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1. Abstract¢ Zusammenfassung

What do all enzymeontaining liquid detergents have in common, besides their diversity? At the time
of washing large parts of all enzymes are already inactive and denatured. Accordingly, the washing
performance of the deterg® is strongly reduced. There are various causes which lead to this
undesirable loss of function. Starting with the presence of surfactants and chelating agents, proteolytic
degradation as well as incorrect storage conditidisown solution approachdecus on the temporal
inhibition of protease and neglect the other denaturing factors and enzymes. This thesis deals with
four different strategies to stabilize more than just one detergent enzyme against surfactants as well
asagainstproteolysis Enzyme sthilities are valued by measuring enzyme activity in storage tests and
by determining thermal stability of the enzymas a single measurementn this context a good
correlation between both methodbasbeen identified. Thisorrelationenables a longerm enzyme
activity predictionbased onone thermal stability measurement. Consequently, the number of
time-consuming longerm storage tests can be reduced.

Firstly, small molecules interacting with the enzysctive site are tested to enhance tlemzyme
stability under detergent conditionsRemedial measures to increase the stability of enzymes usually
target protease, the most relevant detergent enzyme and a main reason for the inactivation of all
detergent enzymes including itself. Here, another enzyme, lipases, been chosen asarting point.
Lipase plays a decisive role in stain removaliangkry sensitive to proteolysik.is presumedthat a
substrate(acetylcholinefrom a related enzymeagetylcholhesterase)an inteact as a competitive
inhibitor. Along this routeacetylcholine and three derivativeare tested with respect to enzyme
stabilizationandthe stability oflipaseis significantly increased oversdorage period ofour weeks in

a standard detergent formulation at elevated temperatures

Comparatively stabilizationeffects have been obtainethrough the synthesis of enzympolymer
conjugates; the second strategyPolysaccharides and polyethylene glycol with am@axctive groups

have beercovalentlygraftedi 2 LINR-i SE&EBASh I yR f ALI &S -an3ldsé a I OO
and especially polyethylene glycol for lipase deliver the best results.

The last two strategies focus on the encapsulation iamehobilization of lipaseLipase appears to be

the most suitable detergent enzynfer those two strategesdue to a positive effect on lipase activity

by hydrophobic environmentdlica nanoparticles are synthesizedfe first step and mixed with the
enzyme afterwardsDue to theunfavorablepk; value and size of the detergent lipase, it is difficult to
immobilize the enzyme into the pores of the psgnthesized mesoporous silica hanoparticles. As a
second immobilizationsystem metabrganic frameworks have been examined. In general,

metalorganic frameworks possess smaller pores thiioa nanoparticles. Accordingly, the framework




is built up around the enzymie-situ and the diffusion step is ceasddpase embedded intMIL-53

shows an increased stability in a standard detergent formulation as well as against proteolysis.

Was haben alle Flissigwaschmittel, unabhangig von ihrer Vielfalt, gemei@aamZeitpunkt, wenn

der Endnutzer seine Waschmaschine starsihd groRe Teile der Enzyme im Waschmittel bereits
denaturiert und dadurch inaktiv. Zu diesem Funktionsverlust tragen mehrere Faktoren Des
Vorhandensein von Tensiden und Chelatbildnern, proteolytischer Abbau und unpassende
Lagerbedingungen (TemperajurDie bekannten Ldsungsadime fokussieren auf die temporare
Inhibierung der Protease und vernachlassigen die anderen vorhandenen Faktoren, die zur
Denaturierung fihren Aul3erdem werden die Waschmittelenzyme neben der Protesdst in die
Stabilisierungnit einbezogenDie vorliegende Arbeit diskutiert vier Strategien, mitdgiel mehr als

nur ein Waschmittelenzym gegentiber den Tensiden und der Protease zu stabiliBiebenwird die
Enzymstabilitit anhand von zwei unterschiedlichen Methoden bewertglessungen der
Enzymaktivitat in Lagerversuchen und Bestimmung der thermischen Stabilitat von Enzymen in einer
einzelnenMessung. In diesem Zusammenhang ist eine gute Korrelation zwischen beiden Methoden
entdeckt worden. Die Korrelation erméglicht eine lafigtige Vorhersage der Enzymstabilitat auf
Grundlage einer Messung zur thermischen Stabilitat des Enzyms. Zukiinftig ist es damit mdglich, die
Anzahl an zeitaufwendigen Langzeitlagerversuchen zu reduzieren.

Zunachstverdenkleine Molekiile, die mit dem aki&n Zentrum eines Enzyms wechselwirken kénnen,
zurVerbesserunger Stabilitat getestetBisher bekannte Malnahmen zur Stabilitatsverbesserung von
Enzymen in Waschmittelpeziehen sictalle auf Proteasega diesedasam haufigsten eingesetzte
Flissigwaschitielenzym darstellt und mit ein Hauptgrund fur den Aktivitatsverlust aller Enzyme ist.
Hierist mit Lipase ein anderes Enzyaits Ausgagspunktgewahlt Lipase spielt eine entscheidende
Rolle in derFleckenentfernung und ist selbst sehr anfallig gegenitreteolyse. Hintergrund der
ausgesuchten kleinen Molekule ist, dass ein Substrat (Acetylcholin) von einem der Lipase verwandten
Enzym (Acetylcholinesterase) bei Lipase selbst als kompetitiver Inhibitor wirkerfkdrmiiesem Weg

sind neben Acetylcholin di weitere Derivate getestetvorden und esist moglich gewesen die
Lipasetabilitat wahrend einer vier wochigen Lagerung in einer Standardwaschmittelformulierung bei
erhohter Temperatur signifikant zu erhdhen.

Ahnliche stabilisierende Effektesind mit der zweiten Strategie, der Herstellung von
EnzymPolymerKonjugaten erhalten worden Polysaccharide und Polyethylenglykol —mit

Aminoreaktiven Gruppersind hierbei kovalent an Proteasé,-Amylase und Lipase angebuerd




worden. Im Fall vorh-Amylase liefern Polysaccharide und fir Lipase Polyethylenglykol die besten
Ergebnisse.

Die letzten beiderStrategien untersuchen die Einkapselung und Immobilisierung von Lippsse
erscheint als vielversprechendstes Waschmitelym flr diese beiden Strategien, da die Gegenwart
eines hydrophoben Materials einen positiven Einfluss auf die Lipaseaktivitat haben kann. Mesopordse
SilicaNanopartikelsindin einem ersten Schritt hergestellt und erst anschlie3end mit Enzym inkubiert
worden. Aufgrund desinglnstigerpKe-Wertes und der Gréf3e der Waschmittellipase ist es schwierig
dieses Enzym in den Poren von zuvor hergestellten Nanopartikeln zu immobilisieren. Als zweite
Immobilisierungssystersind Metallorganische Gerliste untersuctvorden. Generell besitzen diese
Geruste kleinere Poren als Silidanopartikel Dementsprechendst das Gertisin situ um das Enzym
herum gebautworden und der schwierige Diffusionsschritt konnte umgangen werdeipase
eingebettet in MIE53 zeigt eine erhdhteStabilitat in einer Standardwaschmittelformulierung und

gegenuber Proteolyse.




2. Introduction and Literature Review

This sectiorsummarize the theoretical part of the present thesis and includes the current state of
literature regardingthe discussed topicdn the first place, laundry detergents in general and their
single components aréntroduced Afterwards it is focused on enzymes especiallyprotease,
h-amylase and lipaséccordingly, available enzyme stabilization strategies are described and finally,
the four strategies used in the present thesis (enzypoé/mer conjugates, small molecules,

metalorganic frameworks and mesoporous silicateyss) are outlined and discussed.

2.1. Laundry Detergents

Nowadays the market in Europe, America, Australia or Asia is flooded with a large variety of different
laundry detergents. In Germany more than lf$iergents for laundry agjzationsare commercialy
availablet These products can be distinguished between their different applicatiorsfeldthereto
relating their chentgal compositionThe composition varies from country to country, nevertheless, it
is possible to define four main types of laundry detergents: hely and lowduty detergents, colo
and special detergentdn general, detergestconsist ofa mixture offour different basic elements
that are described in detail in the following chaptesarfactantsbuilders bleaching agents arwther
ingredients. The central compound of detergents are surfactants that are as walilders present

in al detergent types. Bleaching agents are omgided b powder heavyduty detergentst

A further classification regarding the packaging is possib&ders have been the first detergents,
starting 1907 with Persil®. First liquid detergents entdfedmarket in Germany in 1981 and2012
Procter & Gamble intduced laundrgdetergent pods-The three types of packaging are characterized
by various benefitsUsing a liquidnstead of a powdedetergent avoids solubility problems and
supports lower washing temperaturethereby energys saved which enhances the appeal of a liquid
detergent to the consumet In addition, liquid detergents are more gentle to textibsin powders
due to the forego of bleaching ageritsVith regard to the performance powder detergents score
better, because of the low stability of enzymes in liquid detergent formulatiarteereasin powders

a physical separation of enzymes ashetrimental compounds is giveteading to a higher enzyme
sheltlife.1? Besides the advantages lifuid detergents with podshe dosage for a wdnng cycle is
convenientandthe risk for spillagéow. Theenzymestability obstacle ofegular liquid detergents can
be overcome by using muithamber pods that allow a spatial separation of enzymes and detrimental
compounds likesurfactants.However, it is necessary tdisrupt the dissolvable packet (typically
polyvinyl alcohol) to release the detergerithe instability of enzymes in liquid detergent formulations

is taken into account in the present thesis




Powder detergents dominated the market for years, but in the meantime the conspreérences

for liquid detergents emerged, so that in 201iGuid detergents alsieve a market share of abou®%

in Germany(figure2-1%). The relatively newly launchedetergent pods reach a market share in
Germanyof 2%, but in other countriebke France or Great Britathe demand ishigher (10%) In

figure 2-1 the market share 2016 of the three different detergent packiyyges in France, Russia and
Germany is shown. The distribution of the consumer preferences varies widely between France and
Russia. While in Rusgtae laundry is done witlpowder detergentsare in France ligid detergents

most popular. Germanyepresents the golden mean with a balanced relation of powder to liquid

detergent. Detergent pods represent in all three countries the smallest quafitityr¢ 2-1).1- >4

100 +
80 +
60 +
40 +
20 +

0 : : :
Germany France Russia

market share detergent
packiging types [%)]

powder mliquid m=pod

Figure2-1: Market share of detergent packaging types in Germany, France and Russia.in 2016

In general, the trend is moving in the direction of liquid detergents and relating thereto the demand
for an effective enzyme stabilizing system is increasifg.work out an appropriate enzyme
stabilizationstrategyit is necessaryo grapple with the composition of liquid detergents. The single

compounds are introduced in the following chapters.

2.1.1.Surfactants

Surfactants are the central ingredient of laundry detergents and Haeen synthesizedor this
applicationsincethe two World Wars. The amphiphilic substances consighgtirophobic part, which
is composed of longhain hydrocarbons, and hydrophilic part that differs depending on the
character of the surfactant. Regarding the charge of the hydrophilicgfartsurfactant a distinction
between anionic, cationic, nonionic and amphoteric is maf@lee major partof surfactantsin
detergents is formed bimear alkylbenzensulfonates (LASigure 2-2 a), fatty alcohol ether sfites
(FAESigure 2-2 b)) and fatty alcohol ethoxylates (FAHQure 2-2 c¢). The first two groups belong to

anionic surfactantswhereasthe last is part of nonionic surfactants. fiyure2-2 the chemical




structures of those surfactants are displayed. It should be noted that LAS typifies a mixture of isomers

andhomologueswhich arearesult of the chemical synthesis>®

d
) H3C: — ﬁ
n, m=7-10 n: — —O0 Na*
e N\ / I
b)

n=11-15 Hscw

[@]

c)

_ (0)
n=917 ¢ §
n m,

m = 3-15

Figure2-2: Structures of a) linear alkylbenzene sulfae®fLAS) b) fatty alcohol ether sudtes (FAESand c) fatty alcohol
ethoxylates(FAEQ)Hydrophilic parts are displayed in blue, hydrophobic parts are shown in yellow.

Due toa costeffective manufacture, a great water solubility and a good foarhitwavior LAS are the
most importantcriteria for stain removalaundry surfactard. The disadvantages are a sensitivity to
hard water and a strong detrimental effect enzymesFAE&nd FAE@re more robusto hard water
and less detrimental to enzymes as welt@iuman skin'

In the washing processany properties of surfactants collatate to remove stain and to inhibit a new
accumulation.The amphiphilic structure of surfactants enables a loweohghe water’s surface
tension andhe formation of micelles. Introduction of air into an agueous surfactant solution can result
in the formation of a surfactant bilayer or rather a foam bubBs a result of the lower surface tension
stain and textilefibers are completely wetted and surfactants accumulate on both interfaces.
Electrostatic repulsion between identically chargsdin and textile layer reduces stain adhesion and
enables withthe supportof mechanical movement the removal of stain from the texti\ renewed
accumulation is prevented by the formation of a hyphilic layer around the staih® *® The process

is shownin figure2-3.

Figure2-3: Fat or oil stain removdtom a textilefiber by surfactants.




Modern laundry detergents consist of a combination of different surfactdit®n surfactants have
great washing properties, thegannotclean textiles on their own satisfactory. For example, surfactants
alone are ineffective if a stain is hydrophilic, polar and water insolsintd as water based materials
like tea or coffee

For an effective washing processirfactants are indispensable even if they contribute a major part
for enzyme denaturation andnactivation. Since it is not possible tmit surfactants, enzyme

stabilization strategies for liquid detergents are necessary.

2.1.2.Builders

It is the task of builders to support the surfactabisreducing the water hardness. Therefore, beikl
complex calcium, magnesium aather metal ions and prevent a precipitation with the surfactants on
the textiles or the washing machin®kegarding the mechanism a distinction is made between
precipitation, chelation and ion exchang&he first builders in laundry detergents, sodium silicate and
sodium carbonate, have bedmased on precipitation and theorresponding alkaline earth metal
carbonates and silicates have been formed. Thus, on the one hand the washing effect of the surfactants
have been increased, but on the other hand the slightly water soluble calcium caebisnagild and
the textiles become incrustetl.The second generationf builders (1930s) are phosples and
phosphonateswith chelating properties. These phosphorous based builders provide buffering
properties to stabilize an alkaline pH value and thsulting chelate complexes are water soluble
Neverthelessthe use ofphosphates is questionable regarding the environment (eutrophicafion).
Consequentlyespecially western Europe relies on phosphfite systems like zeolites. The efficacy
of such sodium aluminosilicatés based orithe ion exchange of the own sodium ion with othens

of comparable sizeBut all zeolites arewater insoluble,which can lead to a deposit on textilé$
Besides other phosphorodsee chelating agents are introduced. These include intercallymers
made from acrylic and maleic actdsodium citrate or ethylenediaminetetraacetic acid (EDFA).

The fact that some enzymes need metal ions like calcium in their active site to pevieinmakes

them vulnerable to builders. For this reason, enzyimege to be stabilized against builders.

2.1.3.Bleaching Agents

Bleaching agents are added to powder hedwyy detergents andire present for colored stains that
are resistant to surfactants. In the process organic dyes located in those ataimsxidized and

bleached. Thereby, the conjugated double bonds, whigresponsible for the cologre fragmented




or hydroxyhated to prevent the absorption of visible light and to reduce the adhesion on the textile.
Additionally, bleaching agents have a killing effatimicroorganisms, so that the hygiene and odor of
textiles fibers is increasedUsed bleaching agents are sodium perborate or sodium percarbonate as
well as sodium hypochlorite. Sodium perborate and percarbonate are applied in Europe especially and
are effective through the waterelatedgeneration of hydrogen peroxidelydrogen peroxide oxidizes

the double bounds in a scalled oxygen bleaching.ln America sodium hypochlorite is used as
bleaching agerdmong others Here, a chlorine bleach with hypochlorous acid takes pfacempared

with a chlorine bleaching (2TC) for an effective oxygen bleaching highvashing temperatures (6¥C)

are required. To reduce thtemperature bleach activaterlike tetraacetylethylenediamine (TAED) are
added. TAED forms with the generated hydrogen peroxide the strong oxidatem pgracetic acid
which enables decreaseavashing temperature (30C)*

Since bleaching agents are not part of liquid detergents, they are not discussed in the further thesis.

However, bleach caoxidize amino acids like methionine resulting in an enzyme inactiv&tion.

2.1.4.Further Ingredients

Further ingredients of laundry detergents are enzymes, optical brightec@nssion inhibitorsfoam
inhibitors, anti-redeposition agentsgye transfer inhibitors and fragrances. Detergent enzymes are
pointed out more in detaiin chapter2.2. Optical bighteners are fluorescent organic compounds that
absorb ultraviolet (UV) light and emit blue lightreduce the yellow tinge of undyeextile fibres.®

To protect thealuminumcomponents of a washing machine corrosion inhibitors like soluble gtass
added! The foam formation is regulated by foam inhibitbasd the redeposition of already removed
stains is prevented by anatedeposition agents likearboxymethyl cellulose (CME)2 Dye transfer
inhibitors impede a color transfer from one textile to anotteand fragrances suppress the odor of
the detergent solution and give an ovatent to the textilesAdditionally, in powder detergents are

fillerslike sodium sulfatend in liquid detergents ater and alcohols are addéd.




2.2. Enzymes

If a textile fiber isoiled with dried stains, for example starbhsed, surfactants and bleaching agents
are insufficienfor cleaning and enzymes are required. Enzymes are biocatalysts made of amino acids
that lower the activation energy of chemical reactiofifie threedimensional (3D) folding of the
amino acids as well as the resulting conformation of an enzyme and especially of its active biading si
is essential for the activitgf the biocatalysts. That is why enzymes show a high specificity regarding
substrateswhere only complementary ones can bind and be conveA®d.Addtionally, enzymes
catalyze reactions chemoselectiyeregioselectivly and stereoselectivlg, so that undesirable side
reactions are suppressed and complex structures carbdiklup.?? However,the conformational
stability ofenzymesan be disrupted and destroyed by physical or chemical influghe¢gare located
outside of the physiological conditiondThe loss of thesuperordinate structure is known as
denaturation. Thergthe order of amino acids remains unchanged but combined with the native
folding the enzyme activitis lost. Renaturation is theeverseprocess, if it is possible to return to the
native folding andto regain enzyme activit$? Physicaldenaturing factors include temperature,
radiation ormechanical stresS.emperatureinduced unfolding is often irreversible and joined with a
reduction of solubility’* Chemical denaturation can be induced by extreme pH values, chaotropic salts,
surfactants or organic solvents.

In general, reactions catalyzed with enzymes are more environmentally friendly due to lower energy
costsas well as less harmful chemicals and less waste prodlitkerefore, enzymes are involved into

a broad range of industrial applications such as food, chemicals, medicine or detdfgenhose
various applications enzymes are speaificdesigned by protein engineering to show high selectivity,
activity and stability?’28 This results in a variety of different enzymes from which more than 7,500 are
listedin the database BRENDBA.

Detergent enzymesake up about 30% of the total worldwide enzyme production argspecific
regarding one type of stain or rather one substance clddwy oftendegrade those insoluble
macromolecules intemall fragments that can be removédm the textile. In 198 OrTOROHMadded

an enzymeisolated fromporcine pancreas to a laundry detergent for the first tiffldowadays, a
mixture of at least five different enzymes is presentainout 90% of allaundry detergents® In

table 2-1 the detergent enzymes, their substrate and market launch are listed.




Table2-1: Listof five detergent enzymes, their substrates and market launch.

Enzyme Substrate Market launch

Protease Peptide bonds in proteins 1960
Amylase Glycosidic bonds in starches 1975
Lipase Ester bonds in fats 19971
Cellulase Glycosidic bonds in cellulose: 1992

Mannanase Galactomannan 2002

The resulting benefits du¢o the use of enzymes in laundry detergents are a lower washing
temperature anda reductionof the necessary quantity of detergeh€!

Furthemore, the textile fibers itself are treated more gently during the washing process. For instance,
cellulase haadditionalanti-greying aul antiredeposition properties? In connection with the use of
enzymes in laundry detergents some challenges arise. The fine dust of enzymes has a sensitizing effect
and causs allergies.For that reasorenzymes have been encapsulated for powder detergents since
the end of 196082 So called enzyme prik®nsisting of a sprayed wax melt with enzyme has been on
the market since 1978 For powder detergents this results in the following advantages: on the one
hand the human health is protected against sensitizing effects and on the other hand the enzyme itself
is isolated from external denaturing influences that are present within ardetd. In this way the
storage stabilityof the enzymeis increased**® For the application in a liquid detergent this physical
separation is not possibleTherefore, other strategies have to be istigated. In the following

chapters three enzymesLINE (i S-andyI&sE and lipaseare described more in detail.

2.2.1.Protease

With regard to an application in the area of laundry detergents, protease is the most important, most
widely andlongestusedenzyme! Proteases belong to the hydrolases aratalyzethe proteolysis of

peptide bonds. They are present in all tissues and cells of all organism and are divided into intracellular
and extracellular protease® With regard to the active sitthey are further subdivided into serine,
threonine, cysteine, asparta, glutamate, asparagine metallo poteases®’

A detergen protease (EC 3.4.21.62) is a nonspeafitracellular alkaline serine endopeptidase
expressed from 8acillusstrain, oftenBacillus abtilis.*® Furthermore, the enzyme is a singlemain
Y2Y2YSNJ I yR Ll2aasSaa I 3f 20 dz | Nhndwhch. hemiyzQalcizNE & A
ions serve as a efactor3®

The eponymous seringer)is in the active $& which has the structuref a catalytic triadThis triad is

completed by histidine (His) and asparang (Asp). In figure2-4 the catalytic mechanism of a
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SerHisAps catalytic triad is illustrateds a first step a nucleophilic attack on the carbonyl group of
the peptidebond (= substrate) occurs originating from Ser221 (figueA).Therefore, His64 serves

as a general acid/base due to its imidazole riMipereby, a tetrahedral intermediate state is formed
(figure2-4 B). The released proton is accommodated by the imdblaof the His64The tetrahedral
intermediate state is stabilized by the oxyanion holich is formed by the amino groups of the
peptide backbone. In a subsequent step, the tetrahedral intermediate state decomposes and an
acylenzyme intermedite is famed. In that regard, the peptide is cleavéfigure2-4 C). As a further
step, a water molecule activated by His64 attacks the -angime intermediate nucleophilic
(figure2-4 D) and a second tetrahedral intermediate state is formed (figweE). Finldy, the cleaved

substrate igeleasedand the enzyme is regenerated (figutel F)**41
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Figure 2-4: Schematicillustration of a SeHisAsp catalytical triad. A: beginning state, B: tetrahednéérmediatel, C:
acytenzyme intermediate, D: acghzyme intermediate, E: tetrahedral intermedidteF: regenerated enzyme.

2.2.2.h-Amylase

¢t KS SyR2anyiageYES o1 dmdm0o  OF (I £ & F13glycasiicShondSinRdtebch & & A 3
statistically?? Thereby, the conformation of the anomeric center remaimehanged® and a mixture

of maltotriose, maltose, glucose and the main product maltupese is obtained* The lydrolysis

rate is influenced by the substrate sjaghich means that eight or nine glucose units are cleaved

rapidly. While the degradation of units shorter than maltopentaose occurs slowly. theless,
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h-amylase is present in all living organiétfor dettNA S y (i | LJtalinylagek drehofeyl éxpréssed
from Bacillus licheniformidue to a higher thermal and alkaline pH stabifity.

X-ray crystallographic aysisfrom KLEIN ET Ahaved K 2 ¢ y -dimilaséi corisists of three domains.
DomainA isthe central domain and has a barée structure of a TIM barrel in which eight parallel
i-AKSSGa I NB 02 yheli&d DdnRIA BdulrourBidd Bydomab 6 dzy -St@Suyes)]

and domainC (Greek key motif). Moreover, a calcium ion as-factor is located between domaiy

and B

¢ KS | Ol A-ghylaséshisidBatedl Fetween domairand B and consists of three essential amino
acidsasparagineAsp23), glutamic acidGlu26) and a second asparaginksp328. Glu26lactsasa
proton donor, Asp231 as a nucleophile and Asp328 increases theghiie of Glu261> 4647 In
figure2-5 the threestep mechanism of the hydrolysis is shown. Firstly, the exocyclic oxygen is
protonated by Glu261 andarbon C1 is attacked nucleophilic by Asp231. As a yéselteducing end

of the substrate (HOR) split off (figu2es 1). Secondly, a water molecule activated by Glu261 causes
the hydrolysis of the covalent bond between Asp231 and C1 (figy6rid). Thirdly, the molecule groups

regenerate (figure-5 Il).43 48

I. Glu261 II. Glu261 I1I1. Glu261
HO o) 0 o) HO 0
OH ( OH QH OH
RO El __» RO \ gl ___ >~ RO 3
HO o 8 -HOR HO&O O—H N HO o) N
(0] w / w 1) ]
HO SR Co 0 HO H

(0] (0] 0] 0]
Asp231 Asp231 Asp231

Figure2-5: Schematidllustration ofhydrolysis in an active site 8famylase.l: nucleophilic attack of Asp231 on C1 of the
substrate leads to a cleavage of HOIRactivated water initiates the hydrolysis of the covalénkage between Asp231 and

C1. lli regeneration of the enzyme.

2.2.3.Lipase

With the combination of surfactant and lipase the washing performance regarding fatty stains is
significantly increased. Lipase initiates the dissolution and the surfactants can remove the grease stains
easily! Lipasesare esterases andatalyze the hydrolysis dbng-chain triacylglycerol todi- and
monoglyceridesas well agylycerol and free fatty acid$.Furthermore, lipase shos\a broad pH and
temperature stability and the presence of afawtor is not required’: °

Usually, lipase for detergent applications is expressed from the flungicola insolen®r Aspergillus

oryzae® Another option isThermomyces lanuginosusere,the enzyme is a large single domain
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RAYSNARAO LINBGSAY gandvichdThelnétiveSeSs likelfol fBokhsé & dathlydic triad
consisting of Serl68, Asp223 and His2B0chapter2.2.1 the mechanism of a catalytic triad is
described in detait! A specificity is that the catalytic triad is shieddby loops and helices whicbrin
alid?®¢ KS f A-Ropoflamphigathic character anthus the enzymés only active at water/oil
boundaries. In hydrophilic solutions the hydrophobic paftthe lid faces the active sitand the
hydrophilic parts the solvent. As a resuhe lid is closed and opens in tipgesence of hydrphobic

solutions or interface8?
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2.3. Overview ofEnzyme StabilizatioiMethods

It is wellknown that enzymes lose their activity in liquid laundry detergents due to the contact to
denaturing compounds like surfactants or chelatdfarther, extreme temperatures and pH values
inactivate enzymesAdditionally, protease degrades other enzynaeslitself ¢ especially if unfolded.

As a resultenzymes in purchased liquid products are unfoldéestabilized (autolytic) degraded or
chemically modified and almost completely without the desired perform&ne®> However, the
enzyme stability is not only an issue in detergent applications but also in other industriasuBhgse

may include animal nutrition, food processing, pharmaceuticals and biocat#lysie process
conditions are often incompatible with a stable enzyme due to extreme pH values and temperatures
or the presence of organic solvertfsAs a consequence, the enzyme is denatured, so as the amino
acid residues in the active sitare too wide apart in order to perform and the enzyme loses its
function 58 Accordingly, it is necessary to formulate enzymes to enaumgintaining of the enzyme
function and performancé®®°

Today, a multiplicity of different strategies to increase the stability of enzyamesiescribedin
literature due to an increasing number ofnzyme applications’® An overview of the different
strategies for enzyme stabilization is shownfigure2-6 and the strategies are described in the

following sections.

Enzyme replacement

Enzyme modification

Figure2-6: lllustration of different strategies for enzyme stabilization. A: enzyme replacement, B: enzyme engineering, C:
medium engineering, D: enzyme modification, E: enzyme immobilization, F: enzyme encapsulation.

Enzyme Replacement

One obvious methotb end up with a stal@ and active enzyme in an industrial procassler harsh
conditions is to replace thenesophilicenzyme(figure2-6 A). There are enzymes in extremophile
organisms that survive under conditions of extreme environments such as inter alia high temperature

(up to 130°C), high salt concentrations and extreme pH valued2j6' Enzymes in such
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microorganism are adapted optally to the conditionsperform as a biocatalysind could be th@ext
generation for industrial biotechnolody®® For instanceToPLAK ET Aidentified a gene that encodes

a serine protease in the thermophilic bacteritoprohermobacter proteolyticusThe enzyme that
resultsof the gene expressed HEscherichia cois called proteolysin and shows enzyme activity up to
80°C over a broad pH range. In addition, teermophilic enzyme proteolysishows a higar
resistance to surfactan{d0% sodium dodecyl sulfate, SB&) organic solvent®&thanol and dimethyl
sulfoxide, DMSO) compared with the mesophilic counterpart subtifsiBBased on this results

proteolysin isof great interestfor the detergent industry+6°

Enzyme Engineering

Instead ofexchanginghe whole enzyme another option is thangeparts ofthe primary structure of

an enzyme to enable a fitting to the present procsepscificationgfigure 2-6 Bf® Protein engieering

got started in the 198($% and can be broken down intiovo methods: rational protein design and
directed evolutionAlsoFrances H. Arnold, a pioneer in the field of directed evolution, and honored by
the Ndbel Prize for Chemistry in 201fs to be mentioned in this conte&t Rational proteindesign
means that being based on structures and sequences of proteins known as stable, new variants of the
protein of interest are created through sitdirected mutagenesi& In contrast to rational protein
design, fordirected evolutionan extensive knowledge of the protein structure is not required. In this
case randm mutagenesis followed by a selection of mutants with the desired enzymatic funigions
implemented in a higithroughput.* With the objective of an organic solvestable lipase Candida
antarcticg PARK ET Awsdl rational design based on findiadrom solventenzyme interactionsBy
targeted mutation of amino acids from the surface héife of lipase in organic solvents could be

increased up to 1.5 folé

Medium Engineering

Interactions between an enzyme molecule and gwrounding solvent molecules aceucial for the
structural stability of enzymes andlating thereto for storage stability. For customséris important

that an enzyme retains its activity until it is useéor this reason, an appropriate medium to ensure a
certain amount of enzyme activity and stability has to érggineered(figure2-6 C)">"* It is most
popular to add an additive to the enzyme aqueous solution to enhance the storage stability, whereby
most enzyme formulations sold are stabilized wattiditives. These may include substrates, ptsyo
sugars, salts and polymetsThe addition of an additive that participates in the enzymatic reaation

a substrate or ligand does not necesxily lead to the desireénzymestabilization’ This strategy is
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discussed furthem chapter2 4. Polyols and sugars added agueous enzyme solutions increase the
hydrophobicinteractions among noipolar amino acid residues. This leads to an enhanced thermal
stability due to aigidification of the proteirn’® The cause fothis stabilizing effect is natlarified but
it is estimated that those additives have an effecttba water activity. This is either because of water
moleculegreplacementrom the enzymeshydration shell or because of the formation of a stabilizing
shell around the enzyme which ables a preferential hydratiof¥: 7677
Appropriately, osmolytes can shift the chemical equilibrium of native and denatured state to the more
compact stateg mostly the native active staté.’® NASIRIPOURDGRI ALincreasel the thermal stability
and resistance towards proteolytic degradation of savinase, primarily used in detergents, by the
addition of the two osmolytes sorbitol and trehalo¥d-urthermore an increased ionic strength by
addition of salt canhancethe enzyme stability. Theffect of saltshas beerfirst described byFRANZ
HOFMEISTER 1888.In this lyotropic series anions and cations are ordered as foftbws:

N(CH)s* > NH* > K, Na' > M&* > C&* > B&"

SQ2> Ci>Br>NQ > ClI@ > SCN

Experiments with lysozymbaveshown that if the enzyme is negatively charged, chaotropes; (@O
SCN provide the unfolding and salting into solutiomhereas kosmotropes (S&¥) support the
stabilization @ the native state and induce a saltiogt effect. A positive charge of the enzyme result
in an inverse Hofmeister ses&*%3 Not only small molecules can increase the stability of enzymes in
an aqueousnedium, but also polymerske polyethylene glycol (PE&)ow a stabilizing effect due to
an exclusion of enzyme from solvent parts gm@venting denaturing effect®.
An elegant way of enzyme stabilization is the engineering of media that includes stabilizing molecules.
In this way the enzyme storage stability can be increased and the enzyme itsglbsathie in solution.
An impairment of performance is not to be expected. However, stabilizing additives can interfere with
final use reaction system. Regarding laundry applications the addition %fn@ight increase the
stability of the enzymes but the an interacts with anionic surfactants as descrilie¢thapter2.1.2.
In addition, for some additives high concentrations are required for a stabilizing effect. High
concentrations can be difficult to be realized in the application or in the reactioersgsand may be
economically unviablé® Identification and design of enzyme specific stabilizing additives is quite

difficult due to the complex structure and enzyme folding.

EnzymeModification
Chemical modification of enzymes offers an alternative to enzyme engineering to achieve an enzyme
tailored for an industribprocess. The introduction diiversegroups to an enzyme via the amino acid

sidechains is possibfé.In the past, hydrophobitfydrophilic groups have been introduc&damino
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acids have been phosphorylated or glycosylé&ted crosslinkeslike glutaraldehyde have been added

to enzymes to enhance their stabiltylt is a widespread strategy to link polymers covalerio
enzymes.

Chemical modification of an enzyme is always associated with the risk of destroying the enzyme
conformation and reducing its activity. Nevertheless, the modification of an enzyme leads to changes
of the physical and chemicals properties lilkdectrostatic interactions, hydrophobicity or
hydrodynamic volumé®® Modifications are often unspecific so it is unknown which amino acid
residue is affected by the conditions used. Consedly, the performance of an enzyme can be
decreased. Attachment of a polymer can result in enhanced molecular rigidity, which can lead to a
thermal stabilizing effect® The enzymepolymer cmjugates obtained are discussed in detiail

chapter2.5.

Enzyme Immobilization

Immobilization of an enzyme to a solid carrier is a common strategy that is especially attractive for
applications in the biocatalysis. In that way thenefits of a heterogeneous catalysis can be enjoyed.
In general, the operation control of the procesgigroductseparationwithout enzyme contamination

are facilitated. Additionally, the enzyme usually retains its catalytic activity with an increased stability
and can be reused fonultiple cycle$®? Enzyme immobilizadn to carriers likean inorganic polymer,

a biopolymer or synthetic resitan be either via adsorptionpvalent binding oentrapment®3 Linkage
between enzyme and carrier can occur via a single or a multipoint attachment. Theidgttaticular
suitable in terms of an increased thermal stabifit@imilar to the attachment of a polymer, enzyme
immobilization to a rigid carrier can enhance molecular rigidity resuliting thermal stabilizing
effect>® Many positive reports from enzyme immobilization describe an increase in enzyme activity
compared with the free native enzynig® Observed activity loss can be attributed to enzyme
denaturation or a hindered mass transfer due to the solid carfiéirsthe latter case, the enzyme can

be accidental linkeddt the carrier that the active site is blocked and neotessable for substrate.
Unspecific enzyme adsorption takes this risk particularly.

One example for a successful enzyme immobilizati@NGH ET Awho linked -1,4-glucosidase from
Agaricus arvensicovalently onto functionalized silicasioxide nanoparticlesThereby the enzyme
shows an enhanced stability as well as a higher specific acf\Etytrapment is the inclusion of an
enzyme in a polymer network that is synthesized in the presence of the erf2\trie widespread to

use mesoporous silicatg$1%* which are discussedh chapter2.6 for enzyme entrapmentAnother

option to entrap enzymes is the use of metaiganic frameworkg as explained in chaptex.7.

17



Enzyme Encapsulation

Enzymes can be encapsulated in a polymer network, a silicgebadr a microcapsule. The
encapsulation in silica matrices is one of the most studied systems and stands out as an inexpensive,
fast synthesis under mild conditionffurther details in chapter2.6).:? With a waterin-oil
microencapsulation nanoparticles with an undefined number of encapsulaedymes are
obtained!®® Defined single enzyme nanoparticles (SENs) are received via a combination of enzyme
modification and encapsulationThe enzyme is modified bywn acryloylationto introduce
polymerizable acrylic groups on the surfafilowed by anin situ crosslinking polymerizatia#* In

this wayBELOQUET ALencapsulate horseradish peroxidase (HRP) and demonsttaeup to 4fold

higher relative enzyme activity in organic solvents compared to the free en#infaurther
encapsulation systems ammicrogels® or liposomes'®” Encapsulation of enzymes behaves in a
manner like immobilization. Aurther question is how to initiate the release of a successfully
encapsulated enzyme. Encapsulation is not sufficient; the enzyme has to be released at the right time
and as quick and complete as possible. The use of a tempesnaspensive polymer, like
Poly(\-isopropylacrylamide) (PNIPAm), is one possible very popular trigger for medical applications
due to its biomedical compatible lower critical solution temperature (LCST) W82However, it is

not suitable for laundry applications by reason of the varying storage temperature. In that case the

immediately inflowing water can beilized for an osmotic pressure release.

All six strategiesnentioned have their own strengths and weaknesand the optimal solution for
an application depends on the enzyme as wells as the underlying protées examining the
distribution of publication®n each strategyn the year 2017figure 2-7), it isnoteworthy that by far
most publications areoa §y& Y S Sy 3. Angundhilfof/pHbtications withnzyme modification
61Seg2NRaY aSyiTeyS Y2RATAOI (A awihélarge fiRancécdmes & Y S

[ followed byd!Siy A 2 WS Sy Gndlthe tedst publicatiods are on
medium engineeringd 1 S8 62 NRAY Syl eyYS YSRAdzy Sy3aaAySSNAy:
aSyieysS alfid cadncortfaiddng SeFRNRAY GSEGNBY2 LKA
GOKSNY2LIKAES Syl eayvySé oo L blicatidag dizhlimy withSneysate@ fare (i K I
captured by the keyword search. In particular the topics medium engineering and enzyme replacement

are undervalued. The corresponding pie chamiggure2-7.

18



2017

205
1722 540

S

4

Figure 2-7: Distribution of publications2017 (Web of Sciencepn enzyme replacementS oo e Nt

T, ERZymelmoditicatio renzyme immobilizatiomand n

Oftena strict distinction between the strategies is unfeasilational protein design for instance can
refer to an extremophilic enzyme to enhance the properties of a mesophilic enzyme. Both strategies
are used widely from biologists or biochemists at the beginning of the development of a new enzyme.
On the contrarymedium engineering, enzyme modification, immobilization and encapsulation are
strategiesbased orthe final enzyme engineered.

In addition to the scientific issues, industrial frameworks mustdesidered The strategy used for
enzyme stabilizatiomustbe economical viable and the technology has tddsesible Environmental
belongings must be kept in mirats well The present wrk is focused on four differentnethods to
increase the stability oEnzymes in a liquid detergent formulatiorersatile within an industrial
context These strategies ammall molecules (chapt&.4),enzymepolymer conjugates (chapt&.5),
mesoporous silica systemsh@pter2.6) and metabrganic frameworks (chapt&.7). In figure2-8 the

four methods are illustrated. Those methods fall into the categories medium exchange, enzyme
modification and immaobilization or rather encapsulation and described in detail in the following

sections.

W -
Small Molecules Enzyme-Polymer Mesoporous Metal-Organic
Conjugates Silica Systems Frameworks

Figure 2-8: Overview of the four enzyme stabilization strategies used in the present thesismaAll molecules
B:enzymepolymer conjugatesC:mesoporous silica systemd:metalorganic frameworks
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2.4. Small Molecules

This chapter of small molecules states the fitsategy used to stabilize enzymes in a liquid detergent
formulation and belongs to the technique @hedium engineeringmentionedin chapter2.3. Inthe
following subsections the influence of small molecules on enzymes in general is described
(chapter2.4.1), small molecules already in use for laundry applications are mentioned
(chapter2.4.2), the open research question is formulated (chaet.3) and finally, the concept of

the present work is explained (chapt2#.4).

2.4.1. Small Molecules an@Enzymes

Small molecules can influence the activity and stability of enzymes to the positive as well as to the
negative side. The presence of substratesfamors and inhibitors effects the stability of enzyni€s.
Specially known are enzyme inhibitevhichare moleculeshat interact with an enzyme and decrease

its activity. This mode of action is base of many drug molecules and therefgiaahacological
interest Regarding the mechanism it is possible to differentiate between reversible inhibition and
irreversible imctivation. The first case is further divided into competitive, uncompetitive and

non-competitive inhibition?® The types of inhibition and inactivation are shoinrfigure2-9.
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Figure2-9: Typesof enzyme inhibition. A: normal enzyme reaction; B: irreversible inactivation; C: reversible uncompetitive
inhibition; D: reversible competitive inhibition; E: reversible roampetitive inhibition.
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In a normal enzymeeaction figure 2-9 A) substrate anthe active site of an enzynieteract and form

an enzymesubstrate complex. As a consequence of the interaction, chemical bonds within the
substrate are cleavednd the substrate decomposes into produotchemical bonds are formed and

a product is built upThe inactivation of enzymes due to a modification by covalent binding of an
inhibitor (figure2-9 B), is referred as irreversible inhibition. A dissociation of inhibitor and enzyme is
not possible, andhe enzyme remains inactive. If the interactions between enzyme and inhibitor are
non-covalent so that a dissociation is possible, a reversible inhibition exists. In most cases of inhibition,
the inhibitor can bind to the enzyme active site and competesitw the substrate for binding
accordingly (figur-9 D). Due to the blockfathe active site, turnover of the substrate is reducbdt

can be recovered if the concentration of the real substrate is enhanced. Within ®amopetitive
inhibition, the inhibtor binds to a site other than the active site (figut® E).Binding of the inhibitor

to the so calledballosteric sité results in a conformational change of the active site. The formed
enzymeinhibitor complex prevents the interaction between enzymadasubstrate ad cannot
repealed byanincrease& additionof substrate. In the last case of reversible inhibition, thebitbr

can only interact with the largeenzymesubstrate complex and not with the enzyme alone
(figure2-9 C). Bindingf the inhibitor to the complex is called uncompetitive inhibition and letwla

stop of substrate decompositiofi®

Besides enzyme inhibition, it is known that low molecular weight substances can influence enzyme
stability in aqueous solutions. The effect cha either stabilizing or destabilizing. For instance,
guanidine hydrochloride and urea unfold and denature proteins. Whereas polyols like sucrose or
glucose and salts such as ammonium sulfate exert a stabilizing Effaageneral, the stabilizers can

be divided into osmolytes and ionic stabiliz&rsOsmolytesare for example polyolsuch aglycerol

and dipolar molecules like trimethylamird-oxide. They are alngb uncharged and influence the
solvent viscosity as well as the surface tension. In addition, they stadhigdration shells and avoid
protein aggregatiort!*Up to concentrations cdt least10 to 40wt-%, osmolytefave only little effects

on enzyme activity and stability? lonic stabilizers like salte.). phosphatesor quaternary amines)

can shield surface charges for stabilization at low concentrations. They tend to initiate protein
precipitation at high concentrations by competinith water moleculeg!!

The presence of ligands haarous effects on enzyme stability. A ligand participates in enzymatic
reactions and binding can lead to a stabilization, destabilizatidraeno effect’> QMMPERMAN ET AL
predicate the effect observed on the preferred binding of the ligand. Accordingly, a destabilization can

be observed if the ligand binds primarily to the unfolded state of the enzyne.
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2.4.2. Small Molecules for Enzyme Stabilization in Liquid Detergents

The use of small molecules for enzyme stabilization in liquid detergents is attractive duenaittes

of enzyme encapsulation and subsequently, circumventing a complicated enzyme release.
Additionally, small molecules are often easy to formulate and bear a small risk of soiling textiles. In
general, the amount of enzyme stabilizers within househtstergents should not exceedv@-%114
Together with the first liquid detergents entering the market, enzystabilization systems in form of
small molecules were added to the solutions. First stabilizers have been mixtures of polyfunctional
amino compoundssuch astriethanolamine or polyolsike sorbitol in combination with boric acid
derivatives or borax!® Alternatively, watersoluble format$!® and calcium ions (for example
0.08wt-% calcium chloridé?) are added to liquid detergentd! The effectiveness of sodium forneat
depends on the pH value and is optimal below eight. Detergent formulations possess a pH above eight
which limits the stabilizing effect of thdbrmate. Addition of high concentrations of calcium ions
results in precipitation of surfactants and is therefengfavorable Propylene glycol and glycerine are
popular additives despite their high concentratiaesjuired for enzyme stabilizing effects.

The additives mentioned above interact mostly unspeaifjavith all enzymes anébrm the basisof
enzyme preformulations. Small molecules &pecific enzyme stabilization in liquid detergents are
designed mostly for proteaseProtease; as a catalyst gfeptide bondproteolysisc must be inhibited
during storage to protect the other enzymes and itseff degradation. Many protease inhibiteare
known, but only very few are suitable for laundry applications. For example, an irreveraibime
inactivationby aserine proteasénhibitor like phenylmethylsulphonyfluoride PMSFwould not be
appropriate. The proteolytic activity should be restricted only temporarily and lifted during the
washing process. This is not the case for strong covalently acting inhil#itoesersible competitive
inhibition of protease is one option to control the proteolytictiaity. The inhibitor stabilizes the
enzymes in the concentrated detergent during storage and due to the dilution in the washing process,
the inhibition is abrogated and the proteabecomesactivel® Boric acids widely used andcts as a
competitive inhibitor for serine proteases atigerefore has been added to liquid detergents. Crystal
structure and NMRexperiments indicates that bar acidformsa hydrogen bond to Asp32 and an ion
pair with the His64 in the catalytic tridd® However, boric acid has disadvantages: firstly, boron is
reprotoxic?° And secondly, boric acid complexes with the oftesed builder ¢ric acid and loss its
inhibition propertiest

For this reason, Novozymes AS screened for more efficient alternatives and identified
4-formylphenylboronic acid @FPBA}??Since 1995 4ormylphenylboronic acid (FPBA) is addealith

an amount less than 0.08t-% to liquid laundry solutions to reduce the proteolytic activity and
increase the storage stability of the enzyniés4-FPBA represents a 100 times more potent inhibitor

than boric acidalthough the presence of boron is still a health hazard. In addition, the inhibition effect
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is reduced in presence of builders. Nevertheless, the combination of polyols and boronic acid
derivatives is the most commonly used stabilization technique faidigetergents:®

Recent developmentshift their attention fromboronic acids andocuson healhier alternatives as
second generation inhibitors like peptide aldehydes. Peptide aldehydes are oligopeptides consisting of
two to five amino acids having a reduc&derminus. The reversible inhibitor forms a hemiacetal with

the protease active sité!® Peptide aldehydes are effective in low concentrations and less susceptible
to chelating agents. From the seller’s point of vig@ptide aldehydes are more expensive than
boronic acidsand sensitive to oxidatio®® Further alternatives for protease inhibition are
benzophenone and benzanilide derivatives containing carboxyl giédtias well as pbsphoric acid
diesters!®

Table2-2 summarizes the small molecules used as enzyme stabilizers in liquid detergents and points

out the disadvantages of each system.

Table2-2: Tabularsummary of small molecules used as enzyme stabilizers in liquid detergents, their target enzymes and
disadvantages and structures.

Small Targeted _
Disadvantage Structure
molecule enzyme
' HO\/\N/\/OH
Polyfunctional  Protease .
Hig
amino h-amylase _ H
; concentrations OH
compounds lipase
Triethanolamine
_ Protease
Sodium 0
h-amylase pH value <8 )k
format _ H 0 Na”
lipase
Calcium Protease Precipitation
; Cad
chloride h-amylase of surfactants
Y\OH
OH
Propylene
Protease _
glycol High ”O/\/\O“
_ h-amylase _ OH
Glycerin _ concentrations
_ lipase oH  OH
Sorbitol /W\/
A OH
HO
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Protease

Boric Acid 0 famylase) Reprotoxic
(lipase)
Reprotoxic,
4-FPBA Protease builders

reduce effect

; Expensive
Peptide
Protease Sensitive to
Aldehyde -
oxidation
Benzophenone Poorly soluble
Protease
Benzanilide in water

OH

Z-Gly-AlaTyrCHO
R o] R
R I I R
R R R R
R R
R
R R
R (o}
R
u R
R
R R

R

R: hydrogen, halogen, carboxy, methyl, ethyl,
hydroxyl, hydroxymethyl, amino group

2.4.3.Small Moleculesn Detergent ApplicationsOpen Research Questions

It should be mentionedthat all specific small molecules listeid table2-2 target protease for

inhibition. The prevention of proteolysis serves to enhance the stability of protease and is

accompanied with an increased stability of all detergent enzymes. Howeaat,feom theproteolysis

problem, denaturing surfactants and builders are present as well in a liquid detergent formulation.

Additionally, possible temperature fluctuations can lead to an enzyme denaturing and a combined loss

of function.For this reason, other enzymésan proteasec " -amylase and lipase for instangeneed

protection and stabilization systent®o. As far as currently knowrhere are no stabilizers addressing

specific lipase on the detergent market. To fill this gap, a selection of small molecules targeting lipase

has beenidentified and tested in the present thesi$hereby, the question whether it is possible to
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identify a small molecule targeting lipase specifically to enhance lipase stability without a negative

effect on the other enzymes is pursued.

2.4.4. Small Moleculesn Detergent ApplicationsOwn Strategy

Acetylcholinesterase (AChE) is like lipase part of hydrolagemeszand catalyzes the cleavage of the
neurotransmitter acetylcholine into choline and acedicid (figure2-10).1%6 Both enzymes possess a
catalytic triad in their active site and show in the family tree of hydrolese®latively close
relationship!?®

With AChE as a starting point, tleenceptis that the detergent lipase recognizes the substrate
(acetylcholine) of the related AChE. Due to the relgtametylctoline shouldbind to the active site of
lipase.Further investigations in chapt&:2.3 showing a pH drop indicate that the ester bonds are

cleaved by lipase.

Anionic Site  Esteric Site o

Dol >5d
: Serine ;
: i+ water OH

N i .
/ \/\0/[( HO/\/N\

R

Figure2-10: Hydrolysis of acetylcholine to acetic acid and choline.

Besides acetylcholine, three related structures are tested for lipase stabilization: citric acid choline
ester, triethyl citrate and acetyl triethyl citrate. The compounds are displayed in fRjlie
Acetylcholine (figur@-11 A) bears one positive charge. Citric acid esterified with approximnate
choline chlorides has two positive charges (fig2wEL B). Based on citric acid choline ester, citric acid
three times esterified with acetic acifigure 2-11 C). Finally, the free hydroxy group of triethyl citrate

is esterified as well resulting in thvery hydrophobic acetyl triethyl citrate (figur211 D).

o \ o

\‘ )O‘\ /\O o/\
A /N\/\O C OH K
o N o o N o

B /\/\o o/\/\ D/\o o/\

Figure2-11: Smallmolecules tested for lipase stabilization. A: acetylcholine, B: citric acid choline ester, C: triethyl citrate, D:
acetyl triethyl citrate.
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2.5. EnzymePolymer Conjugates

Thesecondstrategyc enzymepolymer conjugateg described here belongs to the strategyS y' 1 & Y S
Y2 RATFTAOI ( R3yfigured-&K Filsily &deheral overviewf enzymepolymer conjugatess

given (chapter2.5.1). Secondlythe synthesis behind andecent developments in the area of
enzymepolymer conjugates are mentionddhapter2.5.2). Afterwards, the open research quest®n

areaskel (chapter2.5.3) and finally, the strategy used is stated (chaj@és.4).

2.5.1.EnzymePolymer Conjugates: General Introduction

Enzymepolymer conjugates are enzymes that are modified dug tovalent attachment of a polymer

It finds its application mostly for pharmaceutical purpo$€d? thereby the poorsolubility and
stability of proteinsn vivoshould be increasett’ Besides, the retention time in the organism should
be extended and the potential for an undesired immunogenic effect redé@#.However polymers

used for enzyme conjugation should be inert, wagetuble and biocompatibl&nown fromiterature

is a variety of pgimers like PE&?% hydroxyethyl starch (HESY dextrant® or polyvinylpyrrolidone
(PVP)3* The subsequentwo paragraphsreview PEG and polysaccharides as polymers for enzyme
conjugation These are the most commonly used polymers for enzpolgmer conjugatiorand their
properties make an application in detergents conceivable.

First conjugates with PEG and a protein have been synthesized in the 197Davi®sand
ABUCHOWSK?" 1% Posterior the term PEGylation which describes the covalent attachment of PEG to a
protein has been introducetf® Generated benefitsdue to PEGylationg besides pharmaceutical
purposesc¢ are an increased stability against proteolytic degradatfé#! and the possibility to
dissolve proteins in orgda solvents*? In general, unilateral methylateBEGs used for conjugation

in order to prevent crosslinking and aggregation which could occur with PEB*@&G itself is the
most commonly used polymer for conjugation and is approved by the Food and Drug Administration
(FDA)W014L 193pEG has two beneficial properties for the formation of enzyme conjugates: the polymer
chain is highly flexible and the backbone is higlyigrated owing to the coordination of about six to
seven water molecules per monomer utit.Consequently, PEG has a good solubility in water and in
many organic solventddowever, PEGis not biodegradable so the polymerccumulatesin the
cytoplasm of kidney celf$> Additionally, with high degrees of PEGylation #fiG antibodies can be
formedin viva!46148

Polysaccharides amdso widely used for enzymmolymer conjugates and they are characterized by a
defined structure, a high availability and a good water solubility as well as biocompatibility
and-degradability**® In the style of PEGylation a conjugation with HES is called HESYA4tidras to

be taken into account that about 50% of all enzymes are glycosylated naturally for an @dprov
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stability 2° The natural glycosylation can take place at serine and threoniti@k€d glycosylationor
asparagine (Ninked glycosylation). In contrast, artificial glycosylation isizedlwith lysine in most

casest™®

2.5.2.EnzymePolymer ConjugatesSynthesis and Recent Developments

In general, the conjugation reaction is influencedthg enzyme to polymeratio, reactiontime,
temperature and pHalue*® The conjugation itself proceed®tween anactivated functional group

on the part of the polymer andeactive and accessible amino ac@$idues by theenzyme.Hydroxy
groups, available at polymers like polysaccharides or PEG show a low reactivity and must be converted
into reactive eletrophilic groups to react with the nucleophilic amino acid residues under physiological
conditions.The reaction temperature should be betweeri@ and room temperature and the reaction
should take place in an aqueous medium in a pH range of 4.5 to @tsthéhenzyme stays in its native
conformation®*1%2 Thereby, the reactivity of amino acids for the synthesis of enzgotgmer
conjugates depends on the particularjMélueand the exposure of the amino groups on the enzyme
surface.

With respectto the reactivity followinggradingS E A & (i & Y- W K ¥ &amiheh> carboxyb
hydroxyl*3 Dueto its nucleophilic thiol groupysteine ighe most reactive amino acitHowever, this
amino acid is relativelyare in the sequence of enzymeasten located inside an enzyna blocked

via disulfide bond$>* There areexperimental approachet® obtain free thiol groups. Disulfide bonds
can be cleaved by the addition mfagents likadithiothreitol, but this can be combined with a loss of
the 3D structure and thenzymes” activity®® A further possibility is the conversion of primary amines
to thiols with the use oR-iminothiolane (Taut’s reagent}* It is also possible to modify an enzyme
recombinantly to integrateadditional cysteines in thesequence®**>’ Thiol groups can react with
electrophilic groupg like vinylsulfone or maleimide under slightly acidic to basic conditions (pH 6 to
7). Under these conditions no competing reactiotivthe amno groups will occute®1%°

Most commonly usedesidues are the amb groups of enzymes. They are located at the side chain of
lysine as well aat the N-terminus. A large number of possible electrophilic pody groups is known

in literature!>® A distinction has been made between acylating and alkylating reactiiasan
acylating reaction witiN-hydroxysucmimide (NHS) as an active est@mides can be synthesized in a
fast reaction under physiologicabnditions(figure 2-12 A).153. 160

An example for an alkylation is the reductive amination with an aldelfgti. The first step othis
reaction is the reversible nucleophilic addition and the formation of an imine (Schiff base). To end up
with a stable covalent linkage the imine can be reduced further to a secondary &gune 2-12 B).

Sodium cyanoborohydride is a suitable redgcagent that attacks the imine selectivé.'%The pH
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value has an influence on the selectivity of this reaction. If the pH is adjusted to 5 to 6, the conjugation
takes place at thé&\-terminus due to a lower pi/alue compared to the lysine residues. In this way it
is possible to conjugate one polymer per wme.1%¢ 162164 |n figure 2-12 the conjugationbetween

amino groups and NHS active ester as well as aldehyde is shown.

(o]
I \\ /ﬁ\
N PPN
\N+ /\O/ |
o, ! H
! . Y )
./\/\/ ~u | ” NaBH3CN N
Y I|4
‘= enzyme = polymer

Figure2-12: Conjugatiorreaction between amino groups from the enzymet@xminus and lysine residues) and NHS active
ester (A)and aldehyde (B).

Recent Developments in Enzyri®lymer Conjugates

The strategy of enzympolymer conjugates arises in the 1970s with the covalent attachment of
PEGL900 and PEGO0O to bovine liver catalase M§BUCHOWSKI ET.ACouping agent hasbeen

2,4 6trichloro-s-triazine and about 40% of the amino groups of the enzyme have been modified.
Despite the conjugtion the catalase used retaiiits enzymatic activity almost completely and shows
additionally an increased stability against digestingyenes'®’ Years later, several PEGylated proteins
are usedin clinical practice and the possibilities for the formation of enzpulymer conjugates
extended into infinie spacé® The conjugation site and the number of polymer chaittached per
enzyme unit is essential for enzyrmelymer conjugation regarding stability and activity of the
conjugatest® Thereby, the technique evolgdrom the random conjugation of amino groups to a
highly refined technologyRandom coupling can lead to problems in the reproducibility from batch to
batch and to a more comighted characterization. Additionally, the active site of an enzyme is more
vulnerable to sterically hindering in a random conjugati®rCurrent research is mainfgcused ora
site-selectve conjugation to obtain one homogenous isomer and uses novel approaches like genetic
engineering to insert unnatural amino acids for biorthogonal click chemistry or enzymatic
PEGylatiort®® A second enzymis able to site selectivelyatalyze the reaction between a polymer and

a specific amino acid of the enzyme of inter&¥tysiologicateaction conditions can based,and high
yields are common. Transglutaminases for instance can transfer in aliclasg reaction the acyl
moiety of glutamine residues to linear primary amines, like arif%8 Glutamine residues used as

substrate have to be highly flexible and at the surface of an enzyme, which resaltelectivity and
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at best in homogeneous monoPEGylated enzytfie§he choice of solvent can increase the
selectivity’™® as well as an immobilization of transglutaminaggrIGOLETTO ET.Ammobilized
transglutaminase on an inert polysaccharide resin. The PEGylaticlactoalbumin is more selective
and resuls in the formation of one monoconjugated derivative. In addition, the immobilization
simplifies the purificatiomnd removal of transglutaminagé:

In consequence of the limitatis and disadvantages of PH&e the above mentioned kidney
accumulation and the formation of antibodiesfernative polymers are used for enzyme conjugation
nowadays, which include for example HESyaluronic acid/® dextrint’4 and polyoxazoliné’
KONIECZNY ET.ARROXylatd inter alia lysozyme with different polyazolinederivatives and enabla
solubility of the enzyme in methanol, ethanol lafoform, toluene and tetrahydrofurane (THFY.
Another trend is towards conjugation with stimuéisponsive polymer that respond to a change of
temperature for instance. An enzyme conjugated to a temperatesponsive polymer can benefit
from a protective layer if the temperature is raised and the polymer precipitates consequi&ntly.
SHAKYA ET Asynthesizd conjugates of bovine liver catalase and PNIPAhe conjugates obtained
showa temperatureresponsive behavior with a decreased LCST at 26 instead°@f. ¥hermal and
storage stability of catalaseNIPAntonjugateareimproved compared to native cata@s’”’

Within the recent developments the needs of the existing problem and present application must be
considered.For instance,n the case of a detergent applicatidhe use of PNIPAm has no positive

impact on the enzyme formulation. In the following chaptgen research questions aportrayed.

2.5.3.EnzymePolymer Conjugatef Detergent ApplicationsOpen Research Questions

Chemical modification of proteins with natural or synthetic macromolecules is well studied and has
become an established technology to improve the stability of enzymes. Despite the large number of
working goups dealing with the topic of enzyme conjugatioesearchexamples considering real
detergent applicatiortonditionsarevery limited.The increased enzyme stabilization against individual
surfactants like SDS due to conjugation for instance is deschp&hERTNER ET.Atho PEGylai@
trypsin and measurehe relative enzyme activity after 30 minutes incubatidh SCHROEDER ET. AL
studied the stability of PEGylated protease for a gh@rm of two hours and focusnore on the
protection of the textile which could be damaged by the enzyfén contrast,in this workthe
enzyme stabilitypver along-term period of four weekswithin a complete liquid detergent formulation

is of interest. In addition, a combination of twenzymes (protease and conjugated lipase)
investigated, because of the sensitiviil/lipase towards proteolysist will be examined whether the
conjugation ofenzymes with polymers can increase the stability of the enzyme against a detergent

formulation as well as against proteolysis. In this connection it will be studied if the detergent enzymes
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can be conjugated successfully and additionally, two strategieBEGylation and glycosylatignwill

be compared.

2.5.4.EnzymePolymer Conjugates Detergent Applications: Own Strategy

For this analysis four different polymers are tested. On one side two methylated PEG (MPEG) with a
single endfunctionalization¢ aldehyde and NHS active esteare used (figur@-13). Both chains
possess a molecular weight of 5000 Da and are reactive towards amino groups. On the other side two
polysaccharides; CMC and maltodextring are used for enzyme glycoatibn (figure2-13B).
Therefore, the polysaccharides are oxidized partially to introduce amino reactive aldehyde groups in
their side chain. In contrast the functionalized mPEGs, more than one reactive aldehyde per polymer
chain is present in case ohd oxidized polysaccharides. However, the option of altipoint
attachment between polymer and enzyme makes the two polysaccharides attractive due to a
literature known increase in thermal stability.The conjugation conditions chosen for all four
polymers target as much amino groupspassible. According to the literature the thermal stability of

an enzyme increases with rising number of polymer chains attached until a saturation is ré&ehed.
present inhomogeneityof the enzymepolymer conjugates obtained is not decisive for a laundry

application and carries more weight for drug applications due to stringent requirements.

Functional
PEGs (Protease, a-Amylase,
Lipase)
» TH g

MPEG-Ald o Tk
A |
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Figure2-13: Formationof enzymepolymer conjugates via two different strategies. A: PEGylation with reidgByde and
mMPEGNHS. B: Glycosylation with CMIdehyde and maltodextrialdehyde. Red cycles indicate the functional group reactive
toward covalent coupling with enzymes” amino gpo

ExpectedChallenges
In the present work enzyme modification via random conjugation of amino grgupsed to address
the question if enzymgolymer conjugation can increase the stability of enzymes in liquid detergent

formulations This kind of conjugation is accompanied by the following expected challenges:
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Low degree homogeneity complex mixtures of conjugates enzynfespecially with thewo
polysaccharides)

Reproducibility problemdue to random conjugation

Stericblocking of the enzyme active site

Crosslinking and formation of aggregatesng polysaccharidaldehydes for conjugation
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2.6. Mesoporous Silica Nanopatrticles

In this chapter the third strategy used to stabilize enzymes in liquid detergents is illustrated:
SyOl LladzA FdA2y Ay YSa2LR2NRdza aAtAOlF ylFy2LF NIAOTL
Sy Ol LJadz | ( 2.2,figure6®)X Theirs dfhe following subsections contains a general
introduction into the topic of mesoporous silica nanoparticles (chaptérl). Afterwards, the topic is
associated with enzymes (chapt6.2) and the open research question is formulated
(chapter2.6.3). At the end, the strategy of the present work is stated and expected challenges are

listed (chapter.6.4).

2.6.1.Mesoporous Silica Nanoparticles: General Introduction

A mesoporous material is a porous inorganic solid with a pore diameter between 2 amd G&ially
possessing a cubic or hexagonal structtifeSilicabased mesoporous nanoparticles (NP) are most
studied, but gher types such as alumina or titania have been used as'#@kenerally, particle size,
structural order, pore diameter, wall thickness and stability of NP canitiedvandcustomizedor the
application® Those characteristics make silica NP attractive as drug deliveryrsgsteting 2001

with ibuprofen® Not only small molecules can be loaded into mesoporous materials, but also large
moleculesike enzymes can bencapsulated®

Mesoporous materials ra formed by an organinorganic seHassembly between an inorganic
precursor anda surfactant (template). For the synthesis, the template is dissolved in an agueous
solution to form micelles. Then the precursor is added, hydrolyzed, condensed and polymerized to
form an inorganic network arouhthe selfassembled template. Afterwards, the material formed can
be further modified by hydrothermally treatment to increase crosslinking and tune the pore size.
Finally, the template is removed by extraction or calcination to obtain the mesoporousiaiatérhe

process is showim figure 2-14.

template
removal
—_—

surfactant
molecules

hydrolysis and concensation mesoporous silica
of precursor

Figure2-14: Representatiorof the formation of mesoporous silica materials.
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Size and morphology of mesoporous silica NP depends on the hydrolysis rate syrtchronization

with the condensation of the inorganic silica precursor. TiEeeessesan be varied by adjustment

of pH and stirring rate as well as choice of templaté solvent!®>'8 OzIN ET Alobserved that a slightly
acidic pH results in the formation of spherical NP with a size of 1 o8’ Depending on the stirring

rate long fibers (slow stirring) afine powder(fast stirring) can be formetf® Fromananalyticalpoint

of view, particle size can be determined using electron microscopgrmmamic light scattering (DL%}.
Varying the amount of silica precursor and template, the pore size of the resulting messgsilica

NP can bedjusted!®® Again the pH value during the synthesis influences the pore strubased on

its influence on hydrolysis and condensation reactiates which have to be synchronized with
template assemblyAt pH values between 10 and 12 hexagonal structures are formed, whereas at pH
values above 12 ainellar meso phase is producéd.In addition, the choice of surfactant used as
template influenes the pore size significantlf* As mentioned before, hydrothermal treatment can

be used to tune the pore width further. A fresigyepared mesoporous material can k&posed to
autogenic pressure at elevated temperatures, optional in the presence of additives. In that way the
pore size can be increased without influencitige morphology of the materidf® % Using
transmission electron microscopy (TEM) anthX diffraction the pore size of mesoporous silica NP
can be analyzed. Nitroger less faulty argosorption can be wed to determine the pore widtht®!

The surface of mesoporous silica NP can be functionalized by organic greaopsrtd the absorption

and release of drugs or proteirt82 There are almost no limits regarding the functionalization of pore
walls. For instanceyALLEAREGI ET Alfunctionalized the pore of mesoporous silica NP with amino

groups to facilitae the incorporation of a drug®®

2.6.2.Mesoporous Silica Nanoparticles and Enzymes

One opportunity to increase the stability of enzymes under nonphysiological conditions is the
immobilization or encapsulation inmesoporous silica NPDue to the advantages for enzyme
applications especially in biocatalysis, the use of mesoporous materials have been explored@ytensiv
during the last year&® The properties of mesoporous silica NP, tike welldefined pore geometry

or the narrow pore size distributiomake them suitable for the immobilization of madijferent sized
enzymes® Enzymes can be wrapped completely into a NP and in that way protected against a
denaturing environment®® In addition, the dissociation of a multimeric enzgrimto subunits can be
prevented, enzymekeep together and stability is increasdtirther advantages are the tunable pore
size and the opportunity to modify th&licasurface Both enable a further control ocdnzyme stability

and activity.Generally,the synthesis of mesoporous silica NP takes places at mild conditions with

inexpensivechemicalsand biocompatiblgoroducts?!®®
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The combination of enzymes and mesoporous silica NP can take place wiiefpuently ued
approaches®that are shown irfigure 2-15: physical adsorption (A), covalent binding (B), elioggd
enzymes aggregates (CLEAs; C) opmiesynthesis (D).

Leey

Physical Covalent Cross-linked enzyme One-pot
adsorption binding aggregates (CLEAs)  synthesis

Figure 2-15: Different routes for immobilization and encapsulation of enzymes into mesoporous silica NP. A: physical
adsorption, B: covalent binding, C: CLEAs, Dponsynthesis.

If the mesoporous silica material is synthesifistly, route A to C (figur®-15) are available for
selection to load enzymes into the material with suitable pore structure. Using physical adsorption
(figure2-15, A) the interactions between the porous support and the enzameenoncovalent and
therefore mainly Van der Waals forces dedrostatic forces as well as hydrogen borgliand
hydrophobic interactionsre present® Thereby, electrostatic interactions are the strongésgugh,

they depend on the pH value and the isoelectric point (pl) of the enzyfa general, enzymes with

a pl below 7 are difficult to encapsulate due to the electrostatic repulsion batvwibe own negative
charge and the negatively charged silica surface. For such occasions silica materials can be replaced by
titania or alumina, both with a considerable highd{,jpf five respective ght than silica with about
two.1%® Adverse is the faster hydrolgsiof titania and alumina precursors compared with silica
precursors resulting in difficultiesregarding ordered structure$? Alternatively,the surface of the

silica material can be modified to enable or maximize electrostatic interactions to enzymes. For
instance, charged organic moieties like carboxylic, phosphoric acid, sulfonic aoningr groups can

be introduced?® However, enzymes immobilized by electrostatic iatgions can be released from

the mesoporous material bgH changes. To prevent leaching, the size of the pore entrance can be
reduced after enzymadsorption by introdudbn of bulky functional groupS* For instanceWWANG ET

AL deposited a multilayered polyelectrolyte shell onto the enzylmeded spheres to prevent leaching

and to enhancecatalase stability®® Nevertheless, here is a risk that the enzyme is affected or
denatured by the chemical modification reaction.

A second possibility is the covalent linking of enzymes to the NP by chémichng(figure 2-15, B)

Using this strategy, the enzyme is fixed onto the support and leaching is prevented. Contrarily, an easy
release of the enzyme is not possible anymore. Mesoporous silica materials are proven highly

appropriate for covalent enzyme bonding. The silanougsoon the surface can be functionalized and
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modified post synthesis (grafting). Alternatively, via-comdensation the direct syhesis and
introduction of organic groups is possibi¥: 22 Comparable with the previolis described
enzymepolymer conjugates (chapt&.5.), the mostconventional binding site in enzymis covalent
binding are the amino groups frotysinesor ¢ if availableg thiol groups from cysteinesThe surface

of the mesoporous materialcan be functionalized with amino groups as well. Therefore,
homobifunctional crosslinksrlike glutaraldehydgGA)or succinimide3-maleimidopropanate are

used for the covalent buding between silica NPnd enzyme?® A directreaction with theenzyme

under mild conditionsis possible if epoxy groupare introduced on the NP surfaé¥ Further
opportunities are the Cu@@atalyzed click reaction between an azide functionalized silicacignd

alkyne modified enzynt€ or the thiokene Michael addition between thie and activated double
bounds?°®

In the placeof binding the enzyme covalently to mesoporous silica NP, the biocatalysators can be
crosslinked itself (figure2-15 C). Soalled crosdinked enzyme aggregaté€LEAS) can be obtained by

the addition of homobifunctional crosslinker like @AUsing this strategy, enzyrsare physicay
adsorbed in the pores before the crosslinker is added and CLEAs are formed. The formed aggregates
are significantly large(0.1 to 200um) than single enayes and therefore entrapped in the pores. In

this way leaching is prevented and substsatan still diffuse to the enzymes. On the other hand,
crosslinking of enzymes can be combinéth a loss of enzyme activity*

The last strategy to entrap enzymes into mesoporous silica NP ipairsgynthesisfigure 2-15, D). All
strategies describeldeforehave in common that the mesoporous material is synthesized in a first step
and the enzyme is adsorbed into the pores in a second step. In-patr®ynthesis the mesoporous
material is formed in presence of the enzyme around the enzyme. Accordinglgnzyme is added

to an SO, precursor and the reaction conditions have to be adjusted to the enzyneesis to avoid a
deactivation?®

Using mesoporous silicaaterials as support for enzyme immobilization or encapsulation have been
investigated extensively during the last decades. Applications are biocatalysis, biosensing as well as
drug delivery All strategies describeith this chapterare usedor this purpse Physical adsorption of

the enzyme into a prior synthesized mesoporous material is despite to the leaching problem an
often-chosen method for enzyme encapsulatigfigure2-15, A) For instance KALANTARI ET AL
immobilized lipase into mesoporous silica nanoparticles further modified with octadecylalkyl groups.
They recognized an improved enzyme activity due to an increase of hydrophobicity. This observation
can be attributed to thestructure of the lipase. As méoned in chapte2.2.3 the active site of the
enzyme is covered by a lid which opens in the presence of hydrophobic solutions or interfaces resulting

into a more @oessible active sité? 20°
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Amination with 3aminopropyltrmethoxysilane (ARMS) of presynthesized silica particles followed by
activation with GA and immobilization of enzymesaipopular route to end up with a covalent
attachment between enzyme and siliceupport (figure2-15, B) NAzARI ET ALreported the
immobilization of a subtilisin protease using this approach. The immobilized protease was relatively
stable in a storage testver 40days?*° LikewiseYANG ET Alimmobilized lipase onraamino-modified

silica gel. Additionally, GA was used to form CLEAs with immobilizephgeitally adsorbed lipase
(figure2-15, C) Characterizing and testing those three strategies (covalent attachment, covalent
attachment plus crosinking and CLEAS), they concluded that forming enzyme aggregates without
further immobilization results imigheststability and activity?!! The formation of CLEAs is a recently
developed strategylriven byROGERSHELDONO fix enzymes into mesoporous material3n one hand
stabilization effects for multimeric enzymes can be observed, but on the other hand there is a risk of
denaturation due to crosslinkif§” KM ETALONR & a f A y 1 S &hyrholrylpdindnSmesopofoush
silica using GA. As a réisueaching was prevented and the enzyme stabgitwere increased
compared b the physically adsorbed oné¥.

Compared to the other strategies, om®t synthesis of mesoporous NP containing enzymes
(figure 2-15, D)is more challenging and less used. The direct encapsulafitypase, laccase and HRP
into mesoporous silica is reported BYyNTALLA ET ALhey identified the hydrophobicity of the enzymes’

surfaceas asignificant parameter influencing the-situ synthesis?®

2.6.3.Mesoporous Silica Nanoparticles in Detergent Applicatio@pen Research

Questions
Enzyme encapsulation and immobilization using mesoporous silica &P nmentioned before an
extensively studied and established technology to improve the stability of enz{Negsrtheless, like
in the case oénzymepolymerconjugates (chapte?.5.), the number of publications dealing with an
application regarding detergents is very limited.
IBRAHIM ET Aleported the immobilization of protease onto rattlype magnetic core/mesoporous
shell silica nanopatrticles. Firstly, they compared physical adsarpti@l covalent attachment of
non-functionalized and aminéunctionalized NP. Protease was attached usinghtmnobifunctional
crosslinker GA to activate the amufienctionalized NP. Covalent attachment of the enzyme performed
better in immobilization yieldphysical adsorption: 30%, covalent attachment: 90%). Secondly, they
tested protease stability against temperature, organic solvents, surfactants and deterdents.
investigating stability of free and immobilized protease against a selection of nondaticnic and
anionic surfactants, they stored the enzyme at@for 1h. In addition, they stored protease in several

commercial liquid laundry detergents with a final detergent concentration of 1% fdr &4room

36



temperature. In all storage tests theamobilized enzyme showed a higher stabitompared to the

free enzymée?®® It should be said that the detergent concentrations chosenB&AHIM ET Alare
nowhere near realistic. A concentration of 1%vésy diluted. Additionallyenzyme stability is only
studied over a very limited periogdmaximum of one day. Even in this time frame, the residual activity
of immobilized protease drops down and is not preserved.

The immobilization of protease on silibdP for an application in powder detergentsréported by
SOLEIMANI ET AT hereby, about 80% of the enzyme are physically adsorbed on not further described
silica NP. Over a period up to twelve weeks, the cleaning efficiency tewestkin soil removal on
cotton fabrics is investigate @LEIMANI ET Anbserved an increased cleaning efficiency and Btalof

the immobilized enzymé In this publication longerm experiments are described. However,
SOLEIMANI ET Aperformed those experiments in powder detergents where stabilization effects are
easier to achieve than in liquid detergents.

Accordinglythe stability of immobilized enzymes using mesoporous silica NP in liquid detergents is
not studiedunder realistic coditionsfor a longterm. This work investigatethis topic.Regarding the

open research question, it will be tested if mesoporous silica nanoparticles can meet the requirements
of detergent application. Is it possible to synthesia silica material that is stable in a laundry
formulation and shows a stabilizing effect on the detergent enzymes? In this respect the question
arises whether the post synthesis loading of the enzyme into the particle pores occurs successfully.
Andit has to be considered thaencapsulation and stabilization of the enzyme is not sufficient, the
enzyme has to be well released at the right tigia the beginning of the washing process. With regard

to the stabilizing, two different technigues to keep therfaictants aloof from the encapsulated
enzymes are tested and compared: electrostatic repulsion and hydrophobic gating. Both techniques

are explained in the following section.

2.6.4.Mesoporous Silica Nanoparticles in Detergent Applications: Own Strategy

The geweral approach is displayed figure2-16. Firstly, silica NBatches withdifferent pore size are
prepared. The surface of the materials prepared bear hydroxy groups resulting in a pH responsive
behavior?®® In that way a negatively charged surfaedll be present under detergent conditions
(pH>8) which can result into a repulsion of likewise negatively charged surfactant molecules. Thus,
surfactantsshouldbe exclude and kept from enzymes that are encapsulated in the mesoporous NP

via physical asbrption (figure2-16 A).
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Figure 2-16. Approachfor encapsulation of enzymes into mesoporous silica NP. Physical adsorption of the enzyme and
exclusion of the surfactants via electrostatic repulsion (A) and hydrophobic gating (B).

Secondly, silica NP with varying pore sizes and weftingertieswill be prepared. For the adjustment

of wetting-properties, the silica surface is functionalized with lamgined alkyl silanes. The
introduction of alkyl silaneis expected to resulh an increased hydrophobicity that can exclude water
and elating thereto in a hydrophobic gating towards detergeingredients like surfactants
(figure2-16 B). Again, the rzyme idntended to beencapsulated using physical adsorpti@novided

that the enzyme can be encapsulated in the pores, this strategwénaeral benefits for a detergent
application. Using adsorption, the enzyme is not chemically modéiedl it can be assumed th#te
enzyme activity will remain unchanged. Additionally, a complete enzyme release during the washing
process without disrupte silica fragments covalently attached to enzyimegossible Despite the
advantages, enzyme leaching can occur and lead to an enzyme activity loss. For a successful
adsorption,it is estimated that the ideal pore diameter will be aboutrs, which is $gjhtly larger than

lipase and small enough to avoid leachifbe location of the enzyme after immobilizatiavhether

the enzymes is inside the pores or adsorbed extdynawill be determined using different
characterization methods. Measuring thotein content of the continuous phase using standard
protein concentration assay is one method to calculate the enzyme encapsulation efficiency. To
determine further the location of the enzymes indirect techniques like thermogravimetric analysis
(TGA), éurier transform infrared spectroscopy (FTIR) aitrogen adsorption are used®?” A direct

visualization is possible using fluorescence microscopy with a ficent dye to label the enzymés.

ExpectedChallenges
Working with the method of physical adsorption for enzymecapsulation and stabilization is
accompanied by the following expected challenges:
A Low encapsulation efficiencies in the pores of the silica nanoparticles
Countermeasure: adjusting of pH value so that the hydroxy groups are deprotonated, and the
enzymegositively charged (pH value > pl enzyfyeattractive interactions between enzyme

and silica surface
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A Enzyme leaching after a successful encapsulation
Countermeasure: keeping the pore diameter only slightly larger than the enzyme
A Accessibility for largeubstrates to the encapsulated enzyme
Countermeasure: enzyme release due to the large water quantity that influxes during the

washing process (osmotic pressure release)
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2.7. Metal-Organic Frameworks

Thefourth strategy¢ metakorganic framework§ RSa ONA 6 SR KSNB o6St2y3a (2
AYY20AE AT I GA2¢¢ Ol Rz o Siyd. 28yiig8re H6EKand_K). Fhistly, a general
overview of metalorganic frameworks is given (chap®i7.1). Secondly, the combinatio of
metalorganic frameworks and enzymes is described. Here, recent developments in this area are
mentioned (chapteR.7.2). Afterwards, the open research question is asked (ch&h®B) and

finally, the strategy used is stated (chap&r7.4).

2.7.1.Metal-Organic Frameworks: General Introduction

Theterm metalorganic frameworKMOF)has been used for the first time fro@VARYAGHIIN 1995
and designates hybrid materials consisting of inorganic units that, famgetherwith an organic linker

a one, two- or three-dimensional scaffold® Interactions between organic and inorganic units results
from coordinative bonds between a Lewis acid (metal cation) and a Lewis base (organi¢&inker).
general, MOFare characterized by a highly ordered structure with pores sugsequently a large
surface are&?! Furthermore, MOFs show a high thermat (east300°C) and chemicadtability.
Consequentlythey areinsensitiveto extreme pH values anidhpervious toorganic solvent$? OMAR
YAGH] as one of the pioneers in this area, demonstchtieat it is possible to vary the pore size by the
use of linkers with different lengttdis group synthesized a serieE MOFswith disparate organic
groups, consistent framework topology and varied the pores from 3.8 toR&38In addition, MOFs
can be modified possynthetically. INGLESON ET .Afunctionalizedl y A &2 NB G A Odzf I NJ Y
framework (IRMOR) with salicylaldehyde to end up with an immobilized ligand that can complex
vanadiumions??*

It is possible to produce MOFs with almost all transition metalsnaady of themain group elements
and thus a lege variety of different MOFs exi In most cases oxygen or nitrogen ligands like
multifunctional carboxylates (O donor) or pyridine derivatives (N donor) are used asliBkdonates

or phosphonates are more seldoff. The synthesis takes place in polar solvents like
dimethylformamide (DMFunder solwthermal conditions at high temperatures and pressurés
remove solverdg out of the pores, synthesized MOFs are treated in vacuatmelevated
temperatures.??® With regard to the described prapties, MOFs are predestined for applications in
gas storagg???® separation processé® and catalysig®*?! The immobilization or rather
encapsulation of enzymes in metalganic frameworks is of particular interest for applions
regarding biocatalysi&#233Within a heterogeneous catalysi§a chemical reaction by an enzyie
product separation without enzyme contamination is facilitated.i@érest is the retained enzyme

activity and stereoselectivity as well as the possible reuse of enzymes combined with MOFs. In
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consequence of the immobilizan in MOFs, many enzymesast an enhanced stability against
temperature and organic solvent&:Besides the large field of biocatalysis, enzymgIOFs are used
as biosensor$*2% Strategies to immobilize or encapsulate enzymés imetalorganic frameworks

are shown in the followingection (chapte®.7.2.).

2.7.2.Metal-Organic Frameworks and Enzymes

A broad range of solid supportdike hydrogels, sol gels, porous or nporous inorganic supports

have been investigated for enzymé&hese supportare reported to haverarious disadvantages like

very low protein loading in neporous systems or enzyme denaturation in sol gels. MOFs have
properties that are ideal for enzyme immobilization or encapsulation. The frameworks possess a large
surface area that can be modified and show a high chemical and mechanical stéiligomparison

with conventional enzyme hosts like mesoporous silica, MOFs stand out with an extremely high
porosity and internal surface area that is adjustable as well as a tunable pore size, an excellent
dispersity and modifiable organic linkess. 237239

Up to now four different strategies are known to combine an enzyme with a roeganic
framework?® In figure2-17 those strategies are displayed and a further distinctiogtween a

presynthesizd MOF and cgrecipitationis pointed out.
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Presynthesized MOF y
7 /7 ‘ —t
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MOF enzyme

Co-Precipitation
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N\
o+

MOF precursors enzyme

Figure2-17: lllustration of the four different strategies to combine metaiganic frameworks and enzymes. Presynthesized
MOF: adsorptive onto the MO§urface (A), covalent onto the MOF surface (B), encapsulation into the MOF pores (C).
Coprecipitation: assembly of the enzyme into the MOF (D).
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If the metalorganic framework is synthesized prior enzyme contaatan be chosen betwedhree
different passibilitiesto immobilize the enzyme. The enzyme can remain outside the pores and attach
adsorptivdy (figure2-17 A) or covaleny (B) to the surface of the presynthesized MOF. If the pores of
the MOF are large enough, the enzyme can diffuse into the poressamdhis way encapsulated (C).
Most of theexistingMOFs have micropores (#in) and are too smafibr an encapsulation anzymes
which have an average hydrodynamidimeterof 3 to 5nm.2*° MOFs that possess pores$ sizes

lager than 2am are called mesd/OFs. Alternatively, it is possible tm-precipitate enzymes and
MOFs, which means that the framework is build up around the enzyffigure2-17 D).
Coprecipitation is based on the interaction between amino acids and cations IR@Z8&", which

can result in biomineralizatioNon-covalentinteractions between the enzyme and the organic linker
play a major role in the eprecipitation method?*! Using this strategy, it is necessaryojgerate with
agueous systems for the synthesis. On the contrary, the other three strategies offposiséilityto
synthesize the MOF under enzyme denaturing conditions like orgalvients or high temperature$®
Using thecombination of enzymg&and metalorganic frameworks is referreth most caseso the
presynthesized MOF (figug17 A-C). Ceprecipitation of enzyme and MOF precursors is less utilized
(figure2-17 D). CHEN ET ALfor example, encapsulated horseradish peroxidase &presyrthesized
porous coordination network (PCNPCN33(Fe) (figure2-17 C) The MOF used belongs to the
meseMOFs with a pore size of aboBihm. Through this system, a biosensor with improved acidic pH
andthermal stability was obtaineé?

The adsorptive immobilization of fluorescein tisiocyanate (FIT@abelled trypsin on various
nanoporous MOFs for application in biocatalysis is stubljdau ET AL(figure2-17 A). The MOFs tested

are not chemically modified on their surfaces and the adsorbed enzyme shows a catalytic activity
similar to free trypsin??? Utilizing the same enzym&HiH ET Allinked trypsin covalently to the surface

of two different chromiumbaseda | G SNA | dzE RS  {MIL) MGFsi (MifLGiziIL-BSB @r@l A & A S N
MIL-88BNH) (figure2-17 B). Free carboxylate groups of the integrated terephthalic acid were
activated with dicyclohexylcarbodiimide (DCC) to enable a nucleophilic attack of the amino groups of
trypsin. As a result, the proteolysis performance of trypsin is enhafwrexh application as biocatalyst

in proteomics analysiA diffusion of trypsimito the MOF pores is in both examples prevenbgdhe

size of trypsin that is more than three times larger than the pore size of the MOFs té5ted.

For synthesis under aqueous conditions using@Eipitation zeolitic imidazolate framework (Z#fd
especially ZH8 are most frequently use¢figure2-17 D). ZHANGET ALembedded Glucose oxidase into
ZIF8 for an application in electrochemical biosensing. Viaiti@tu entrapment they encapsulated
89% of the enzyme and proved an enhanced enzyme stability towards high temperati@)(90

organic solventsacetone) andt®rage in buffer’*
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Most recentpublications trend towards theombination of MOF and silica encapsulation. For instance,

QuI ET ALco-precipitated in a first stegatalase, 2nethylimidazole (HmIm) and zinc nitrate form

ZIF8. In a second step the group encapsulated the catalas@AHnocrystals into a large re@porous

silica layer. As a result, about 80% enzyme activity vedeéned,and the enzyme showed an increased
stability against proteolysis and extreme pH values. The encapsulated and immobilized catalase shows
after one-hour incubation with trypsin an activity of 60%, whereas the free enzyossesses

residual activity of 15%.he envisaged applicatidar this MOF typés in the biocatalysi&'®

Presynthesized MOFs and @wecipitation

In consequence of enzyme encapsulation or immobilization in MOFs, the residual enzyme activity can
be reduced. This can eced back to diffusion limitations due to a small channel or a blocked active
site 246248 Enzymes immobilized or encapsulated in metaanic frameworks which are described in
literature implement in most casesnall molecule substrates. Catalase or cytochrome C, for instance,
are widely spread model enzymes that have hydrogen peroxide as sub¥fratéNevertheless, the
difficulties of mass transf between substrate and enzyme’s active site are a literature known
phenomenon. It can be lessened if the enzyme is immobilized on the surface of a MOF and not
encapsulated in gore (figure2.17 A+B). However, adsorption is difficult in solutions witghhion
strength like detergents and covalent attachment casuiein a decreased enzyme activity. Therefore,

a more appropriate method for a detergent application might bepeecipitation with a high amount

of enzyme that is embedded on the MOF surfadeereby a high enzyme to MOF ratio should have a
positive impact on enzyme recovery on the surface.

In addition, if the MOF is eprecipitated around the enzyme in an aqueous medium, prolslem
regarding stability in water do not occiorking witha presynthesized MOF, it is necessary to ensure
that the MOFs are stable in water. Due to the rmvalent interactions between metal cation and
organic linker, MOFs can be deconstructed in w&t&r>®Water stability can be enhanced by the use

of trivalent metals?®® FENG ET ALfor instance, used PGBB3 with trivalent iron and aluminum an
observed a stability in water in a broad pH ragfeAnother possibility to enhance the stability is the
use of covalenbrganic frameworks (COFs) with stable covalent bonds, as their saguest$>2254
However, the increased stability can become a problem when the enzyme release is prevented.
Further advantages of eorecipitation are higher enzyme loadings and a reduced enzyme leakage.
GASCON ET Acompared the possynthesis and thén-situ enzyme lading in MOFs and find out that
using ceprecipitation, the enzyme loading is 50% higher and the enzyme leaching significantly
reduced?>® It can also be expected that enzymes within apececipitated MOF are more protected

from denaturing conditions due to a framework that is built to match for the enzyme. The pbéres o
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presynthesized MOFs are large, the enzyme has freedom of movement and denaturing agents can
enter the pore as well.
Expected advantages)(and disadvantageX) of using a presynthesized MOF aneptecipitation to

combine MOFs and enzymes are summednuable2-3.

Table 2-3: Summary of expected advantages and disadvantagessing presynthesized MOFs and-precipitation for
enzyme immobilization and encapsulation. Uncritical issues are marked giittea crossX) and critical with a red crogs).

Presynthesized o
Issue Coprecipitation
MOF

Water stability X X
Activity of enzyme

- , *9 X
(accessibility of substrate’
Enzyme encapsulation (9]
Enzyme leakage X X
Enzyme protection X

2.7.3.Metal-Organic Frameworks in Detergent Applicatiar®pen Research Questions

In generalthe use of MOFs in enzyntelated applications is not yet well established and the topics
interest has arisen in recent yearbhis is clearly illustrated by a view on the number of publications
O2y G AYyAy3 GKS 1Seé&¢g2NRa aYSalFf 2NAFYAO FNIYSg2N
shownin figure2-18 hasan exponential course with twelve publications in 2012 andeast 150

publications in 2018state October 8).
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It is the ambition to immobilize or encapsulate enzymes into MOFs aithew to protect the
biomolecule froma denaturing external environment like elevated temperature, surfactants or
protease while maintaining the accessibility of the active site fergbbstrate Observed enhanced
enzyme stabilitieen combination with MOFim literature are restricted to organic solverft$urea?>®
temperature®®” and proteolysis?®® To the best of my knowledge enzyme stability in a detergent
formulation or a single surfactatias not been described so f# positive impact oenzymestability

in detergens should have the increased rigidif the enzymedue to the immobilization. The
metalorganic framework confines thehanges of the enzyme structural conformation and the ability
of unfolding combined with a loss of functigshould be reduceduAo ET b embedded catalase into
ZIF8 and ZIM0 and observed a greater stability against urea and elevated temper&furarther
advantages of MOFs for enzyme stabilization in detergents are the previous described reduction of
enzyme aggregation and dissociatias well as accessibility to proteoly&itiapter2.6.2).

Publications dealing with eprecipitation ofenzymes and MOF precursors are primarily limited to the
formation of ZIFB as MOFIn the present thesis, it is studied if detergent enzymes can be embedded
into MOFsthat are not investigated for an enzyme application so fHne question whether the
enzymes survive the encapsulation process is pursued asagethe amount of residual activity.
Further the stability of MOFs in liquid detergent formulations is unknown thedefore studied.
Finally, it is checked which of the MOFs tested shows the beghenstabilization properties against

a liquid detergent and proteolysis.

2.7.4.Metal-Organic Frameworks in Detergent Applications: Own Strategy

On the basis of the expected advantages and disadvantages as well as of preliminary studies (data not
shown) it isdecided to use the cprecipitation strategy to combine MOFs and enzymdsing
co-precipitation three different metalorganic frameworkshave been tested to immobilize and
Sy Ol LJa dzf | (i SmylabeRaidSipasddhese MOFs are Z8- MOF74 and MIES3. Table2.4

shows an overview of the MOFs synthesized and tested.
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Table2-4: Overviewof the different MOFs used fao-precipitation withlipase.

Name Organic Linker Metal lon Crystal Structure

2-methylimidazole

ZIF8 [ »N\ Zre*

H

2,5dihydroxy

terephthalic acid

MOF74 Zre*

Terephthalic acid

MIL-53 AR

As mentioned before, the usage of BRs very common due to its facile and rapid synthesis in
water 2% 7r?* s coordinated by 2nethylimidazole (HmIm) to form a rhombic dodecahedral
structure!® By varying the molar ration between metal ion and linkerd the water content
crystallization?®® porosity?®® and surface ared! can be influencedin total, ZIF8 is very suitable for
enzyme encapsulatigms shown by the numerous examples in literatéfes

MOFR74 can be built up with a variety of metajdvin, Co, Ni, Mg, Zqusing the same organic linker
2,5-dihydroxyterephthalic acid (DHTPY?%° The metals are coordinated to fivaxygens fromDHTP
and one solvent molecule and the MOF exhibits a honeycomb AfdWorth mentioning is the high
density of metal sides and the high stability of MOE Not all members of the MGF family are
stable in water. The crystal structurd Ni-MOF74, for instance, islestroyedby water whilewith
magnesiumthe structure remains?’* Therefore, MOF4 is usually synthesized in organic solvents

without or with a small presence of watéf® 272 SANCHESANCHEZ ET Aldescribed the synthesis of

L http://www.chemtube3d.com/solidstate/MOFZIF8.htm
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