o]
OH
0
OH HO ) 5
HO + N HO
OH
o © n

Figure 7: Synthesis of PET using the terephthalic acid process

For polymerization, purified terephthalic acid (pTA) and mono ethylene glycol (MEG). are the preferred
precursors for synthesis of PET since Water is the only byproduct (Pang, Kotek, and Tonelli 2006).
Figure 8 gives a simplified overview on the complete process chain. This synthetic polymer can be

found in different applications: fabrics, bottles, films or engineering plastics (Ji 2013).
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Figure 8: Process scheme PET production (HITACHI 1994)

1.4.1. Application of PET for synthetic fiber production

The textile and clothing industry covers different types of fibers, with about 54% synthetic materials.

The consumption of these synthetic fibers increased between 2000 and 2012 by 77% (Harder et al.



2014). As a consequence, the increase of synthetic fibers in global consumption results in the rising
demand for petroleum-based chemicals (Alessandro Pellis, Herrero Acero, et al. 2016).

Regarding the textile industry, Two PET grades are dominating the global market: the fiber grade PET,
with a MW of 15-20 kg*mol and intrinsic viscosity between 0.4 and 0.75 dL*g* and the bottle grade
PET, which refers to a higher MW polymer (>20 kg*mol?) with an intrinsic viscosity above 0.95 dL*g"
1 (Al-Sabagh et al. 2016; Tasca et al. 2010)

In the year 2010, the World fiber production has been exceeding 64 million tons per year (Wang 2010).
Extensive energy consumption during is necessary during the complex production processes (Kocabas
etal. 2009). Figure 9 shows the composition of textile products. Blends represent a rather large fraction
(42%) since special characteristics like wettability, elasticity or appearance can be altered by combining
different materials in specific ratios. Additionally, the production process can become more cost
efficient due to improved spinning.

Textile composition

B Cellulose
39%
42%

m Polyester
Protein
Polyamide

B Others

Blends

“

g

3% 2

_g.

2% 1%

Figure 9: Used textile composition (Own diagram, data from SOEXGroup (Germany))

Due its wide production and utilization (Guebitz and Cavaco-Paulo 2008), PET represents a broad
disposal inert textile. The non-toxic nature, durability and crystal-clear transparency of PET during use
are the principal advantages of this polyester, while its rather slow biodegradability is the major cause
of concern to the environmentalists. Recycling the textile waste-derived polyesters can significantly cut

down the energy usage, resource depletion and greenhouse gas emissions.

1.4.2. Chemical and Mechanical recycling
Several approaches exist to reduce the overall amount of plastic waste and pollution with plastic

residues. Unfortunately, different factors such as coloring dyes (Giannotta et al. 1994) and other
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chemicals such as detergents, fuels and pesticides (Demertzis et al. 1997), reduce the quality of recycled
PET and its possible applications. Energy efficient removal of dyes can be achieved with cellulases,
hemicellulases or laccases (lbarra et al. 2012)

Recycling on a chemical basis can be separated in alkaline/acid hydrolysis, or substrate specific
hydrolysis, namely glycolysis, methanolysis and other processes like aminolysis and ammonolysis
(Sinha, Patel, and Patel 2010). The most suitable option for degradation of PET is alkaline hydrolysis
using 4-20% NaOH/KOH solutions (Karayannidis, Chatziavgoustis, and Achilias 2002) and acidic
hydrolysis using concentrated sulphuric acid or other mineral acids (Toshiaki Yoshioka, Tsutomu
Motoki, and Okuwaki 2000),. Mechanical recycling has the aim to mechanically separate the polymer
from contaminants so it can be directly reprocessed to granules via melt extrusion (Sinha et al. 2010).

1.4.3. Other recycling techniques
Recent advances have been made to accelerate biodegradation (Mueller 2006) or modify the surface of
PET by various methods like activation of PET substrate for functionalization with an organic catalysts
like TiO2 (Webb et al. 2012).. In the last decade, the interests of sustainable technologies targeting
polyester biodegradation and recycling are gaining a key role. Yoshida et al. showed a novel bacterium,
Ideonella sakaiensis 201-F6, able to break down PET films using two enzymes for hydrolysis and
assimilation of its building blocks for growth (Yoshida et al. 2016). Earlier, various studies demonstrated
that a class of enzymes belonging to the o/p hydrolase family, namely cutinases, are able to hydrolize
the ester bonds of PET and several other polyesters (Pellis et al. 2016; Pellis et al. 2015; Wei et al. 2016;
Barth et al. 2016). Among them, cutinases are currently under investigation for the bioprocessing of
PET textiles on an industrial scale (Silva et al. 2005). Earlier, it was reported that cutinases from
Thermobifida fusca and Humicola insolens were able to hydrolyze low crystallinity PET while complete
hydrolysis by enzymes only seems to be difficult if not impossible for PET with higher crystallinity
(Mueller 2006; Nimchua, Punnapayak, and Zimmermann 2007; Ronkvist et al. 2009), Furthermore, it
has been performed a synergistic chemo-enzymatic hydrolysis of PET able to produce high purity TA

avoiding harsh chemical treatment (Quartinello et al. 2017).

1.5.The RESYNTEX project

This project aims to integrate a holistic approach regarding waste textile recycling for creating a circular
economy concept focusing on textile and chemical industries. Better REcycling shall provide new
secondary raw materials. Various fields are combined through SYNthesis and TEXtiles are transformed
into chemical feedstock for synthesis of new goods.

The output after processing of the starting material using a combination of chemical und

biotechnological decomposition strategies, should serve as secondary raw materials to produce new
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polymers. 20 project partners from 10 different EU countries contribute to this project. Besides reduction
of textile industry based environmental impact, new chemical feedstock material at reasonable costs,

increased public awareness and recycle options are the desired outputs.

Improve collection
approaches
Increase public

Demonstrate a
complete

reproccesing line
awareness

New business Traceability of waste
models for chemical LCA/LCC of new
and textile industries value chains

Figure 10: Core goals of the Resyntex project (Resyntex 2017)

Figure 10 gives a “simplified overview” on the core goals of the project. Figure 11 shows a more detailed

processing scheme where the complete transformation from waste to economically relevant products

and chemical feedstocks is visualized.
Table 2 gives a short description of each work package.
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Figure 11: Processing steps from waste material to chemical feedstock and value added products (Resyntex 2017)

Table 2: The Resyntex work packages (Resyntex 2017)

Work package 1

Design of a complete value chain beginning with textile waste collection through

to the generation of new feedstock for chemicals and textiles

Work package 2

Improvement of waste collection approaches, particularly for non-wearable
textiles, by encouraging behavioral change. Analysis of stake holders, promotion
of recycling and focus on increasing social awareness and involvement are also

part of this package.

Work package 3

Development of a process for transforming textile waste into a suitable feedstock
for recycling. The process must be suitable for mechanical production line,
sorting multicomponent waste and general preparation for recycling

Work package 4

For the transformation of natural fibers, such as cotton and wool, as well as
synthetic fibers, an environmentally-friendly process into feedstock
intermediates outlined. The combination of chemical and enzymatic treatment
enables enhanced decomposition while keeping energy costs low compared to

full chemical hydrolysis

Work package 5

Aims to develop industrial applications for the recovered feedstock from work
package 4. Activities will involve end-users and experts, allowing effective

exploitation of feedstock.

Work package 6

This will produce process designs and flow sheets for Resyntex at full scale. It

will address all recovery stages needed for a single plant

Work package 7

The Resyntex concept will be tested in an industrial environment. Development

of a demo-scale environment
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Work package 8 | The established textile waste recycling value chains will be evaluated regarding

its performance via life cycle assessment (LCA) and life cycle costing (LCC)

Work package 9 | Communication and Dissemination

Work package 10 | Project management

1.5.1. Work package 4
The WP 4 can be separated in to recovery of recovery of wool, cellulosic fiber discoloration and recovery
as well as PET and PA recovery. Different enzymes and preprocessing strategies need to be applied for

each fiber material.

Process Flow Diagram: New Proposal ~
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textile

Material Sorting
& Pre-treatment
SOEX & IMEC

blend

waste pure wool pure cotton pure PA pure PET
textile textile textile textile textile
Animal Fibre Cellulosic Fibre Cellulosic Fibre PET PA Recovery PET Recovery
Recovery Discolouration Recovery Discolouration UMARI & UMARI &
VALAGRO TEKSTINA VALAGRO SEPAREX BOKU BOKU
Task 4.2 M Task 4.1 Task 4.3 M Task 4.1 Task 4.4 [ Task4.5 |
Protein Juice Glucose PA oligomers TPA & EG
valorisation valorisation valorisation valorisation
CHIMAR BIOCHEMTEX ARKEMA BIOCHEMTEX
Task 5.1 Task 5.2 Task 5.3 Task 5.4
wood panel hexanoic acid, amylamine, PET
| _adhesives ethanol | caprolactam, diesters | bottle |
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chemicals, ves, . dyes, auxiliary auxiliary
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hot water,
steam,
Waste & Wastewater Treatment Plant anergy
10S
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Figure 12: Detailed process scheme of Work package 4 (Resyntex 2017)

1.6.Immobilization of enzymes

Enzymes catalyze the reaction both in free form in solution an immobilized on a support. The free
enzyme has a very short stability and the recovery is difficult after its use in the reaction mixture. The
use of free enzyme requires many cycles of expression and purification, which is an important economic
factor in industry. In addition, immobilization makes it easier to reuse the catalysts and therefore
increase its productivity. Another important factor is the increased stability und storage and operational
conditions. Immobilization of enzyme inside a porous structure protect the enzyme against aggregation
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autolysis or proteolysis that might occur in the reaction solvent (Mateo et al. 2007) Contact with
hydrophobic surfaces such as air bubbles that could lead to inactivation (Bommarius and Karau 2005;
Caussette et al. 1998) is avoided as well.

Therefore, besides others, several strategies have been developed to enable the immobilization of the
enzymes.

Enzymes are defined “immobilized” when confined in a region of a support, while retaining their
catalytic activity (Brena and Batista-Viera 2006). Once immobilized, the enzyme can be easily separated
from the reaction products and reused for several times. Possible applications have been reported for
various fields (Kallenberg, van Rantwijk, and Sheldon 2005; Kirk, Borchert, and Fuglsang 2002;
Soumanou and Bornscheuer 2003; Wurtz Christensen et al. 2003). A negative factor of immobilization
is the reduction of the catalytic activity, due the fact the enzyme can be immobilized with different
orientations, reducing the accessibility to the substrate and reducing motion for the dynamics. The carrier

also becomes “useless” when an irreversibly bound enzyme loses its activity.

1.6.1. Carrier bound immobilization

The choice of support and linker has a great influence whether a reduction of substrate accessibility and
therefore loss of activity can take place. The support should be inert for reducing the inhibition of the
enzyme, but the groups on the surface could be formed for specific immobilization. Typical materials
are synthetic resin, bio- polymer or inorganic polymers such as (mesoporous) silica or a zeolite.
Environmentally friendly materials became more popular as carrier material over the last years (Datta,
Christena, and Rajaram 2013). A summary of carrier bound immobilization strategies and functional
groups is presented by Cantone (Cantone et al. 2013).
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Figure 13: Techniques for carrier bound immobilization (Cantone et al. 2013)

The methods of linkage between the enzyme to enzyme or enzyme to support are divided in two classes:

Irreversible immobilization: The enzyme cannot be detached from the support without

destroying the structure of the biocatalyst. These types of immobilization are based on the
formation of covalent bonds or with entrapment techniques. Coupling can be performed with
the activation of matrices or modification of the polymer backbone to produce active groups
whereas entrapment techniques is based on the occlusion of the enzyme inside a polymer

network, where substrates and products can pass through but the enzyme could not.

Reversible immobilization: In this case the biocatalyst is bound to the support under gentle

conditions. Usually are involved adsorption, van der Waals forces, hydrophobic interactions and

chelation binding.
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The reasons why immobilization via epoxy linker is most suited for HiC is the simple immobilization
protocol, due to high stability at neutral pH even under wet conditions and lack of drawbacks as found
in other immobilization protocols (Cesar Mateo et al. 2000) and the fact that the epoxy linker binds to
lysine residues which in this case, are far away from active site ensuring a sufficient accessibility (Figure
14).

Figure 14: Stick Model of Humicola insolens Cutinase (Own image created with PyMol® software) with highlighted
lysines (orange sticks) and the active site (in blue: Serine 105, Histidine 173 and aspartic acid 160 (Kold et al. 2014))

1.6.2. Entrapment

Via inclusion of the enzyme in a polymeric network consisting of organic polymers, silica sol-gel,
hollow fiber or micro capsule, indicrect immobilization takes place. The binding forces are too weak to
prevent 100% leakage (Sheldon 2007), therefore, additional covalent attachment is often required. The
polymeric network needs to be synthesized in the presence of a catalyst showed for the first time in silica
sol gels by Braun and Co-Workers (Braun et al. 1990). This method was later improved and is now a
widely used form of enzyme entrapment (Reetz 1997). Newer approaches focus on sustainable, biobased
materials like Gelatin in combination with encapsulation techniques (Shen et al. 2011) or hydrogel based
entrapment (Mariani, Natoli, and Kofinas 2013).

1.6.3. Cross-linking
Previous discussed carrier based techniques might lead to lower space time yields and productivities as

a consequence of the large fraction of non-catalytic material (Tischer and Kascher 1999). Hence a rising
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interest for cross-linked enzyme crystals (CLECs) and cross-linked enzyme aggregates (CLEAS) was
developed. CLECs where commercialized in the 1990s by Altus Biologics. developed. Advantages are
highly concentrated enzyme activity, high stability and low production costs, since additional carrier
material is obsolete. applicable to a broad range of enzymes CLECs are significantly more resistant to
heat, organic solvents and proteolysis than the corresponding soluble enzyme or lyophilized (freeze-
dried) powder. CLECs are robust, highly active immobilized enzymes of defined particle diameter,
varying from 1 to 100 mm. CLEAs are created vi addition of salts, water-miscible, organic solvents or

non-ionic polymers, to aqueous solutions (Sheldon 2007).
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2. Materials

2.1.Buffers
Hydrochoric acid Sigma-Aldrich (USA)
Tris(hydroxymethyl)-aminomethan (Tris) Sigma-Aldrich (USA)
HAC Merck (Germany)

NaAc Sigma-Aldrich (USA)

NaOH Sigma-Aldrich (USA)

KH2PO,4 Sigma-Aldrich (USA)
2.2.SDS-PAGE

SDS chamber Biorad (USA)

SDS gels Biorad (USA)

PageRuler™ Prestained Protein Ladder, 10-180
kDa

Thermo Fisher Scientific (USA)

SDS PAGE 4x Samplebuffer

Biorad (USA)

-Mercaptoethanol

Merck (Germany)

Coomassie Brilliant Blue R250

Sigma-Aldrich (USA)

2.3.Immobilization

Humicola Insolens cutinase (HiC)

Novozymes (Denmark)

SEPABEADS™ EC-EP/M

Resindion (Italy)

2.4.Determination of protein concentration

Bovine Serum Albumin

Sigma-Aldrich (USA)

Bio-Rad protein assay 5x Solution

Bio-Rad (USA)

2.5.Determination of enzyme activity

p-NPB

Sigma-Aldrich (USA)

HCI

Sigma-Aldrich (USA)

Tris(hydroxymethyl)-aminomethane

Sigma-Aldrich (USA)
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2.6.Analysis of Substrate and Monomers

Terephtalic Acid Fluka (USA)

BHET Fluka (USA)

3PET Clariant (Switzerland)
PET Clariant (Switzerland)
Methanol ROTH (Germany)

Formic Acid Sigma-Aldrich (Germany)

Resyntex sample: EE21A!

University of Maribor

Resyntex sample E21A
lyophilization)

(EE21A  before

University of Maribor

Resyntex sample EE21B

University of Maribor

Resyntex sampleEE21C

University of Maribor

1 Sample description is section 3.6.5
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3. Methods

3.1.Bradford assay

The Bradford assay was performed to monitor the state of immobilization as well as possible leaching
as a consequence of the incubation conditions. Before each measurement, a standard calibration with
Bovine Serum albumin (BSA) was performed. (Appendix )
o 10 pL of the sample was added in to each well of a 96 well plate, followed by 200 uL of prepared
BioRad reaction solution (BioRad reagent diluted 1:5 with MQ water).
e The plate was then incubated at 400 rpm for 5 min at room temperature. The buffer for protein
solution is used as a blank (Tris/HCI, 0.1 M, pH 7.0). In case of the standard calibration, P-Ki
0.1 M, pH 7.0 was used as a blank.

e Absorption after 5 minutes was measured at 595 nm.

Calibration: y=k=*x+d Q)
y...Absorbance
k...slope of regression line
X...concentration of analyte

d...intercept

3.2. SDS- PAGE

e The samples were mixed 1:1 with 2x Laemmli buffer (for composition see Appendix). For
dilutions MQ-H,0 was used. After mixing, the samples were denaturated at 100 ° for 5 min.

e The loading volume for samples was 12 uL, For the protein marker (PageRuler™), only 5 pL
were used. The total running time was 45 min, (Voltage 160 V.) After the run, the gel was
stained for 45 min in Coomassie brilliant blue R250 staining solution and destained for 1 hour

with destaining solution (two times).
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3.3. Fourier Transform Infrared(FT-IR) spectroscopy

The samples from the university of Maribor were characterized using a Perkin EImer Spectrum 100 FT-
IR Spectrometer according to Quartinello et al. (Quartinello et al. 2017). Spectra were collected at a
resolution of 4 cm™ for 15 scans. In parallel the spectra of pure PET and pure PA were recorded as
described above

The bands were assigned as follows: 3600 — 3100 cm *v(NH2), 3600 — 2900 cm v(OH), 2996-2945
cm v(CH2) and v(CH3), 1748 cm 1v(CO), single band 1620 cm ™! §(NH2), single band 1590 cm *v(CC),
1452 cm™ §(CH2), 1299 cm—1v(CO-C), 1128 cm—1v(CO), 957 cm—1v(CO-C).

3.4. para-(Nitrophenyl substrate) activity assay

3.4.1. Activity of free enzyme

¢ An aliquote of pure p-NPB stored at -20°C was put on ice to thaw slowly.

e 86 UL of the aliquote were mixed with 1 mL of ice cold 2-methyl-2-butanol. The substrate
solution was covered with aluminum foil.

e From this solution 120 pL where mixed with 3 mL of buffer (Tris/fHCI 0.1 M, pH 7/8.5; K-Pi
0.1 M, pH 7; NaAc 0.1 M, pH 5.5)

e The solution was stored in a 15 mL falcon tube, covered with aluminum foil and stored on ice
(reaction solution).

e 20 pL of enzyme samples were put in each well of a 96 well plate. Maximum 12 well or 4
samples in triplicates were measured at a time. 200pL of the reaction solution was added to the
previously filled wells und measured immediately.

e The absorption at 405 nm was measured for 5 min in cycles of 18 sec. Reaction temperature

was 30 °C.
Activity - free enzyme: A= ks Viotal . f (2)
Vsample *exd
A... Activity U*mL*
k... Slope Abs*min
Viotal Total volume mL
Veample  Sample volume mL
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€ Molar extinction coefficient mL*(uMol*com)?
of p-NPB at 405 nm

9.36 (pH: 7)

16.67 (pH: 8.5)
d Well thickness cm
f Dilution factor

3.4.2. Activity of immobilized enzyme

e 20 mg of immobilized HiC were mixed with 11 mL of Tris/HCI 0.1M, pH 7 +100 uL p-NPB
substrate solution (86 L stock + 1 mL 2-methyl-2-butanol).

e Activity was measured at 23°C, incubation was performed at 100 rpm, 30 °C. The activity of
the same sample was measured at 3, 6, 9, 12, 15 min. Samples were measured in duplicates. In
addition, two blanks, only filled with buffer, unused beads and substrate solution where
measured as well.

e The dilution of samples was performed in the glass cuvette. The dilutions were prepared in

advance. Absorbance was measured at 405 nm

Sample 0 min 3 min 6 min 9 min 12 min 15 min 18 min
Dilution 1:4 1:6 1:6 1:6 1:6 1:6 1:6
Activity 111 (3)

A = (Abs, *d — Absg; * 3) *

8.2 * t * Mpeqqs

imm_Enzyme [U/gar]

A... Activity U*g't
Absy  Absorption of the sample

d... Dilution factor

Absg;  Absorption of the blank

t Incubation time min
Meeass  Mass of Beads g

3.5. Immobilization

e For immobilization of Humicola insolens cutinase, 5g of SEPABEADS™ EC-EP/M beads were

weight and stored for later use.
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e The initial concentration of the enzyme stock solution was 11.21 mg/mL. 4.5 mL of aliquoted
stock solution were put in to a 50 mL falcon tube. The tubes with the aliquots were rinsed with
600-800 pL Tris/HCI 0.1 M, pH 7. The rinsing solution was then added to the falcon tube and
further filled up to 40 mL to obtain a final concentration of 1.25 mg/ml.

e 300 pL of the diluted enzyme solution stored at -20°C. More tubes where prepared for taking
samples after 1, 2, 3, 5, 6, 7, 8 hours after the start immobilization reaction.

o After adding the beads to the enzyme solution, the falcon tube was placed on a rotation wheel
at a rotating speed of 60 rpm. The reaction was performed at room temperature.

e The samples at each time point were frozen at -20 °C and stored together with the initial sample
at time point zero (to).

e On the next day, a sample was taken after 24 hours reaction time. The mixture was filtered
through a paper filter. The beads were washed 3 times with 30 ml fresh buffer and left in the
filter to dry for 24h. The filter was placed in a desiccator and dried further for another 48 hours.

e The frozen samples were analyzed via Bradford assay and p-NPB activity assay to determine
the residual concentration of enzyme in the supernatant and further to obtain the immobilization
efficiency.

Immobilization efficiency: L = 22—, 100% (4)
e

Cto

ler  Immobilization efficiency [%]
Co  Protein concentration at t0o [mg/mL]

Ct Protein concentration at t [mg/mL]

3.6. Optimization of reaction conditions

Each set of experiment was diluted with 3 mL of buffer,

an equivalent amount of free HiC was used in the same amount of buffer in order to compare effects of
changed reaction conditions to both types of enzymes. Therefore, the protein concentration of the stock
solution was determined every two weeks and the amount of added stock solution to the sample vessel

adapted. The equivalent volume of the enzyme stock solution was directly added to 3 mL of buffer.

weight iHiC: m(HiC) (5)

mjyic = m(Beads) * 1%m * Legr
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specific c(Monomer) * f * V. 6
N : Apgr(iHIC) = ( i)HiC sample (6)
Hydrolysation T irEIHIC)

rate iHiC

3.6.1. Long time stability

e 40 mg iHiC were put in to 30 mL glass vials and incubated at 50°C and 100 rpm. The vessel
was filled up to 11 mL with Tris/HCI 0.1M, pH 7. To obtain better mixing conditions, the
samples were incubated vertically. All samples were prepared in duplicates. The incubation was
stopped after 1, 3, 5, 8, 24, 48, 72, 168 and 672 hours. After the desired incubation time, the
samples were stored at 4°C for further use.

e 1mL was taken from each sample to determine concentration and activity of leached enzyme.
Reactions with the substrate (PET powder, 8% crystallinity) were always performed for 69
hours (initial reaction time with substrate under same conditions. The second reaction was
performed with all samples at once. For comparison, a fresh sample of iHiC was used as well
to compare the storage conditions: dry storage 21°C. Storage in buffer at 4°C.

e The supernatant of the samples t0o-t8s was checked for protein concentration and activity.

e The supernatant of t24,4-t672672 was only checked for protein concentration

e Before incubation with PET powder, the remaining buffer was removed with a glass pipette
and all samples were further dried at 55°C for 45 min. 11 mL fresh Tris/HCI buffer was added
to each well

o All samples where incubated for another 69h under same reaction conditions

e Variation of experimental conditions:

o Incubation vertical/horizontal

o Shaking conditions variated between 100 and 190 rpm
Reduction of reaction volume:
20 mg of iHiC was combined with 5 mg of PET powder. 1.5 mL of buffer (Tris/HCI 0.1
M, pH 7) was added.

o Incubation time was 120h. Samples were taken with a frequency of 24h.

3.6.2. Washing stability

e The Weight of the loaded beads was noted, then the samples were washed for 0, 5 and 10 times.
As washing solution 5 mL of Tris/HCI 0.1M, pH 7 was used. After adding of the solution. The
vessel was incubated at 350 rpm at room temperature for 1 min. 100 pL of the supernatant was
taken for analysis with Bradford and p-NPB activity assay.

e To see a possible influence of the pH, the same experiment has been performed with Tris/HCI
0.1 M, pH 8.5 and NaAc 0.1 M, pH 5.5.
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3.6.3. pH stability

e For checking the influence of the pH on hydrolysis, the samples were incubated at different pH
levels at 50°Cand 70°C and 100 rpm.

o For all samples blanks with PET/buffer, pure buffer as well as Bead/PET/Buffer were prepared.
The following Buffers have been used:

- Tris/HCI 0.1 M, pH 8.5

- K-Pi0.1M,pH7

- NaAc 0.1M, pH 5.5NaAc 0.1M, 4.6
- NaAc 0.1M, pH 3.6

e 40 mg of iHiC was weighed in to a 30 mL glass vial with 10 mg of PET powder and 11 mL
of buffer. The sample was incubated in upright position at 50°C, 190 rpm for 24 h and
further incubated until 69h to make it comparable to the stability experiment.

e 40 mg of iHIC and 10 mg of PET powder where weighed into 5 mL tubes. 3 mL of buffer
was added to each tube. The samples were incubated at 100 rpm, 50°C. All samples were
prepared in triplicates.

e The samples were incubated in horizontal position at 50°C, 100 rpm for 5 days or 120h.
After 24, 48, 72, 96 and 120h 500 pL were removed for analysis with p-NPB activity and
Bradford essays. Samples with the same amount of fHIC were incubated under same

conditions. All samples were prepared in triplicates.

3.6.4. Influence of shaking

o 20 mg of iHiC was added to 2 mL tube and mixed with 5 mg of PET powder. A volume of 1.5
mL of buffer was added and the tube sealed with parafilm. Incubation conditions were 50°C, 0
rpm 120h.

e In total 15 samples of iHiC and 15 samples of fHiC were prepared. With a frequency of 24h

these samples were removed from the incubator to stop the reaction.

3.6.5. Incubation with chemically preprocessed substrates
Water based PET hydrolysis was performed in a 1 L stainless steel reactor suitable for high pressure
and high temperature at 250 °C and 39 bar to achieve depolymerization of the sample (Quartinello et al.
2017). All experiments were carried out with 12,5 g of virgin PET fiber +12,5 virgin PA in 250 mL
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deionized water (ratio substrate/water 1:10). The reaction was stopped after 60 min. This lead to a
degradation of the substrate into a whitish powder which was then analyzed by FT-IR spectrometer.
Sampling followed by filtration and lyophilization.

The first washing step was carried out using Triton X-100 (5g*L?). Followed by sodium carbonate
solution (2g*L™). The last washing step was performed with distilled water. After drying the samples
were transferred into 2 mL tubes for alkaline hydrolysis with sodium hydroxide. Incubation took place
at 95°C for 30 min at 60 rpm in a shaking water bath. (Brueckner et al. 2008). The samples were taken
during different phases of preprocessing. Samples as well as blanks (with/without carrier) were
measured as triplicates. Sample preparation was performed according to previous samples.

Table 3: Alternative substrates for hydrolysis

Processing step Sample Code

Liquid solution obtained after chemical | EE21A

hydrolysis step

EE21A samples filtrated EE21B

Solid residual from hydrolysis EE21C
3.7.RP- HPLC

e The samples were analyzed at 600 bar and eluted at a volumetric flow rate of 0.75 mL/min.
Absorption was measured at 241 nm.

e Analysis of the chromatogram and integration of the peak area was performed with “Agilent
ChemStation software”.

e For the concentration, a standard calibration with TA and BHET was performed (Appendix).

All samples were analyzed in triplicates.

3.7.1. Calibration curve
Due to the poor solubility of BHET in aqueous environment, the 1 mM BHET stock solution was
prepared with MeOH and further diluted with MeOH instead of buffer. After addition of 500 pL
equivalent reaction buffer, the samples were treated the same way as the TA calibration samples. Each

calibration point was prepared as triplicate.

Table 4: RP-HPLC gradient

Time [min] | H20 [%] | MeOH [%] | Formic acid [%)]
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1 80 10 10
8 40 50 10
10 0 90 10
15 0 90 10

3.7.2. Sample preparation

The sample was mixed in a 1:1 ratio with ice-cold MeOH (Herrero Acero et al. 2011), followed

by acidification with 1.5-10uL (depending on buffer used to prepare the sample) 6 molar HCI

to a pH of ~3.5.

The samples of one triplicate were acidified with the same volume

The samples were then centrifuged at 14 000 rpm at 0 °C for 15 min followed by filtering them

with a 0.45 pm PA filter into a HPLC vial.
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4. Results and Discussion

4.1. SDS-PAGE

As described in the material and methods section, the immobilization performed in this work, involved
the covalent cross-linking between the amino groups from HiC lysines and the epoxy groups from beads.
This bond could be involving any —NH; present in the interested environment. For this reason, the SDS-

PAGE was performed.

R
R NH
RLNH, + \\/ > _\70H
0

Figure 15: Simplified reaction of crosslinking between amino groups and HiC lysine residues. R'= Protein, R?=

Carrier

In order to check eventual impurities in the enzyme solution, SDS-Page was performed. The sample in
Lane 1 gives a signal at around 22 kDa which fits with the molecular weight as reported by Carvalho
(Carvalho et al. 1998). As clearly shown in the figure, only one band was detected, meaning that no

other protein is present and only HiC is linked to the carrier.

a) [l

BRRTIRTT

L]
—
(10

Figure 16: Gel scan of SDS-PAGE after Coomassie staining. a-1) HiC, Size standard, a-2) Protein Ladder PageRuler™
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4.2. Activity and enzyme concentration

4.2.1. Immobilization
Figure 17 shows the advancing immobilization of the enzymes on the carrier material with a maximum
of 86.6 % immobilized enzymes compared to the initial concentration before starting the reaction. After
the first hour, already 71.3 % of the initial concentration was bound, which indicates a high affinity
towards the carrier. Compared to immobilizations of HiC (A. Pellis et al. 2016) where an immobilization
rate of >99% was achieved, this result is still sufficient when considering the age of the enzyme stock
(A. Pellis et al. 2016).

a) 250

200
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Activity [U/mL]

50

w

Time [h]
b)

100
920
80
70
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50

30
20

Immobilized HiC [%)]

1 2 3 5 8 24
Time [h]

Figure 17: Monitoring of immobilization of HiC a) Enzyme concentration in the supernatant, b) Ration HiC
immobilized ( STD < 0.5%)
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4.2.2. Activity of the immobilized enzyme

The rather low turnover of p-NPB substrate indicates a low activity. The mixture at 100rpm was not
sufficient. Since iHIC was not reusable after this experiment and rather large amounts of p-NPB are
necessary for this reason, all following activity essays were performed on the tecan reader on 96 well
plates testing for leaching and activity of free enzyme.

50
45
40
35

0
y = 0.2535x + 0.7371
5 y=0.3266x+1.4236  p2-0.0623

0 R?=0.9238

15 y =0.2253x + 0.8322
10 R?=0.9601

p-NP [%]
N N W

e 1=

time [min]

Figure 18: Released p-NP after incubation of p-NPB with iHiC.

=
o

A[U/gBeads]
OR NWRU ON O O

18

Incubation time [min]

Figure 19: Activity of iHiC in U/gseads

4.2.3. Long time leaching activity
In this section the activity was evaluated via p-NPB essay which was used to check whether the
immobilized enzyme was leached or not. The activity of the leached enzyme in the supernatant was
measured. Although the activity is rather small, even in the sample with the longest incubation time,

enzyme activity could be measured. Although there is no direct correlation between leached enzyme
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and released monomers, it was unexpected to find active enzyme because of leaching after more than
700h.

0 1 3 5 8 24 48 72 168 720

Incubation time without substrate [h]

Figure 20: Activity of leached enzyme after long time incubation without substrate at 50°C 100rpm. Additional
incubation with substrate of 72h und same conditions.

4.2.4. pH dependent leaching and activity (p-NPB activity assay)
In all experiments with different reaction buffers, the enzymatic activity of leached enzyme was almost
exclusively measurable at pH 8.5. (Figure 21-25) This result could be reproduced in all experiments
where the p-NPB activity assay was applied. As reported by Ronkvist et al. (Ronkvist et al. 2009)
alkaline pH increases the activity of HiC especially at high temperatures. This could be verified as shown
in Figure 23 and 27 where fHiC was incubated at 50°C and 70°C and the highest monomer release was
measured at pH 8.5. When comparing the activity of iHiC and fHiC at 50°C the ratio between monomer
release at pH 7 and 8.5 changed a lot, therefor it is unlikely that leaching took place at pH levels to the

same extent. The activity of the leached enzyme at 70°C decreases after 72h as shown in Figure 23.
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Figure 21: Enzyme activity of fHiC. Incubation at 50°C, 100 rpm.

300

1
N
w
o

1

200 -
150 -
100 -
50 -

Activity [mU/mL

DiH_8.5

24 48 72 96 120

Incubation time [h]

Figure 22: Activity of iHIiC. Incubation at 50°C, 100 rpm.
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Figure 23: Activity of iHiC. Incubation at 70°C, 100 rpm.
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Figure 24: Activity of fHiC. Incubation at 50°C, 100 rpm.
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Figure 25: Activity of fHIiC. Incubation at 70°C, 100 rpm.

4.2.5. pH dependent leaching and activity (p-NPA activity assay)
The last measures of enzyme activity were performed with p-NPA in order to check, if the length of the
chain had any influence on the catalytic activity. The calculated activity was lower than for p-NPA.

This time leaching was measured unlike previous experiments for pH 7, as well as pH 8.5, with a general
maximum after 72 h of incubation.

32



N
(5]
J

= 20
£ :
g 15 - OiH_5.5
Z10 - miH_7
>
T 5 | m diH_8.5
<

0o+ ; ;

24 48 72 96 120

Incubation time[h]

Figure 26: Activity of iHIiC. Incubation at 50°C, 100 rpm. (p-NPA)

fHiC shows, as previously confirmed high activity at pH 8.5 although lower than in former experiments.
A direct comparison to the repeated measurement of fHiC incubated at 0 rpm, 50°C (Figure 27 and
Figure 25 revealed, that the activity at pH 7 decreased dramatically at °C 70 but gave the highest signal

at 0 rpm and 50°C. The instability at pH 7 combined with high temperatures was observed again, as
shown in Figure 28.
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Figure 27: Activity of fHIC. Incubation at 50°C, 0 rpm (p-NPA).
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Figure 28: Activity of fHiC. Incubation at 50°C, 100 rpm. at 70°C, 100 rpm (p-NPA)

4.3.FT-IR analysis

Once defined the conditions of hydrolysis of PET model substrate using the immobilized enzyme, the
aim of these experiments was to study the hydrolysis efficacy of immobilized Humicola insulens
Cutinase when applied to preprocessed Resyntex samples from Umari with an inhomogeneous
composition. Briefly, these Resyntex samples are mixture of oligomers obtained from the original
polymers. As mentioned in the introduction, the aim was to apply the immobilized enzyme to hydrolyze
only the PET oligomers without digesting oligo’s from polyamide 6.6, which can be used as second
value added chemicals. Those samples were obtained from the chemical hydrolysis of PET and
Polyamide 6.6 under neutral condition (section 3.6.5). Before to start with the hydrolysis a spectroscopy
study was performed FT-IR spectra (Figure 29), the solid samples EE21B and EE21C were compared
to the spectra of pure PET and PA. PET shows the peak at 1,728 cm?, indicative of ester bonds. This
signal was considerably reduced during the chemical hydrolysis as shown in EE21B and EE21C.
Correspondingly? the increase of the peak at 1690 cm™ (typical of free -COOH group) indicates the
presence of oligomers of PET or TA in the mixture. On the other hand, the typical peaks of the amide I

and amide 11 (respectively 1633 and 1538 cm) confirm that also polyamide was partly degraded.
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Figure 29: FT-IR spectra of Resyntex samples that were chemically preprocessed. EE21B) Filtrated and lyophilized

solution obtained after chemical hydrolysis. EE21C) lyophilized solid residues after hydrolysis. Normalization area

2200-2000 cm'?

The structural change that can also be observed, when PET is degraded to TA as shown in Figure 30.

TA shows a peak at 1674 cm* indicating the presence of COOH groups, which was measured in the

other sample as well. The characteristic peaks for polyamide are missing.
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Figure 30: FT-IR spectra of PET powder and TA. Normalization area 2200-2000 cm'*

4.4. RP-HPLC results

4.4.1. Washing stability
The effect of repeated rinsing with fresh buffer simulates the buffer exchange after incubation with

substrate. This experiment helps to understand, how often the immobilized? enzyme can be reused.

After washing of iHiC the concentration of TA after incubation for 24h was close to zero, nevertheless
a very low concentration of MHET was still detectable. It seems that increased washing could have
some influence on hydrolytic activity or that some of the enzyme was detached during the washing

process.
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Figure 31: Effect of washing on hydrolytic activity of iHiC. a) Concentration MHET, b) specific product release MHET,
c¢) chemical structure of MHET

4.4.2. Long time stability

The following results represent the most important outputs of the thermal stability experimental series.
The only parameter which was varied thoroughly was incubation time. The objective was to find out the
optimal time range for incubation with HiC to maximize the product yield.

Figure 32 shows the release of monomers over the time of incubation. To keep the activity of the
enzyme regarding the target substrate comparable, only the last 3 days or 72

hours of incubation with substrate was performed. In every sample, the concentration of MHET is
several times the one of TA, even within the last sample. The ratio is more or less constant (MHET/TA
= 4.5-5.5). A possible explanation could be a product inhibition of MHET, which has been reported by
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Wei (Wei et al. 2016). Since the general concentration is very low it can be assumed that insufficient

interaction between enzyme and substrate was predominant.
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Figure 32: Long time incubation of PET powder with iHiC 100 rpm, 50°C. a) Concentration TA/MHET, b) specific
product release TA/MHET, additional incubation with substrate of 72h und same conditions (STD <

4.4.3. pH stability

0.5%)

These experiments should verify whether acidic or alkaline conditions result in higher monomer release

after incubation with immobilized and free enzyme. Temperature and rpm number where varied as well.

After the testing, thermal stability and the influence of the buffer system in combination with pH shifts

will give more information about the optimal incubation conditions for iHiC.

Figure 33 shows the release of monomers after hydrolysis of PET powder over a total time of 120h. The

result shows only significant activity at pH 8.5 which confirms the data in section 4.2.4. No other

reaction buffer shows a similar activity. Again, MHET seems to get accumulated stronger over time.
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Figure 33: Incubation of PET with iHiC 100rpm, 50°C. a) Concentration TA/MHET, b) specific monomer release

TA/MHET (no STD after 120h incubation time because of partial precipitation of monomers within sample triplicate)

At Orpm similar results were achieved as demonstrated before but Figure 34 shows a higher ratio for TA

meaning that pH 7 is apparently more suitable for iHiC.

39



QD
S

120 -
100 -
Ez_ 80 -
= mTA_7
%07 mTA 8.5
E _O.
< 40 ¢ B MHET_7
20 - B MHET_8.5
0 .
24 a8 72 9% 120
Incubation time [h]
20 -
_ 18 -
Q i
= 14 .
=
§ 12 BTA_7
35 10 4 BETA_8.5
5 8
26 EBHET_7
> 4 - EBHET_8.5
= 5 | -
0 .

24 48 72 96 120

Incubation time [h]

Figure 34: Incubation of PET with iHiC at Orpm, 50°C. a) Concentration TA/MHET, b) specific monomer release
TA/MHET

The concentration of released monomers after incubation with iHiC at 70°C dropped to 20% of the
initial concentration in Figure 33. It seems that higher temperature does not improve the activity of the

enzyme when immobilized.
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Figure 35: Incubation of PET powder with iHiC at 100rpm, 70°C. a) Concentration TA/MHET, b) specific monomer
release TA/IMHET

Without immobilization, the enzyme works far more efficiently as it has been shown in previous results.
In Figure 36, the highest release occurred at the lowest pH, unlike the incubation with iHiC. The
distribution of TA and MHET seems to be very different as well. Nevertheless, the relation between TA
and MHET is comparable.
In the next experiment the significant influence of pH 8.5 could again be verified. As mentioned in
section 3.6.4., this time 1.5 mL Eppendorf tubes for each time point were used instead of a 5 ml tube for
all time points as described in section 3.6.3. The effective release of monomers in Figure 37 seems to
be lower compared to the former experiment at 100 rpm which is most likely a consequence of variation
of the experimental setting.
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The incubation at 0 rpm, and therefore less mixing behavior and shear forces, led to lower monomer
release in the samples with immobilized enzyme. It is likely, that additional movement enhances the
leaching phenomenon at pH 8.5 and therefore limitations regarding diffusion of leached enzyme could
have led to a lower reaction rate. As perceived in in previous experiments, the monomer released at
other pH levels is very low. The incubation with fHiC (see Figure 37) led to a different monomer
distribution, although the overall amount of released hydrolysis products did not change extensively. It
seems that without movement more TA was released than MHET which is preferable. This experiment

has been repeated (see Appendix) with similar results.
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Figure 36: Incubation of PET powder with fHiC at 100rpm, 50°C. a) Concentration TA/MHET, b) specific monomer
release TA/IMHET
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Figure 37: Incubation of PET powder with fHiC at at Orpm, 50°C. a) Concentration of released Monomers, b) specific

monomer release TA/IMHET

The fHiC samples that were incubated at 70°C and pH 5.5, led to the highest concentration of released
monomers that were measured. It can be considered that the near glass transition temperature (Saito and
Nakajima 1959) significantly reduced the degree of order of the polymer as it has been reported and
therefore increased the catalytic activity (Alves et al. 2002) as it has been demonstrated before (Ribitsch
et al. 2012; Ronkvist et al. 2009) The biggest difference is the pH at which the peak of monomer release
should be significantly higher. Regarding Literature pH 8.5 and 70-80°C are preferable (Carvalho et al.
1998; Petersen et al. 2001; Zimmermann and Billig 2010) but the group of Baker (Baker et al. 2012)
reported the highest degradation rate of PCL at pH 5.0 snd 40°C. So there is a chance that it also works
for PET at 70°C.
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Figure 38: Incubation of PET powder with fHiC at 100rpm, 70°C. a) Concentration of released TA/MHET, b) specific

monomer release TA/IMHET

4.4.4. Variation of substrate ratios
A higher amount of substrate resulted in a slightly increased monomer release, but since the overall
product concentration is very low the effect can be neglected. Nevertheless, it is plausible, that an
optimized enzyme/substrate ratio will be beneficial for the process. In this experiment, only MHET was

detectable
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100rpm, 50°C

4.4.5. Hydrolysis of 3-PET
The incubation with the second model substrate, Bis(benzoyloxyethyl) with iHIC led to a much higher
concentration of released monomers when compared to PET (Figure 41) again the highest concentration
can be found at pH 8.5 but also notable monomer release at other pH levels. fHiC performed 5-10 times
better and for the first time with a similar Monomer distribution as iHiC. This is promising since 3PET
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Figure 40: Chemical Structure of 3-PET

is water insoluble.

HO
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Figure 41: Incubation of 3-PET with iHIC at 100rpm, 50°C (no STD at pH 5.5 because of partial precipitation of

monomers within sample triplicate)
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Figure 42: Incubation of 3-PET with fHiC at 100rpm, 50°C
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Figure 43: Blank of 3-PET. Incubation at 100rpm, 50°C
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4.4.6. Hydrolysis of BHET

When incubated with a soluble substrate, iHiC (Figure 45) is able to completely degrade BHET into
MHET and TA, though the fraction of TA is smaller. Although the total monomer release seems to be
in the same range, incubation with fHiIC (Figure 46) leads to full hydrolysis to TA. BHET seems to get
instable when incubated at pH 8.5 as it can be seen in Figure 47 . Even without enzyme an almost
complete conversion towards TA took place. This is an important criterion when considering enzyme
activity at different pH levels. The highest stability for BHET was shown at pH 5.5 which also gave a
good conversion rate for fHIC.

Figure 44: Chemical structure of BHET

E MHET
ETA
5.5 7

8.5

TA, MHET [mM]
= N N w

[y
1

o

pH

Figure 45: Incubation of BHET with iHiC at 100rpm, 50°C
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Figure 46 Incubation of BHET with fHiC (100rpm, 50°C)
47



3.0 -
s 2.5 -
E
= 2.0 -
I
@15 - EBHET
[
l-g 1.0 - @ MHET
i 0.5 - l .TA
|—

0.0 T T

5.5 7 8.5
pH

Figure 47: Blank-of BHET (100rpm, 50°C)

4.4.7. Hydrolysis of Resyntex samples
The incubation conditions tested in previous experiments with different model substrates were now
applied for the incubation with chemically preprocessed PET fiber. After filtration (sample EE21B)
MHET seems to be more stable since the Blank at pH 8.5 shows higher values than for the unfiltrated
samples (EE21A) as shown in Figure 48 and Figure 49. Incubation with immobilized cutinase (Figure
50 and Figure 51) led to decrease of TA and MHET concentration, except for pH 7 in combination with
sample EE21B which led to very good results. The inconsistent results can be a consequence of
precipitation triggered by the inhomogenous composition of the sample material. At pH 8.5 the
concentration of MHET was the same for blanks as for incubation with enzyme and significantly lower
that at pH 5.5 and 7 which is most likely a result of the instability of MHET and BHET at alkaline

conditions as demonstrated in section 4.4.5
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Figure 48: Blanks for incubation of chemically preprocessed PET fiber without filtration (EE21A). TA_B: Blank for
TA (substrate + buffer). MHET_B: Blank for MHET. TA_B+B: Blank for TA + EC/EP beads, MHET_B+B: Blank
fir MHET + EC/EP beads
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Figure 49: Blanks for incubation of chemically preprocessed PET fibre with filtration (EE21B). TA_B: Blank for TA
(substrate + buffer). MHET_B: Blank for MHET. TA_B+B: Blank for TA + EC/EP beads, MHET_B+B: Blank fir

MHET + EC/EP beads
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Figure 50: Incubation of lyophilized solution derived from chemically hydrolyzed PET fiber before filtration (EE21A)
with iHiC at 100rpm, 50°C
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Figure 51: Incubation of lyophilized solution derived from chemically hydrolyzed PET fiber after filtration (EE21B)
with iHiC at 100rpm, 50°C
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Incubation with free cutinase lead to slightly better results. No MHET was detected which means that
this fraction was fully converted to TA by the enzyme. Unlike for the immobilized enzyme. Filtration
did not improve the result this time. Only at pH 5.5 an increase of hydrolysis product was measured.
The concentration of TA at pH 8.5 went down instead of up. In addition, a high standard deviation was

obtained.
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Figure 52: Incubation of lyophilized solution derived from chemically hydrolyzed PET fiber before filtration (EE21A)
with fHIiC at 100rpm, 50°C (no STD at pH 5.5 and 7 because of partial precipitation of monomers within sample
triplicate)
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Figure 53: Incubation of lyophilized solution derived from chemically hydrolyzed PET fiber after filtration (EE21B)

with fHiC at 100rpm, 50°C (no STD after 120h incubation time because of partial precipitation of monomers within

triplicate)
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5. Conclusions and outlook

The objective of this thesis was to identify optimal reaction parameters for incubation of the model
substrates PET, 3-PET and BHET with immobilized cutinase. This was followed by examining the
potential of iHiC to hydrolyze chemically pre-processed PET fiber and comparing the results to previous
gained data.

Although the activity of immobilized Humicola insolens cutinase was lower than for the free enzyme,
no activity loss was measured during long time incubation. The inhibitory effect of MHET as reported
by Barth et al. (Barth et al. 2015) was observed but could be overcome with a dual enzyme concept
similar to the one developed by the same group, where TfCut2 from Thermobifida fusca hydrolyses the
PET to MHET and metagenome-derived TfCut2, LC-cutinase (Wei et al. 2012) further degrades the
intermediate product to TA. The unexpected effect of enzyme activity in the reaction buffer after
incubation with iHiC at pH 8.5 suggests that pH specific leaching occurred: On the one hand, activity
was measured after incubation of fHIiC at pH 7 under the same conditions as for iHiC, where almost no
activity as measured, on the other hand no hydrolysis products where found after incubation of iHiC at
70°C and pH 5.5 but led to the highest release of TA when fHiC was used. Regarding literature (Mateo
et al. 2000) alkaline pH should not affect the binding stability since the multipoint attachment of the
enzyme with epoxy linkage is unlikely to break that easily. A possible explanation can be the detachment
of adsorbed enzyme that was not covalently bound as a consequence of pH driven conformational
change. This means that the washing at pH 7 might not fully remove the unbound enzyme after
immobilization. The absence of shaking led to a lower activity for iHiC most likely as a result of a
concentration gradient of the leached enzyme. The optimum incubation time for HiC seem to be 72h
since activity of leached enzyme drops after when incubated for longer time periods (section 4.2.4 and
4.2.5).

Free Humicola insolens cutinase on the other side seemed to have comparable activity at all tested pH
levels with the highest release of TA at pH 5.5. at 70°C, this differs from pH optima for PET degradation
as discussed in section 4.4.3. Behavior of HiC in acidic condition at high temperature needs to be
examined more closely. Influence of shaking was neglectable with no significant change in monomer
distribution.

The efficiency of iHIiC increased dramatically when applied to the insoluble model substrate 3-PET
blank showed minimal and therefore neglectable instability of the substrate at neutral pH. The
concentration increased 10-fold when fHiC was used for incubation, although monomer distribution and
pH behavior where similar to the immobilized enzyme. This time a clear preference for pH 8.5 was
observed. The soluble hydrolysis product BHET was an excellent substrate for iHiC as expected,

although accumulation of MHET was inevitable. Incubation of fHiC led to full degradation (Figure 46).
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The destabilizing effect of pH 8.5 on BHET as demonstrated in Figure 47 needs to be taken into
consideration when evaluating the performance of the enzyme at this pH.

Regarding the chemically preprocessed samples from the university of Maribor, precipitation and
adsorption enhancing effects due to impurities could have had a negative effect on the solubility of the
released monomers after incubation with immobilized as well as free enzyme. When comparing the
reaction samples to the blanks without enzyme, the concentration went down instead of up for iHIC. A
relatively high release of TA monomers after incubation with iHiC was measured with EE21B at pH 7
which was even comparable with the result for fHIiC. This is remarkable since no other condition lead
to TA monomer concentration this high and a good indicator to stay with pH 7 and 50°C when using
immobilized HiC for chemo enzymatic hydrolysis. Filtration of the samples seems to be crucial to reduce
possible precipitation as demonstrated.

The high standard variation indicates that the individual composition of the sample greatly affects
precipitation. Since free enzyme might precipitate in presence of inhomogeneous sample composition,

immobilized Humicola insolens cutinase is preferable for complex samples.
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6. Appendix

1) Laboratory facilities

pH meter Microprocessor
WTW (Germany)
Balance Scaltec (Germany)

AventurerTM (Canada)

Pipettes 100/200/1000 pL

Gilson (France)

Pipettes 10uL

Flask 100 mL Duran Group (Germany)
?
Flask 500 mL Duran Group (Germany)

Beaker 50 mL

Duran Group (Germany)

Beaker 100 mL

Duran Group (Germany)

Beaker 250 mL

Duran Group (Germany)

Beaker 500 mL

Duran Group (Germany)

Ultracentrifuge Sorval lynx 4000 label 2

Thermo fisher scientific

Plate Reader Tecan Infinite Pro

Tekan (Switzerland)

Incubator INFORS HT Multitron

INORS AG (Switzerland)

Digital Sonifier

Branson Ultrasonic Corporation (USA)

Chemidoc

Biorad (USA)

HPLC “Ultimate 3000 Autosampler Dionex

Thermo Scientific (USA)

FT-IR

Perkin Helmer

2) Methods

2.1) SDS-PAGE

Sodiumdodecylsulfate Polyacrylamide-Gel electrophoresis or SDS-PAGE is a technique

to separate Proteins regarding their size as first practiced by Laemmli(Laemmli 1970). This technique
is widely used in different field such as Biology, biochemistry, forensics or genetics. It’s simple
application and analysis qualifies it for a wide range of applications. The separation process is based on

forcing the polypeptide chain of a protein through a polyacrylamide gel slows down larger proteins more

54



strongly than shorter proteins. The sample can be applied in their native state to preserve their higher
order structure or in denaturated stage. If a reduced sample is preferable, a reducing agent like  —
Mercaptoethanol is added to reduce the disulfide bridges which lead to a linearization of the polypeptide

chain. The SDS binds to the it and leads to an all over consistent charge per unit mass value so that the

protein protein
reduced HS S oxidized
(free thiol) HS S| (disulfide)

protein protein

Figure 54: Reduction of disulfide bonds

0
I

BlatrivreDodecy lsulfat

Figure 55: Effect of SDS on polypeptide chains

migration velocity is only size dependent. One big disadvantage is the fact that the biological activity is

destroyed when applying this technique. Further analysis can be done via western blotting or staining
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Composition of Laemmli buffer (4x) (Biorad):

Tris_HCI, pH 6.8 277.8 mM
Glycerol 44.4% (viv)
LDS (lithium dodecyl sulfate 4.4%
Bromphenol blue 0.02%

2.2) FT-IR spectroscopy

Infrared spectroscopy as a technigue were the molecular structure of a sample is analyzed via adsorption

of infrared radiation. Different chemical bonds have characteristic spectra where resonance can be

measured. The adsorption of energy occurs at frequencies that are corresponding to vibration of the

molecular structure which is dependent on the chemical bond or group The most usable IR region

corresponds to the mid-IR spectrum (between 4,000 and 400 cm™) (Alvarez-Ordéiiez and Prieto 2012)

An active IR-molecule undergoes a change in dipol movement as a result of its induced movement. Each

of this vibrational modes has a specific vibration pattern correlating to the mass of atoms and the strength

of the chemical bond, which connects them. Larger masses tend to have a lower frequency whereas

stronger bonds lead to a higher frequency.

N - /
LFRF &P

y

symmetrical stretching  asymmetrical stretching scissoring (bending)

Figure 56: Types of movement induced by infrared radiation (Alvarez-Orddfiez & Prieto 2012)

The FT-IR spectrometers were invented in the 1960s but did not find frequent application during that

time due to high costs. With advancing technology, the devices became cheaper and are now used in

many different fields
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Figure 57: Basic components of an FT-IR spectromenter (Alvarez-Ordéfiez and Prieto 2012)

The source of IR radiation can be a Nernst glower (based on rare earth oxides), Globar source (rod of
silicon heated electrically), or a carbon dioxide laser. Although the enyble continuous radiation, they
have different energy profiles, which leads to different possibilities for application. The essential
components of each Ft-IR spectrometer are The light source the detector and and a Michelson
inferometer (consists of a moving mirror, a fixed mirror and a beam splitter). The inferometer produces
characteristic inference signal when an IR beam passes through the sample. The measured signal results

in a interferogram that is mathematically transformed from time domain to frequency domain.

2.3.) Calibration Bradford assay

Two calibration rows have been used:

Table 5: BSA calibration 1

Conc. standard [pg/mL] | V(Stock) [pL] V(Buffer) [uL]
500 300 900

400 240 960

250 150 1050

200 120 1080

100 60 1140

50 30 1170

25 15 1185

125 7.5 1192.5
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Table 6: BSA calibration 2

Conc. standard [ug/mL] | V(Enzyme) [ul] | V(Buffer) [uL] | Code
1000 500 (stock) 500 A
500 500 (A) 500 B
250 500 (B) 500 C
125 500 (C) 500 D
62.5 500 (D) 500 E
31.25 500 (E) 500 F
200 100 (stock) 900 G
100 500 (G) 500 H
50 500 (H) 500 |
25 500 (1) 500 J

A linear regression of the data points was performed to obtain an equation to correlate the absorption at
595 nm with the protein concentration. All calibration samples were measured in triplicates.

2.4) para-Nitrophenyl substrate) activity assay

The enzymatically catalyzed addition of a water molecule to the-NPB molecule leads to a cleavage into
Nitrophenyl which absorbs at 405 nm and butyrate. This assay is used to determine the activity of
esterases. A limitation of the technique is its poor performance at low pH. The substance is very light

and temperature sensitive. The reaction with p-NPA as substrate follows the same principle.

OH
Cutinase
+ H,O R + JCJ)\/\
R HO CH,
_,N ™~ +
~
o] 0 OVN‘\\O
para-NPB Nitrophenyl Butyrate

Figure 58: Hydrolysis of the substrate molecule
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2.5) HPLC

High performance liquid chromatography or HPLC is a technique for separating molecules via
hydrophobic interaction under high pressure (300-400 bar). The advantage of this extreme pressure is a
relatively high purification rate within a short time. The solid phase of the column has a very fine
structure this results in an increased surface and intensified interaction with the analyte. After the

separation or purification a detector measures the concentration of the analyte in the eluate.(Letzel 2010)

HPLC Column

Packing Maters
- - Chromatogram
Poaks » Yolow. 1oed, B
e =

WA ——————————
Injector

AutoSampler
Sample Manager

fo——— ]
Solvent <=

{Mobile Phase) Sample
Researvoir

.‘-‘n.m

Computer Data Station

Pump Detactor
Solvent Manager
Solvent Delivery System

Waste

Figure 59: setup of a HPLC system (Waters 2017)

2.6) Calibration of HPLC

The concentration of TA and BHET was exclusively measured with reverse phase HPLC. Standard
calibrations were measured with an increasing concentration beginning with the lowest. A calibration
curve of terephtalic acid for each desired pH was obtained by creating 1mM stock solutions with TA
dissolved in NaAc 0.1 M, pH 5.5; Tris/HCI, 0.1 M, pH 7 or Tris/HCI 0.1 M, pH 8.5. After addition of
the buffer, the samples were mixed with ice cold MeOH, centrifuged at 14 000 rpm at 0 °C for 15 min
followed by filtering them with a 0.45 um PA filter into a HPLC vial. Each calibration point was

prepared as triplicate.

Table 7: Standard calibration TA

Conc.[uM] | 1 mM TA[pL] | Buffer [uL] | MeOH [uL]
500 500 0 500
250 250 250 500
100 100 400 500
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50 50 450 500
10 10 490 500
5 5 495 500
1 1 499 500
Table 8: Standard calibration BHET
Conc.[uM] | 1 mM BHET [pL] | MeOH [uL] | Buffer [uL]
500 500 0 500
250 250 250 500
100 100 400 500
50 50 450 500
10 10 490 500
5 5 495 500
1 1 499 500
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2) Results

Monomer release fHiC, Orpm, 50°C
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pH
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¥ L
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spec. Monomer release fHiC, Orpm, 50°C
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0.3 -
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E MHET
ETA

E MHET
ETA

pH
Calibration BSA 160314 Calibration BSA 160316
0.5 1.0
y=1.7421x + 0.0105 - y = 1.5409x + 0.0207
E 0.4 R?=0.9944 - t 08 R?=0.9961 ¢
So03 £06 -
A &
% 0.2 . % 0.4 .-
e E
0.1 L 0.2 L
00 ° 00 °°
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Conc. BSA[mg/mL] Conc. BSA[mg/mlL]
L.0.D[Abs] 1.0.Q[Abs] L.0.D[mg/mL] 1.0.Q[mg/mL] | L.0.D[Abs] L.0.Q[Abs] L.0.D[mg/mL] L.0.Q[mg/mL] |
0.023 0.054 0.008| 0.839 0.042 0.077 0.010] 2.767
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Calibration BSA 160503

Calibration BSA 160517

0.5 0.5
y = 1.6554x + 0.002 y=1.7947x + 0.0128 .
T 0.4 R?=0.9953 - * — 0.4 R? = 0.9877 .
5 0.3 503
a 2 -
= 0.2 Lt & 0.2 b
-] - £ .
<01 <01
00 00
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
Conc. BSA[mg/mL] Conc. BSA[mg/mL]
L.0.D[Abs] L.0.Q[Abs] L.0.D[mg/mL] L.0.Q[mg/mL] | L.0.D[Abs] L.0.Q[Abs] L.0.D[mg/mL] L.0.Q[mg/mL] |
0.016 0.049] 0.009| 1.035 0.029 0.066) 0.009| 0.030
Calibration BSA 160517 Calibration BSA 160610
03 y=1.7897x +0.0157 o 0.5 y = 1.8596x + 0.0028 .
0.4 R?=0.9929 . —.0.4 R?=0.9947
£ | E
S03 S03
a . S -
- 0.2 .- - 0.2 .
E . Ed
0.1 o 0.1 e
0.0 00
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
Conc. BSA[mg/mL] Conc. BSA[mg/mL]
L.0.D[Abs] L.0.Q[Abs] L.0.D[mg/mL] L.0.Q[mg/mL] L.0.D[Abs] L.0.Q[Abs] L.0.D[mg/mL] L.0.Q[mg/mL] |
0.061 0.177, 0.028| 0.094] 0.032 0.071 0,009| 0.031
Calibrationcurve TApH 7 Calibrationcurve TApH 7
160511 160720
6000 y=10.388x - 6.6624 6000 y = 10.306x + 4.0989
5000 R?=1 -® 5000 R*=0.9999 .
4000 4000 -
[1:] (1]
2 3000 . 2 3000 .
2000 2000
1000 o 1000 -
0 " 0 =
0 150 300 450 600 0 150 300 450 600
TA[uM] TA[uM]
L.O.D[Area] |L.O.D[Area |L.0.D[uM] L.O.D[paM] L.O.D[Area] |L.O.Q[Area] |L.O.D[uM] L.O.Q[pM]
8.34] 12.24 1.4438 1.8195 16.94 40.54 1.25 3.54
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Calibration curve TApH 4.6
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Calibration curve TA pH 8.5
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Calibration curve BHET pH 5.5
160822
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4000
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Calibration curve BHET pH 7
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Calibration curve BHET pH 8.5
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Process concept for fixed bed enzyme reactor with feed back loop
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