ABSTRACT
ASADUZZAMAMRNU. Enzyme Functionalized Solution Blown Nonwovédsder the direction
of Dr. Sonja Salman
This Ph. D. dissertation presents the innovation and development of a new category of functional
materials that uses a solution blown spinning (SBS) process to produce novel, useful biocatalytic
functionalized nonwovens. SBS is a rapid, mild nanofiberdtiom process that is not limited to
thermalplastic polymers or high dielectric constant solvsptuble polymers. With the SBS
technique, it was possible to achieve singtep enzyme immobilization into polymeric carriers
from enzymecompatible polymersolutions. The goals of this research were to explore
techniques for preparing polymesolventenzyme compatible triads, optimize solution spinning
processes for producing enzyme functionalized solution blown nonwovens (EFSBN), and validate

the anticipatedapplication features of EFSBN.

Chapter lis a review of the literature t@assesshe potential forcompatible polymeisolvent
enzyme triads for cammobilization solution processing to increase immobilization yield and
reduce immobilization complexity. The particular focus is to produce enzyme compatible
polymer solutions in an organic solvent for 4@ua blown spinning process where-situ fiber
formation and enzyme immobilization happen-ditu caimmobilization is one of the promising
methods in enzyme immobilization due to its high enzyme loading, versatility, and-stegle
fabrication procesdaility. However, the stability and compatibility of enzymes in polymer
solutions (especially organic solvestluble polymer solutions) are challenging. Enzymes may

denature in the presence of organic solvents or at elevated temperatures, limiting howneszy



can be combined with organic solvesluble polymers. This chapter discusses strategies for
producing compatible polymesolventenzyme triads that span aqueous and raxueous

fabrication requirements.

Chapter 2reports the novel production of unigie enzyme functionalized solution blown
nonwoven (EFBSN) webs from aqueous soluble polyethylene oxide (PEO) polymer solution by the
solution blow spinning method.rBtease ceimmobilization via entrapment in PEO nanofibers by
solution blowing was demonstrad as a simple and efficient process for loading a broad
concentration range of enzymedhe rapidly watesoluble and nordusting EFSBN solid
materials preserve a high enzyme activity level over long periods of ambient storage without
adding a stabilizeand are easy to handlemaking EFSBNs a potential alternative format for

delivering enzymes in products that require faléssolving solid formulations, like detergents

Chapter Jeveals an approach to produce an enzyme (CALB) compatible polycaprelfeth)
chloroform solution for enzyme emnmobilization via entrapment in PCL nanofibers. CALB
enzymes survived in the microemulsion (watetoil) of the PClchloroformrCALB compatible
triad and retained around half of their initial activity after sotutiblow spinningThese novel
CALBoadedEFSBNPCL webs demonstrated stability under ambient environments while
enabling facile enzymatic degradation (completely degradétiin 1560 mins) in buffer. The
unique degradation properties of EFSBRL can bexploited for degradable packaging material

applications under ambient conditions and simple waste management after use.



Chapter 4investigatesenzyme posimmobilization on a durable polymer carrier. Polystyrene
(PS) solution blown nonwoven (SBN) nanofibers were employed for CALB adsorption on-the SBN
PS fiber surface from a CAh#ffer solution. The high surface area of nanofibers enables-high
guantity enzyme adsorption araer two-thirds catalytic activity compared to free enzymes. The
homogenously distributed immobilized CALB on the nanofiber surface had good storage and
thermal stability. The durable (wat@énsoluble) EFSBRS were easy toeparate from the

reaction mixture and showedver 70%of the initial lipase activity after fifteen reuse cycles.

Chapter 5summarizes recommendations for future research in applying and commercializing
EFSBSI EFSBN production using solution blow spinning for a range of enzymes and polymers and
their related commercial applications, as well as some issues that must be aeldires®

discussed in this chapter, along with the potential solutions.
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Chapter 1. Literature Review onEnzyme Immobilization: Polymer

SolventEnzyme Compatibility

The content of this chapter was previously published with the following citaAsaduzzaman,
Fnu, and Sonja Salmon. "Enzyme immobilization: polsukentenzyme compatibility.”
Molecular Systems Design & Engineerifgp22), 7, 1388.414.

Abstract

Immobilization improves enzyme stability, allows easy enzyme separation from reaction
mixtures, and enables repeatable use over prolonged periods, especially in systems requiring
continuous chemical reactions. Immobilization also delivers enzymes forotledtrelease or
promotes triggered degradation of entrapping materials. Polymeric materials in different
physical forms, such as films, beads, coatings, and fibers, are increasingly used as support
matrices for enzyme immobilization because they are gafsibricated and offer excellent
mechanical versatility. Enzymes are generally compatible with water environments and can be
mixed with watersoluble polymers and dried to produce immobilized enzyme products.
However, while important, the utility of suchater-soluble materials is limited. Many durable
polymers, especially synthetic polymers, are intrinsically hydrophobic and not ‘sali¢ble.

They are processed into different shapes by melting or solubilizing them in organic solvents.
However, enzymes maylenature in the presence of organic solvents or at elevated
temperatures, limiting how enzymes can be combined with hydrophobic polymers. Fortunately,
research has revealed several approaches for successful enzyme incorporation into polymer
matrices thatrely on solution processing with organic solvents. This review discusses strategies
for producing immobilized enzymes by solution processing methods. Compatible pelymer

solventenzyme triads that span aqueous and reueous fabrication requirements are
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identified. Finally, based on the existing research on enzyme immobilization using enzyme
compatible polymer solutions, prospects for future developments are summarized.

Keywords:Enzyme, immobilization, supporting materials, polymer, solvent, compatibility

1.1.Introduction

Enzymes are protethased natural biocatalysts. They are highly specific, selective, and have
exceptional catalytic activity for chemical and biochemical reactions. Because enzymes function
selectively and efficiently at mild conditionsuch as at neameutral pH, ambient temperatures,

and pressures, enzymes are utilized in numerous commercial applications to replace
conventional harsh chemicals and save enérgilany commercial enzyme applications are
operated as batch processes, where enzymes are delivered to the substrate as an aqueous
solution, incubated for some time, often with rimg, and are disposed of afterward along with

the effluent process watet Economic feasibility of batch processes require that sufficiently low
amounts of SYT @8 YS& | NB dzaSR S| Ofse. Edzye reGuements FoF 2 NR €
industrial applications and physical forms vary among crude enzymes, purified, or immobilized
enzymes' For example, while dirent industrial carbohydrate processes may require enzyme
amounts in the form of 0.5 g pure enzyme52j celifree enzyme extract, or 160 g wholecell

wet weight per kilogram of product produced, immobilized enzyme processes (e.g., high fructose
cornsyrup production using glucose isomerase) can require only 0.05 g formulated biocatalyst/kg
product® For some applications, the consumption of biocatalyst is high (e.g., the enzymatic
reduction of a prochiral ketone to a chiral alcohol required 9 g/L ketoreductase biocatalysts for

160 g¢/L substrateloading®, limiting the economic feasibilit for industrial application$.
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Economically viable conversion levels for these types of applications could only be achieved by
recycling enzymes. However, the separation atd 2e@dSNE 2 F a2t dzof S 02N afF
reaction medium after an enzymatic reaction is thim@nsuming and inefficient Therefore, the

separation of enzymes is a crucial problem in real applications. Also, enzymes tend to function
optimally within narrow reaction condiins. Partially this is due to chemical mechanisms that

occur in the enzyme active site, e.g., reactions may require a specific pH for proper chemical
group ionization. More generally, poor heat stability is caused by irreversible unfolding
ORSY I G dXNBfy@A VNI 06 2 F {diknénsidniB0) Sthugtired whichk phissisally
disrupts the active sites or makes them inaccessible due to molecular agglomeration. The
conditions for optimal catalytic activity and protein structural stability are not neadgsthe

same, resulting in poor longevity and often making soluble enzyme recycling impré&etical.

AdGF OKAY3 O604AYY20AfAT Ay3é0 Syl évySa 2y 2N Ayiz
enzyme pHP, thermalt, and storag& stability while overcomingecyclability issues that limit

the broader use of enzymes. Enzyme embedded in solid carriers facilitates recycling and reuse in
biocatalytic continuous processes that helps to increase biocatalyst utiliz&tiommobilized

enzymes overcome drawbacks of free enzymes by improving performancerfpespeacluding

activity, selectivity, specificity and purityl* In addition immobilized enzymes are more

resistant to inhibitors which may extend the operating longeVitymmobilized enzymes also

enhance product quality by avoiding protein contamination in the final product and improve
process efficiency and control by allowing prolonged use or rapid terminatioenzymatic

catalysist®> Immobilized enzymes can be removed from process liquids by simple methods like



filtration'® or centrifugatiod’ or more sophisticated techniques like nraic recovery®
Ultimately, these benefits must provide sufficient advantages to overcome immobilization costs.
Sufficiently high productivity levels are needed to justify using immobilized enzymes, estimated
at 2,00010,000 kg product/kg immobilized enzyme for cooutity applications and 5000 kg
product/kg immobilized enzyme for premium applications, like pharmaceutical products. By
comparison, even higher productivity levels of 5000 kg product for commodity
applications and 10@50 kg product for premiummplications are required when using non
immobilized enzyme® Although immobilization process incur some cost, in successful
applications, the higher productivity levels achieved through recycling and other intrinsic benefits
of making the biocatalyst easily separable from the reaction mixture accommodate this. Based
on their advantages, immobill SR Syl eyvySa KI @S 6SSy gARSt& I Ll
pharmaceutical industf, food industry!, animal feed?, detergents?, chemical industrie,
personal care, and cosmetf¢s biomedical applicatior8, ultrafiltration®®, wastewater
treatment?’28 textile industry*3!, biosensor¥, biofuel productior®, bioreactors*2° carbon

capture’®® and others.

Enzyme immobilization is not a new concept. Numerous unique enzyme immobilization methods,
characterizations, and applications have been investigated, published, and revié#®ed.
56,39,5163,4%46 Certain reviews have discussed enzyme stability and catalysis in organic $#lvents
%8 and explored enzyme engineering for situ immobilization involing selfassembly into
insoluble particle$? However, no prior reviews have focused on critically assessing enazyme

compatible polymeisolution triad systems as a fundamental material fabricatippraach. The



co-immobilization of enzymes in polymers requires forming stable polysoérentenzyme
compatible triad solutions or dispersions that preserve native enzyme structure and activity.
Forming compatible triads is straightforward when wasedude enzymes are combined with
agueous solutions of wategoluble polymers. Incorporating watspluble enzymes in polymer
solutions made with organic solvents is more challenging. Titeisature review assesses
compatible polymeisolventenzyme triads foco-immobilization solution processirig increase

immobilization yield and reduagenmobilization complexity.

1.2.Enzyme Immobilization Approaches

Ideally, immobilized enzymes are localized and confined on or inside a solid carriefulifile

retaining their catalytic activity® This ideal iglifficult to achieve, not least because immobilized
SyievySa KIFI@S | f1NHSN) LIKeaAOkt aiail S GKIFYy &FN
substrate accessibility to the active site. When an enzyme molecule is attached to other enzymes
(selfimmobilization) or to matrix materials by adsorption, entrapment or chemical bonding the

total size of the enzyme plus matrix is larger than the enzyme molecule itself causing the
immobilized enzyme to have different physical behavior than the enzyme molecule &ohé

carriers can be selected from all types of different materials. Carrier properties dictate what

mode of enzyme immobilization can be used. Enzyme immobilization with polymeric carriers is

accomplished in two main ways: singlep ceimmobilizationor postimmobilization, as shown

in Figurel.1.



66 ¢ Lvophilized enzyme/ (A) Co-Immobilization
Enzyme in buffer

Co-immobilized polymer matrix
(Encapsulation and/or entrapment)

solution polymer solution

(B) Post-Immobilization

Post-immobilized polymer matrix

Figurel.1l: Schematic illustration of enzyme (ég-immobilization and (B) postnmobilization
modes, inside or on polymer matrices.

The interaction mechanisms of enzymes and supporting materials vary -irantb post
immobilization modes. Entrapment, encapsulation, and adsorption methods, where the i

covalent bond formation between enzymes and support carriers, are categorized as physical
methods. Covalent attachment and credssing are classified as chemical methd#Bigurel.2

illustrates the main enzyme immobilization mechanisms where gray and blue represent carrier
materials and enzyme, respectively. Immobilizeazymes that result from mixing enzymes

together with dissolved carrier molecules (or sometimes carrier monomers) prior to the
formation of the solid carrier matrig K SNB A Yy NB T SINWBRO Alf2A 1HSgRaresSQ2 & Y S

confined mainly by physical encapstion and entrapment mechanisms. Pastmobilized
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enzymes are held on carrier surfaces via physical adsorption or by covalent chemical attachment

683688y Syl evs AyYyR2ONINNRISNAZ y&{ S FOdNE 6KSy ¢

crosslinked to directlto each other, without added carrier material present, to form large

insoluble molecular clusters.

= Enzyme

— = Cross-linker/covalent bond

:

Adsorption

(Post-immobilization)

i

Entrapment
(Co-immobilization)

Encapsulation
(Co-immobilization)

it

Covalent
(Post-immobilization)

Cross-linked aggregate Cross-linking with an inert carrier
(Self-immobilization) (Self- and Post-immobilization)

Figurel.2: Schematic presentation of the main mechanisms of enzyme immobilization on or in
polymeric supporting materials.

The choice of immobilization technique mainly depends on the properties of the solid matrix and
the performance behavior required. Enzyme immobilization is generally accompanied by changes
in apparent enzymatic activity anchay involve changes in optimum pH, temperature, and

stability. Characteristics of different enzyme immobilization methods are compareabile 1.1



Encapsulation and entrapment methods are desirable for achieving high enzyme loading (e.g.
76% immobilizd yield was reported for maltase froB. licheniformisentrapped into agarose
beadd? with minimal impact on enzyme structure, though the resulting catalytic activity is
typically lower than posimmobilized enzymes because the presence of physical barriers slows
down substrate diffusion to enzyme active sites. Performingnumobilization can be as simple

L& | &aairy3dt S aiDube poyinér wighZn ehZymelsoludidn @rfdl Karming the
mixture into the desired shape while drying to solidify it. Enzymeiyess surrounded by and is

held inside the solid, which may nevertheless remain permeable to small substrate and product
molecules. Immobilization in wateyoluble polymers can be useful for applications that require
organic solvents, or the materials caa lmade watetinsoluble by treatment with crosknking
chemicals. When eommobilizing enzymes with a neaqueous polymer solution, more complex
recipes involving additives may be needed to form enzpompatible polymer solutions.
Enzymes that are postnmobilized by covalent chemical bonding or crieking are firmly
attached to the outside surfaces of carriers, resulting in minimal leaching-ifAosbilized
enzymes positioned on the carrier surface experience minimal substrate diffusion limitations an

exhibit high catalytic activity.



Table 1.1 Comparison of various enzyme immobilization methods [modified fitiangaraj and Soloma).

Characteristics Encapsulation Ertrapment Physical Covalent Crossdlinking
adsorption attachment
Immobilization Co Co Post Post Self

mode
Preparation
complexity
Cost

Binding nature
Stability

immobilization
Varies

Low
Strong
High

Enzyme leaching Very low
Substrate diffusion High

limitations
Enzyme loading
Immobilization
yield

Enzyme structure Almost no impact

Enzyme activity

Very high
Very high

Low

Chemical additives Varies

Applicability

Very wide

immobilization
Varies

Low to moderate
Strong

High

Low to moderate
High

High
High

Minimal impact
Low

Varies

Broad

immobilization
Low

Low
Weak
Low
High
Very low

Low to high
Low to moderate

Minimal impact
Intermediate
Not required
Broad

immobilization
Moderate to high

High
Very strong
High
Low
Low

Low
Low

Potential changes
High

Required
Selective

immobilization
Low to moderate

Low to moderate
Strong

High

Low

Low to moderate

High
High

Potential changes
High

Required

Broad




1.2.1.Seltimmobilization

Crosdlinked enzyme aggregat€d€LEAS) and crebsked enzyme crystals (CLECs) are forms of
enzyme selmmobilization, in which the formation of chemical bonds between enzyme
molecules increases their molecular size to the extent that enzyme clusters precipitate from the
solution. CLEs are formed by physical aggregation of enzymes from an aqueous buffer using a
precipitant (e.g., salts, watamniscible organic solvents, neanic polymers) and in situ chemical
crosslinking using a bifunctional reagehtgure1.2).”* A highly puried enzyme solution is not
required for the preparation of CLEAs. CLECs are prepared by crystallizing enzymes from highly
purified enzyme solutions and stabilizing them as wtsoluble solids by introducing covalent
bonds using crosslinking reagentsThese carriefree immobilization methods avoid costs
associated with carriers, but may require additional enzyme purification, and while the range of
physical size, shape, and properties of the aggregates alone could be limited, they can be
attached to solid supportip materials’® Further daboration on seimmobilization mechanisms

is found in Sheldost al.””

1.2.2.Postimmobilization

Postimmobilization is a twestep process, where the carrier material is fabricated first, and the
enzyme ighen attached to the prefabricated matri¥igurel.1). There is no requirement for
carrier materials to change between solid and liquid forms dutegitnmobilization procedure,

and carrier matrices can be prepared by any method without concern for whether enzymes can
tolerate carrier fabrication conditions. However, the carrier matrix may require surface

modification to create attachment points for ¢henzyme’® Immobilizing enzymes can then be

10



as simple as immersing suitably modified matrices in an enzyme solution for sufficient time to
complete the immobilization pragss (for adsorption immobilization). More complex reagents

and reactive sequences are also common (for covalent immobilization).

1.2.2.1.Covalent attachment

In covalent immobilization, a covalent bond is formed between enzymes and caFigusgl.2).

In this postimmobilization mode, carrier materials are synthesized separately, carrier surfaces
are activated, and enzymes are covalgntlonded to carrier surfaces using bifunctional or
multifunctional coupling reagents. Functional groups on the polymer carrier such as amino,
carboxylic acid, imidazole, indolyl, and phenolic hydroxyl groups form covalent bonds with one
end of the couplingeagent, and the other end reacts with enzyme chain end functional groups
or with sidechain amino acid (e.g., lysine, cysteine, aspartic acid, and glutamic acid) functional
groups’®8% Dicyclohexyl carbodiimid®, m Z-earbonyldiimidazolé? hydrate-acyl azide?
diazonium sal#* bromide-cyanogen! glutaraldehyde®>8¢and dextran aldehydé are common
coupling agents. Ideally, the coupling of enzymes with support materials by covalent bonding is
irreversible, peventing leakage of enzymes from the carrier even under inhospitable reaction
conditions®In practice, some low level of leaching is usuabserved initially, as necovalently
bound adsorbed protein is washed off. After that, the level of leaching can be very low,
depending on the durability of the covalent bonds. Since the carrier materials are prepared
separately, and the immobilizatiosteps are conducted in buffer solution, polyrmlvent
enzyme compatible triads are not essential here. Further elaboration on covalent immobilization

mechanisms is found in Cehal.8®
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1.2.2.2. Adsorption attachment

Physical adsorption of enzymes onto sokdipporting materials is a convenient and
straightforward method of immobilization. In pesthmobilization adsorption attachment, a
carrier material is initially fabricated or modified in one step, and then afterward, it is exposed to
an enzyme buffer solign for a specific time for physical adsorption to oc®UAImost any solid
supporting material, including natural and synthetic polymers, can be used asnpostbilized
carriers. Numerous commercially available enzymes have been immobilized on various solid
materials, including alumina, silica gel, porous glassoys ceramics, activated carbon, ion
exchange resins, biopolymers, and blended synthegittiral polymer$:°2The level of enzyme
loading depends on the accessible surface area of the carrieubeanzymes are adsorbed on

the surface or in the pores of supporting materials in spontaneous reversible processes by weak
physical forces: hydrogemonding, electrostatic interactions, hydrophobic interactions, or van
der Waals force& Efficient enzymedading on supporting materials by electrostatic interactions

is controlled by changing enzyme solution #§iBecause the surfaces of enzyme molecules carry
net positve ory SG  yS3lI GABS OKIFINBS&a 060St2¢6 |yR 0620S
respectively, enzymes can be immobilized by electrostatic binding onto carrier materials having
the opposite charge at a particular solution pH. Optimal electrostatic interactmms&ximum
enzyme adsorption can occur when the immobilization solution pH is in between the enzyme pl
FYR GKS &dzLJLJ2 NI LI @ C2 Niglhcgsidase (@16&ES) on(BEBIpl 2 A K S a G
was observed at pH 335 Alternatively, the extent of enzyme loading by physical adsorption can
depend primarily on the accessible surface of carrier materials, where enzymes penetrate to a

certain depth into the carrier matrix depending on carrier porosifyigure 1.3 (A) shows a
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synchrotron infrared microscopic image of a cresstion of Novozym 435 bea®@sNovozym

435 is a welknown commercially available immobilized acrylatesed polymer bead where
Candida antarcticéipase B (CALB) enzymes are physically adsorbedi(posibilization mode)

on the mesoporous surfac¥.Loading CALB at the solid surface keeps the enzyme accessible to
its substrate. After adsorption, enzymes must sufficiently retain their native structure to achieve
the high remaining catalytic activity. Simplicity and high actretgntion are the key advantages

of adsorption attachment over other attachment modes. However, the relatively weak
interactive forces often result in enzymes leaching out from the carriers upon changed
conditions, such as pH, temperature, and solventapgdl. The leaching out of enzymes from

carrier materials is the main drawback of physical adsorptfon.

Occasionally, physical enzyme adsorption is reported as part oframobilization mode?%192

For example, CALB was immobilized on magnetic poly{unethane) nanoparticles (MNHaUU)

by singlestep mintemulsion polymerization using diisocyanate and -He&anediol
monomerst% Diisocyanate monomer and organic coated MNPs were indtbpersed phase
(organic), and free enzyme and polyol monomer were in the continuous phase (aqueous). The
MNPs encapsulated PUU nanoparticle was synthesized, and CALB adsorbed on the produced
MNPsPUU surface simultaneousliigure 1.3 (B) presents the singlstep ceimmobilization
process of CALB enzyme on magnetic polyfurethane) (MNP$UU) nanoparticles by single

step interfacial minemulsion polymerization. As showvin the schematic, this strategy was used

to keep the CALB enzyme accessible at the particle surface.
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Figurel.3: (A) infrared microscope image of Novozym 435 (immobilized CALB) showing CALB
distribution on the Lewatit VP OC 1600 particle (Reprinted with permission Kteiret. al.%.
Copyright (2003) American Chemical Sogiatyd (B) Schematic representation@ALB enzyme
immobilization on magnetic poly(urearethane) (MNP$UU) nanoparticles by singiéep
interfacial miniemulsion polymerization (Reprinted with permission from Chiaradia éfal.
Copyright (2016) Elsevier).

1.2.3. Coimmobilization

Coimmobilization is a process where the solid carrier support fabrication and enzyme
immobilization are carried ousimultaneously (irsitu process}?* This approach requires the
solid carrier to be processed in a liquid form, i.e., it needs to dissolve or melt. Since enzymes
generally denature in hot pginer melts, a more feasible approach is to dissolve carrier polymers
(or monomers) in solvents at moderate temperatures. Lyophilized powder or dissolved liquid
enzymes are added to the monomer/polymer solution and homogenized. Then, the
immobilization soltion (or dispersion) is subjected to fabrication where polymerization occurs,
or the polymer solution is solidified by removing the solvent (via drying or coagulation) with
enzymes trapped inside the resulting polymer matrsig(re 1.1). Various shapes can be
produced, such as bead® ,foams!°¢films %’ membranes:°® hydrogels® nanoparticles®*and

nanofibers!'® The shapes are usually chosen to have a high surface area relative to their volume
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on the principle that fewer enzymes will be hidden inside the matrix and more will be exposed
to the surfaces. In some procedures, enzymes are addedwayd through the materials
fabrication process while monomers are reacted to form polymers. For example ottuqe

lipase ceimmobilized polystyrene (PS) particles, lipase enzymes are introduced into the emulsion

O«

polymerization reaction mixture approximately halfway through the reactiér. KS G SNY & O2
AYY20AEAT FGA2y ¢ KIFa FEGSNYyFrGA@gSte oSSy dzaSR
cooperating enzymes on the same support to impart stability and enhance cascade reaction
kinetics by optimizing catalytic turnové2C 2 NJ S E kgafacibsiiase -brabinose isomerase,

and Dxylose isomerase were émmobilized on Eupergit C 250 L and used for a mozzarella
cheese whey lactolysis process. The rmaiizyme cemmobilization replaced multiple

bioreactors with a singlkioreactor and increased productivity by greater than 50% compared to

single enzyme immobilizatiort$3

1.2.3.1. Entrapment immobilization

Entrapment immobilization is a type of -smmobilization in whth enzymes are not directly
attached to the carrier surface but entrapped and confined within a tkdigeensional matrix
(Figure1.2). Thenetwork structure allows small substrates and products to pass through the
matrix while physically retaining the largsized enzymes without covalent bonding to the solid.
Entrapment preserves protein conformational structure, minimizes denaturation paegents
leaching. Stabilized enzyme structures result in good storage stability with the potential for
triggered enzyme release without compromising the biological catalytic activity of enZ{niés.

OYGNI LIYSY(d AYY20AtATFGA2Y NBfASEa 2y (KS Syileay:
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size formed around the enzymes during the entrapment process. Enzymes are large molecules
with molecuar weights ranging from around 12,000 to over 150,000'Dand globular
diameters in the range of approximatelyBnmt1¢ allowing them to be retained inside the solid
matrix network while small substrates and products pass thradiging enzymatic reactionS.
Entrapped enzymes could leak from the matrix if matrix pore sizes are too large, or enzyme
activity could be limited if the pore size is too smdlleiefore, pore size distribution is one factor

that should be controlled to prevent enzymes from leaching into the liquid reaction medium
while maximizing catalytic activity. Sometimes, wagetuble smalmolecule porogen, like D
glucose, is used duringhmobilization to enhance porosity and increase substrate diffusion to

enzyme active sites’

Various matrices can be used for entrapment, such as chitosan, agar, gelatin, calcium alginate,
collagen, cellulose triacetate, polyacrylamide, silicon rubber, polyvinyl alcohol, and
polyurethane’* Some of the reported works on enzyme entrapment incorporate horseradish
peroxidase in polyvinyl alcohol (PVA) hydrogels and graphene oxide doped PVA h¥fogels
horseradish peroxidase in ithsan bead’'®, protease in agaagar bead¥?, tyrosinase in gelatin
geld?l, manganese peroxidase in calcium alginate b&3Hs-galactosidase in silica &l

protease inpoly acrylamide bead%!, and manganese peroxidase in Palginate beads>.
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1.2.3.2. Encapsulation immobilization

Encapsulation is the most common singtep ceimmobilization method, wherein enzymes are
enclosed/confined in a semipermeable membrane, usuallyplescatshaped matrix Figure
1.2).104126 Macromolecule encapsulation is effective for preventing enzyme aggregation and
denaturation®! The encapsulation method is widely used because of its simplicity, minimum
leaching, and minimal impact on enzyme native structure. Theoretically, encapsulation can
guantitatively immobilize all enzymes in a preparation, resultingnaximum immobilization
yield. Like entrapment, encapsulation creates a physical barrier between enzyme and substrate.
For reactions to occur with encapsulated enzyme, the substrate passes through the semi
permeable encapsulation membrane to reach enzyrogva sites where biocatalytic reactions
take place, and then the product migrates back out across the membrane, which meanwhile
prevents enzyme leaching from the carriérEncapsulation can be performed under mild
conditions to avoid impact on enzyme structure. The sparmeable carrier retards enzyme
structural deformation and helps preserve its natsteucture, resulting in benefits like triggered
storage stability, enhanced thermal stability, and higher #sofvent stability (e.g., organic

solvent)1%4

1.2.4. Polymerenzymecombinations for postimmobilization

A wide variety of materials of both inorganic and organic origin have been used as stable and
effective supports for enzyme immobilization. Microbial resistance, mesoporosity, mechanical
and thermal strength are unique characteristics of inorganic suppabitsited biocompatibility,

lower affinity to biomolecules, and fewer possible geometrical shapes are the main drawbacks
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of inorganic carrier materiaf.On the other hand, polymeric materials can be fabricated into
various forms with strictly controlled porosity, but are usually sensitive to pressure or
temperature. In principle, any combination of enzymes and polymeric materials can béoused
postimmobilization, as long as sufficient affinity or covalent attachment is present. The presence
of hydroxyl, carbonyl, and amine moieties in natural polymers (e.g., chitosan, alginate, agarose)
endows these materials with an inherent good affirfily protein attachment on their surfaces.

The two most prevalent structural polysaccharides, cellulose and chitin, are widely used for
enzyme posimmobilization??12%12% |n comparison, strongly hydrophobic polymers, such as
polyethylene (PE) and polystyrene (PS), must usually first be subjectedaoesactivation (e.g.,
plasma treatment), then modified with chemical crdssers to introduce functional groups for
postimmobilizationt3¢32 Synthetic polymers often require surface modification to achieve
post immobilization:*3 Some commonly used synthetic polymers are Fpolyvinyl acetate
(PVACYP! polyimide (PIP! polyacrylates (e.g., poly(methyl methacrylate) (PMMA), Eupergit
C)135136 polyamide (e.g. nylon 6% polyacrylonitrile (PAN)® polyaniline (PANP}3®

poly(ethylene glycol) (PE&Y,and Poly(lactico-glycolic acid) (PLGA).

Blending polymers or making copolymers is another way of enhancing enzyme affinity through
the introduction of chemically functional side groups and polarity. Commasdg copolymer

and polymer blends are cellulose acetate/PEL, cellulose acetate/polyamid&’?
chitosan/PVA? chitosan/PLA PMMA/PAN#* polyvinyl alcohepolyvinyl acrylic acid (PVA
PAAY’PVAPEG’ poly (glycidyl methacrylatg-poly(ethylene terephthalate)}> poly (vinyl

alcohotco-ethylene)?3 and poly(Nisopropy! acrylamieg-co-acrylic acid}:
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Table 12 lists polymerenzyme combinations that are immobilized through the post
immobilization process, where enzymes are attached to prefabricated carrier materials. In cases
where carrier material fabrication involved seht processing prior to enzyme immobilization,

the solvent is listed. If modifiers were used, this is also indicated. The most common modifier is
glutaraldehyde, a crosslinking agent. Enzyme loading, immobilization yield (relative to the
amount of free emyme used), activity retention (relative to free enzyme activity), and residual
catalytic activity (after storage or reuse, relative to initial immobilized activity) are important
immobilization metrics, yet individual reporting of these values is ofteonmplete. The relative

parameters are defined as:

YT 1T 1T AET BERABOL zp X X X X X X X X. XXX
I A O EGREGOM O E - Zp TIHIX X XXX PDODDPX XXX XEDHDPDDPD
2 AOEADBRAA AOEBE 6 T2 p X X X XK M .3)

Postimmobilization yield especially depends on the material surface area because a higher
surface area gives more space for enzymes to attach. As a result, most of the listed supporting
materials are nanostructure shapes (e.g., nanofibers, nanopartidegecially high enzyme
loadings (> 10 wt %) were reported for polystyrene (PS) nanoparticles, which adsorbed 248 mg
Candida antarcticdipase/g supports®®, polyviny alcohol (PVApolyacrylic acid (PAA) (4:1)

St SOGNRAaALMzy yIy2FAOSNRARI ¢ KA OKanylSsh@suipari@and Sy it &
poly(N-isopropylacrylamideo-acrylic acid) (p(NIPAMoO-AA)) microspheres, which were

covalently attached with 493 mg trypsin/g suppottsPostimmobilized support materials are
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usually selected for their durability, and their insolubility in agueous solutions enables repeatable
applications. For example, covalently immobilized lactase (&garicus bisporgn polyaniline
nanofiber surface retined 98% of its initial activity after 10 reuse cy#lesand trypsin

immobilized on PVARAA nanofibers surface retained 82% of its initial activity after 15 c§fcles.
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Table 1.2 Compilation of typical enzyme peshmobilization on polymer carriers by surfacwdification/activation.

Carrier Carrier Solvent Enzyme Enzyme Immobiliza Modifier Enzyme Immobil Activity Residual Reuse Ref.
form origin tion loading ization  retentio activity, cycle/
medium (mg/g yield n (%) (%/days/  activit
supports) (%) °C) y,%
Adsorption method
Cellulose Nanofib - Glutamat Phosphate - 1.8 - 32 64/56/25 9/83 49
er e buffer
dehydro
genase
Polycaprolact Nanofib Acetone Protease - Phosphate - - - 60 - 5/48 142
am er buffer
Polycapolact Nanofib Formic Protease - Phosphate - - - 65 - 5/30 142
one (PCL) er acid buffer
PS Particle - Lipase Pseudomona Phosphate Octyl silica - 91 82 5/90 10
s fluorescens buffer
PS Nanopa - CALB Candida PBS buffer - 248 - 184 - - 148
rticles antarctica
Cellulose Nanofib Acetone Protease - Phosphate - - - 80 - 5/21 42
monoacetate ers buffer
/polycaprolac
tone
Cellulog Nanofib Acetone Protease - Phosphate - - - 66 - 32/5 %
monoacetate ers buffer
/chitosan
PVAco-PE Membr  70% Cellulase - Phosphate sodium3- 130 - - - 5/80 33
anes isoprop sulfobenzoate
anol
Covalent Attachment Method
Cellulose Nanofib - Laccase Pleurotus sodium Glutaraldehyd 0.4U/mg 88 - 5/85 3
er florida acetate e
buffer
Cellulose Ultrafin - Lipase Candida  Phosphate Glutaraldehyd - 54 - - 34
e rugosa buffer e
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Table 1.2Continued

Cellulose
Oxidized pulp
Coconut fiber

Gelatin

Woolg-
polyethylacry
late
Silkg-PAN

Cellulose
monoacetate
/chitosan
PET

Polyacrylonitr
ile
Polyaniline

PP

PVDF

Nanofib -

er

Fiber -

Bead Water

Fiber

Fiber Methan
ol

Nanofib Acetone

ers

Fabric Dioxane

Hollow

fibers

Nanofib 1 M HCI
ers

Film -

Membr -
ane

Glucanotr
ansferage

Pectinas
e
Laccase

Laccase

Lipase

j-
galactosi
dase
Protease

Trypsin

Urease
Lactase

Glucose
oxidase

Laccase

Bacillus
macerans

Commerci
al
Aspergillu
S

Trametes
versicolor

Candida
rugose

Escherichi
a coli

Porcine
pancreas

Agaricus
bisporus
Aspergillu
S niger

Phosphate
buffer
Phosphate
buffer
Phosphate
buffer
Citrate
phosphate
buffer
Phosphate
buffer

Phosphate
buffer

Phosphate
buffer

Trizma
buffer

Aqueous

Phosphate
buffer

Phosphate
buffer

1,2- dodecane
diamine
Sodium
periodate

Oxidation

Glutaraldehyd
e

Hydrazine
hydrate

Hydrazine
hydrate

Glutaraldehyd
e

b Z -dikcyzlo
hexyt
carbodiimide,
and
glutaraldehyd
e
Glutaraldehyd
e
Glutaraldehyd
e

Plasma
treatment&Gl
utaraldehyde
Glutaraldehyd
e

10

8.7

81

76

60

62

31

95

98

73

45

74

50

80

71

83

74

97

40/4/4

45/6/60

45/20/4

15/42/4

95/96/25

85/7/4

10/60

7/60

10/45

6/89

6/92

41/5

15/18

15/86

10/98

5/75

26

27

30

126

151

151

92

152

138

32

130

153

22



Table 1.2Continued

Polyamide - - Protease Conidiobol Phosphate Glutaraldehyd - - 58 - - 154
us macro-  buffer e
sporus
Nylon 6 - - Lipase Bacillus Glutaraldehyd 0.2 70 88 - 8/85 ¥
coagulans e
PVA/PAA Electrc Water h- - - 1,10 181 - 78 83/30/30 15/82 #
spin NF Amylase carbonyldiimid
azole
Glycidyl Fibers  Acetone Horserad - Phosphate 1,6-diamino - - - - 5/70 &
methacrylate ish buffer hexane and
-g-poly peroxida glutaraldehyd
(ethylene se e
terephthalate
)
Poly(N Microsp Cyclohe Trypsin - Phosphate N-(3-dimethyl 493 - 155 80/60/4 - 1
isopropylacry heres xane buffer aminopropyl}
lamideco- N'*-
acrylic acid) ethyl
carbodiimide
hydrochloride
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1.2.5. Polymersolventenzyme combinations for cammobilization

Coimmobilization processes require the polyrsolvent pairs, matrix properties, and the
conditions used for immobilization to beompatible with enzymes. Many enzymes show
maximum activity in aqueous media, and such enzymes can form compatible solutions for co
immobilization using aqueous polymer solutions. Certain natural polymers, like alginate, agarose
and chitosan, are watesoluble, depending on pH, and can be mixed with enzymes to produce
compatible solution®*!7 that are then fabricated into different shapes, such as beééls,
hydrogelst®® capsules®® films'®! particles!®? nanoparticlesi®® and nanofibers® Natural
polymer dervatives (e.g., acetate, nitrate, carboxymethyl) having improved water and organic
solvent solubility makes them available for-ioamobilizationi®® and watersoluble synthetic
polymers, like polyvinyl alcohol (P¥®)and polyethylene oxide (PE&Y,can also be used, as
well as naturakynthetic polymer blends that can facilitate single stegramobilization168169A
drawback is that watesoluble carriers generally cannot be repeatedly used in aqueous
applications. However, these carriers can be converted to insoluble matrices using chemical
modifiers (e.g., crosknkers)170

Water-insoluble synthetic polymers broadens the application versatility of enzyme
immobilization matrices with their excellent flexible mechanical properties and easy
manipulation by mekltor solventprocessing into desired shapes. However, mixing enzymes with
molten polymers is usally avoided due to enzyme thermal instability. Instead, enzymes are
mixed with polymers dissolved in organic solvents or mixed in situ with monomers during
polymer synthesis (by emulsion polymerization)ypical recipes for enzyme entrapment or

encapsudtion using aqueous solutions or by agueauwganic emulsion polymerization are listed
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in Table 1.3 The listed carriers were synthesized in four ways: solubilization in agueous media
and fabrication, solubilization in neeqqueous media (forming water/oiinicroemulsion) and
fabrication, insitu polymerization (agueous media), and microemulsion polymerization-(non
agueous media). In solubilization in aqueous media and fabrication, enzymes were mixed in an
agueous polymer solution and formed enzymempatibleaqueous polymer solutions (polymer
water-enzyme triad). The enzyme immobilized aqueous solution was then directly used to
prepare the final form of the supporting materials. In encapsulation through waitemicro
emulsions, polymers were dissolved irganic solvents, enzymes were placed in the aqueous
phase, and a surfactant was used to form the waigmicroemulsion (polymesolventenzyme
compatible triad). The water/oil microemulsion compatible triads are then fabricated to the
desired shapes. Famn-situ polymerization, polymer matrices were synthesized in the presence
of enzyme solution where enzymes are encapsulated or entrapped into synthesized matrixes.
Finally, with microemulsion polymerization, enzymes, initiator and surfactant were addled in
agueous phase and monomers were dispersed in the aqueous phase. Enzymes were co
immobilized (entrapment or adsorption or encapsulation) into/on the produced polymers. Most
of the reported ceimmobilized enzymes were produced by entrapment and encapisalan
polymer matrices. For example, wateroil microemulsion encapsulation was performed using
polycaprolactone (PCL) and its copolymétspolylactic acid (PLAY, and poly(lactideco-
glycolide) (PLGAJ? while entrapment was accomplished throughsitu polymerization of
polyacrylamide with enzymes in the reactionxtnire 12 However, some physically adsorbed-co
immobilized enzymes were also reported. In addition, shsigg ceimmobilizations are not

reported as frequently as postnmobilization approaches.
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Tabk 1.3:Compilation of typical cases of enzymeigumobilization into polymer carriers.

= = < 2
5 = g g 5 £ 3.
S [e) = o =
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g £ 5 2 E S 53 g2 58 2z 32z
> > = O = = < =2 - > =5 .
2 2 % § 3 £ Eg § g Es Bg 83 5
w L O x £ L EE o £ E3 << xS x
Dissolved in aqueous media and fabrication
Cellulase Trichoderm Alginate Aqueous Cagl Bead Encapsulatio 3.4 - - 60/21/37 105
a reesei n
Maltase B.lichenifo Agarose K phosphate buffer Bead Entrapment 76 - 80/180/4 7?
rmis
Facin extract Figlatex Agarose NaC@solution Bead Entrapment 10 - 95 - 161
Maltase B.lichenifo Agaragar K phosphate buffer Bead Entrapment - 83 80/180/4 7?
rmis
Bromelain Pineapple  Cellulose Acetone:DMF (85:15) Electros Encapsulatio - 92 a7 - 165
stem triacetate pun NF n
i-D- Aspergillus  Chitosan Na tripolyphosphate Bead Entrapment 5 35 30 100/91/1 &
glucosidase niger 6
Lipase Yarrowia  Chitosan Agueous Cagl Bead Encapsulatio - 79 35/75/25 104
lipolytica alginate n
blend
Horseradish - ChitosarPEG Acetic acid Particle Encapsulatio - 52 60.4 - 101
peroxidase blend n
Maltase B.lichenifo  Polyacrylami water Bead Entrapment - 71 5/180/4 2
rmis de copolymer
Horseradish - P\A Water Electros Entrapment 3.5 98 - - 173
peroxidase pun NF
Cellulase - PVA Acetic acid buffer Electros Encapsulatio - - 65 - 108
pun NF n
Monoamine Aspergillus PVAPEG water Gels Encapsulatio - - - - 147
oxidase niger n
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Table 1.3Continued

Phytase Cowpea PVAchitosan Sodium acetate buffer Electros Entrapment 2.5 - - - 164
seed pun NF
Dissolved in noraqueous media (forming water/oil microemulsion) and fabrication
CALB Candida PCL PS,, enzyme, toluene, AO" Film Encapsulatio 16 & 65 - - - 107
antarctica n
h-chymo - PS PS, enzyme, toluene, AOT Electros Encapsulatio 13 - 35 - 110
trypsin pun NF n
Trypsin - PCL PCL, chloroform/DMF, Electros Encapsulatio 23 - 66 57/15/4 174
span 80, enzyme buffer  pun NF n
Laccase Trametes  PLA PLA, methylene chloride, Electros Encapsulatio - - 67 50/14/4 175
versicolor PEGtriblock copolymer, pun NF n
laccase solution
Pyruvate de  Porcine PLGA PLGA, acetone, enzyme Nanopa Encapsulatio 2.5 20 - 63/6/4 172
hydrogenase heart buffer, SDS rticles n
In-situ palymerization (aqueous media)
CALB Candida Polyurethane Polyol, isocyanate, enzym Foam - - - 535 87/360/2 106
antarctica solution (polymerization) 5
Protease Aspergillus Polyacrylami  Acrylamide, methylene Beads  Entrapment - 76 - 33/30/4 124
niger de bisacrylamide, enzym
solution polymerization
Mini-emulsion polymerization (using surfactants)
Cellulase - PMMA Methyl methacrylate, SDS Nanopa Adsorption 60 60 - >90/7/4 100
water, enzyme, initiator rticles
CALB Candida PMMA Methyl methacrylate, SDS Nanopa Adsorption 50 75 - - 102
antarctica water, enzyme, initiator rticles
Lipase Thermomyce PS Styrene, PVA, span 80, Nanopa Adsorption - 60 57 - 111
S enzyme buffer rticles
lanuginosus
CALB Candida PEGylated Isophorone diisocyanate, Nanopa - - - 67 - 9
antarctica  poly(urea PEG, PCL, cyclohexane, rticles
urethane) SDS
CALB Candida Magnetic Diisocyanate, hexanediol, Nanopa Adsorption - - 85 - 103
antarctica  poly(urea MNPsOA, cyclohexane, rticles
urethane) water, SDS
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1.3. PolymerSolventEnzyme Compatible Triads

Non-membranebound enzymes are usually insoluble in organic solvents because their exterior
surfaces are decorated with polar and ionic amino acids that interact with fatérhen
enzymes are exposed to nagueous media (e.g., organic solvents, synthetic polymer solutions),
internal hydrophobic segments tend to interact with the media, causing enzymes to denature
Oadzy F2f REO 2NJ I 3ANBII GS3  YHig reattbnstPFR Sowevdry | G A f
because organisoluble synthetic polymers have desirable properties as immobilization
supports, namely the potential for creating watgsoluble high surface area flexible materials,
the possibility oEnzyme cammobilization in these systems warrants investigation. This requires
selecting polymesolventenzyme compatible triads for enzyme-zomobilization methods. The
following discussion identifies compatible polyrsmivent combinations, compatiblenzyme
solvent combinations and finally assesses which combinations could generate compatible

polymersolventenzyme triads. Strategies to enhance compatibility are also considered.

1.3.1. Polymersolvent compatibility

Polymer solubility is nadtraightforward like small molecules because of the vastly different sizes
of polymer and solvent molecules. The interaction of polymer and solvent depends on many
factors, such as polymer type, copolymer type and composition, molecular weight, branching,
crystalline form, degree of crystallinity, temperature, and solvent polafftyrolymers have a
high molecular weight, and crystalline polymers have walered chains that often require

extended time and heat to disptiintermolecular forces for dissolution. Solubility decreases with
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increasing polymer molecular weight, crystallinity, and degree of diokisig, and other factors,

like chain branching, can lead to unpredictable solubility behavior within a given eoblass.

Polymers exert attractive interactions between adjacent molecules, including van der Waals
forces for simple hydrocarbon polymers (e.g., PE, PP, PS) and dipole/dipole interactions for polar
side group polymers (e.g., PAN and PVC). Polyamid@awdrethane polymers have strong
polar and hydrogen bonding interactions that lead to stiff structures. Solid polymers having polar
interactions and hydrogen bonds holding the polymer chains together require highly polar
solvents for dissolution becaustme dissolution process requires higher interactive forces
between polymer and solvent than between polymer chdiffsSuitable solvent selection
depends on the polymer typelable 1.4 lists common polymers with their typical solvents
according to four categories: polymers that dissolve in aqueous solvents; polymers that require
strong acids to dissolve; polymers that dissolve in-polar organic solvents; and polymers that
dislve in polar organic solvents. The table also ranks organic solvent polarity based on the
dielectric constant at 20 °C. Polarganic solvents with a higher dielectric constant are more
effective at breaking electrostatic interactions between moleculed s@parating charges than
nonpolar organic solvents and are thus able to dissolve polymers (e.g., PCL, PVP, PAN) comprising
polar functional groups along their backbone. Thermoplastic polyamides (e.g. nylons) dissolve in
strong mineral acids due to the ggence of ionizable end groups and protonation of backbone
amide group oxygens that disrupt the very strong intermolecular hydrogen btfAdehe
solubility of nonpolar hydrophobic polymers (e.g., PS, PP) is governed by dispersion forces, and

non-polar organic solvents are required to dissolve th&n.
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Tabk 1.4 Compilation of common polymesolvent systems and organic solvent polarity ranking.

Polymers Common Solvents Ref.
Aqueoussoluble

PEO, PEG, PVA, P\ Water 18184
Chitosan and Dilute acids, e.g., formic acid, acetic acid, lactic acid; 185186
derivatives

Cellulose ether Aqueous alkali, NaOH/urea 187,188
derivatives

Alginate and Aqueous and aqueousrganic media 189,190

derivatives, Agarse

Strong Acid soluble

Polyamide (nylon)  Strong inorganic acid, formic acid, acetic acid, 180
Polyacrylamide Formic acid, strong inorganic acid 191
Organicsoluble (nonrpolar organic)

PE, PP Above 80°C: xylene, benzenwmluene, halogenatec 188192
hydrocarbons, higher aliphatic esters, and ketones

PS Xylene, benzene, toluene, THF, MEK 188,193

Organiesoluble (polar organic)

Cellulose acetate  THF, DCM, ethylene carbonate 188,194

derivatives

PEO, PEG, PVA, Chloroform, THF, DMF, hexafluoro propanol, 18%184

PVAC chloroform: acetone (3:1)

PLA, PLGA Dioxane, chloroform, THF, DCM, hexafluoro propa 19%198
THF: DMF (3:1), chloroform: acetone (4:1)

PVP Chloroform, THF, pyridine, acetone, DMAc, DI 18819
acetone

PVDF NMP, DMAc, DMF, DMSO, Diifetone (1:9), 200205
isopropanciH.O

PCL Chloroform, TH, DCM, hexafluoro isopropanc 206207
methanol, DMF:chloroform (1:2)

Polyacrylonitrile DMF, ethylene carbonate 188,208

(PAN)

Polyaniline (PANi) DMF 209

Polyacrylamide Phenol, morpholine 188,191

Polyacylate (PMA, Benzene, toluene, chloroform, THF, DCM, acetone, [ 210211
PMMA)

Polyesers (PET) THF, phenol, chlordyenol, DMSOnitrobenzene 188,212

Polyamide (nylon) m-cresol, THF, phenol, chlorophenol 188,211,213

Polyurethane DMF, DMFTHF, Hexafluoro isopropanol 188,214,215
Organic solvent polarity rank (Dielectric constant at 20 °C)

Aprotic solvents Hexane (1.88) <octane 1.96 <carbon tetrachloride (2 21627

<1,4dioxane (2.25) <pylene (2.27) <benzene (2.2
<toluene (2.38) <chloroform (4.81) <THF (7.52) <L
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(9.08) <pyridine (12.4) <MEK (18.51) <acetone (2
<NMP (32) <nitrobenzene (34.82) <acetdlat(36.64)
<DMACc (38) <DMF (38.25) < DMSO (46.7) <propy
carbonate (64.9)
Protic solvents TCA (4.5 at 15.6 Y@cetic acid (6.20) <utyl alcohol 216218
(12.5) <HFIP (15.7) <ipoopanol (17.9xethanol (24.6)
<methanol (32.7) <water (78.54)
DCM: dichloromethane, DMAc: dimethyl acetamide, DMF: Dimethylformamide, DMSO: dimethyl

sulfoxide, HFIP: hexafluoroisopropanol, MEK: Methyl ethyl ketone, NMetNyl pyrrolidone,
TCA: Trichloroacetic acid, THF: Tetrahydrofuran, TMP: Trimethyl phesphat

The ability of certain natural and synthetic polymers or their derivatives to dissolve in aqueous
solvents depends on the presence of hydrogen bond donor and acceptor groups (such as
hydroxyl, amine, and carbonyl) along the polymer chain that partiege hydrogen bonds with
water molecules and/or ionizes in aqueous solutiétsSimilarly, electronegative oxygen atoms

that form ether linkagesn poly(ethylene oxide) act as hydrogen bond acceptors with water
molecules to form higlweight percentage aqueous polymer solutiofi$Using aqueous media

to manipulate polymers during fabrication is convenient because wsi&rble enzymes are
generally compatible with these systems, praddthat pHdependent charge neutralization
does not lead to flocculation. For example, enzymes can be directly mixed with viscous agueous
solutions of alginate and agarose sdfts1%8 Also, because chitosan amine groups become
protonated at low pH values, making this polymer soluble in aqueous organic acids (e.g., acetic
acid, formic acid,dctic acid) and organic acid buffers (e.g., acetate buff€gnzymes capable

of tolerating acidic pH conditions can be mixed directly withtpiffered chitosan solution&’
Enzyme (e.qg., lipase fro@andida rugosacan be immobilized in polyvinyl alcohol (PVA) matrix
(e.g., electrospun fiber) from aqueous mixtures of enzyme and PVA softtétiblowever, he

residual aqueous solubility of enzyme immobilized PVA matrices renders them impractical for
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repeated use in water. To improve durability, PVA, with its multiple hydroxyl groups, can be
converted to a wateinsoluble matrix by applying chemical modificat (e.g., cros$inking with
glutaraldehydef?? Polyvinylpyrrolidone (PVP) has polar carbonyl moieties that promote its
solubility in aqueous and high polarity organic solvents (e.g., acetone, ethanol,
dimethylacetamide (DMACc), and in dimethylformamide (DM#)523The aqueous solubility of

PVP enables the production of enzyme compatible triad solutions by simply mixing PVP polymer
solutions and aqueous enzyme solutions. The resulting miscible solution can beydwetitd

into fibers by solution spinning techniques, like electrospinif@he chief limitation of using
water-soluble polymers for enzyme immobilization is that their use as durable immobilization
matrices is limited to nommqueous environments, which nevertheless may be important for some

applications such as esterification reaction in raueous medi&?®

Some natural polymers, like cellulogbat have linear unbranched polymer chains capable of
forming stiff intramolecular hydrogesbonded structures do not readily dissolve in aqueous or
organic solvents. However, derivative forms, such as cellulose acetate, are soluble in organic
solvents that can be used for enzyme -@mmobilization!®” For example, a solution of cellulose
triacetate (in 85:15 acetone:DMF) and bromelain solution (using the same solvents mixture) was
mixed to produce a compatible triad and subjected to electrospinning to produce ddedm
encapsulated cellulose triacetate nanofibéf8 Another water soluble cellulose derivative is
carboxymethyl cellulose, which can be dissolved in water, mixed with enzyme (e.g., lipase)

solution and fabricated into desired shapes (e.g., film) to make enssmizedded matixes?226

32



{eYGKSOAO aLIXIadAOeg LRETEYSNR aLly | 6ARS NIy
polyamide polymers (e.g. nylon) strongly interaot form intermolecular hydrogen bonds
between amide groups and only a few solvents, such asitoatid, cresoll:1 trifluoroacetic

acid (TFA), and acetone, can dissolve n¥#nSimple hydrocarbon polymers, such as
polyethylene (PE), polystyrene (PS), and polypropylene (PP), are highly hydrophobic and soluble
in relatively low polarity organic solvents (e.g., cyclohexane, hexane, xylene, benzene, an
toluene 1®2193pVDF, PCBLA, and PLGA are insoluble in agueous solvents yet are soluble in most
polar organic solvents, such as DMF, DMSO, DMAc, NMP, DCM, THF, chloroform, and
hexafluoroisopropanolt3295.206.227These biodegradable and biocompatible polymers have been
extensively studied as delivery vehicles for biologicSuitable polymesolventenzyme
compatible triads of thee polymers could produce useful enzyme carrier matrices fer co
immobilization. In addition, polyacrylates (e.g., PMA, PMMA), polyesters (e.g., PET), polyaniline,
polyacrylonitrile, and polyurethane have polar moieties in the backbone and are solubli&am po
organic solvents (e.g., DMF) that creates a potential for making enzyme compatible polymer

solutions using solution modificatici§®.209.211,212,214

1.3.2. Solventenzyme compatibility

Most commercial enzymes are formulated as liquids agremulated solid forms for industrial,
consumer, and medical applications and are designed to disperse when exposed to a water
environment??2 The globular threalimensional structure of a watesoluble enzyme is essential

for carrying out its catalytic rol@2°usually having a hydrophobic inner core and hydrophilic outer

surface?®° The inner body of the tertiary structure is mainly composed of-polar amino acids
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(e.g., phenylalanine, leucine, isoleucine) that are stabilizedugh hydrophobic forces. The
outer surface has ionic side group amino acids (e.g., glutamic acid, lysine) and polar amino acids
(e.g., serine, glutamine) to create a hydrophilic environment outside the folded protein, making

it water-soluble. Handling rieve enzymes imqueous solvents preserves their thrdamensional

folded structure.Water molecules are also an essential part of the protein structure, and even
crystallized enzymes retain some water. These essential water molecules are located thitoughou
the enzyme structure. A typical protein subunit contam®und 200 water molecules. For
example, the crystal structure of pyruvate decarboxylase (EC 4.1.1.1) Semoharomyces
cerevisiaehas 1074 amino acid residues (two subunits) and 440 water meleq@20 per
subunit)?1¢ KA & A0 NHzOGdzNF £ 6 GSNJ FOGa |a F wyz2t SOd
mobility required for optimal enzyme cataly$isTherefore, if enzymes are to be incorporated

into non-aqueous polymer solutions as part of an immobilization process, enzymevioehn

non-aqueous media needs to be understood.

Relative enzyme catalytic activities in organic solvents or aque@oganic solvents compared to
100% activity in buffer solutions are listed Tiable 1.5 Enzymes in this list have substantial
catalytic activity in agueousrganic cesolvents and in neat organic solvents. Thus, these
enzymesolvent pairs could be employed for developing polyfselventenzyme compatible
triads.Organic solvents act as naalvents for the hydrophilic outer surface of enzymes, causing
them to become rigid, phasseparate, denature or lose catalytic activifyThese behaviors are
most often observed for aqueowmganic solvent mixtures. A major factor in enzyme

destabilization in pure organic solvents is the interacti@ween solvents and enzyrisund
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water. Somewhat counterintuitively, results show that enzymes tend to be more tolerant of neat
hydrophobic (norpolar) organic solvents than neat polar solvents. Polar organic solvents can
penetrate enzyme active sites, move tightly bound water from enzyme molecules through
electrostatic interactions, and induce secondary and tertiary structural changes in proteins that
lead to destabilizatiod®? Even small conformational changes, especially in the active site pocket,
can cause enzyme deactivation. For example, consider octane, tetrahydrofuran (THF), and
acetonitrile organic solvents, with dielectric constants at 20 °C of approximately 2, 7.5 and 37,
respectively (Table 1.4. As solvent polarity increases (octane < THF < acetonitrile), enzymatic
activity drops drastically because solvents with higher polarity are more efficient at extracting
essential water from the protein structuf& and surface** In addition, small, highly polar THF
and acetonitrile molecules can penetrate into crevices in the enzyme structure, especially into
the active site, and remove mobile or weakly bound water molecules, only leaving tightly bound
water inthose regions. Conversely, ngolar hydrophobic solvents, like octane, do not strip
essential water. Molecular dynamics simulations that predict the location of mobile and bound
water and protein flexibility in different solvents, for example in the stane of CALB exposed

to water or different organic solvents, imply that the reduced flexibility of CALB in organic solvent
is caused by a spanning water network resulting from less mobile and slowly exchanging water
molecules at the proteisurface??® The number of surface bound water molecules and size of
the spanning network increases with decreasing dielectric consthasolvents. This allows the
enzyme structure and active site to remain hydrated with essential water molecules. Therefore,
when choosing among organic solvents to prepare polysadventenzyme compatible triads,

solvents with lower dielectric constanales are more likely to be compatible with enzymes.
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Along with solvent polarity, solvent molecule size also plays a vital role. Sisiatter polar
solvents can more deeply penetrate the essential water sites of proteins than larger polar
solvents. As a result, smalized polar solvents strip more bound water from proteins and
facilitate protein denaturation. For instance, smaller acrylonitrile (ACN) solvent could cause more
penetration to the protein structure's crevices and strip moretevanolecules than octan&*
Enzyme hydrophilicity and hydrophobicity also impact structural stability in neat organic
solvents. For example, theurface ofCandida rugoséipase has more hydrophobic amino acids
than chymotrypsin protease, enabling the lipase to remain more stable inpotar organic

solvents than proteasé®

Notably, incorporatinga few water molecules in an organic solvent promotes enzyme
conformational mobility and increases catalytic activity, whereas increasingdtex wontent of
anorganid 2 f @Sy G o0Se@2yR |y a2LJWiAYdzy 6l GSNJ I OGAQDAGE
of excessive conformational mobilityrhe absolute amount of water required for optimal

catalysis varies greatly from ngoolar to polar solvents. For instance, the enzymatitvity of

alcohol oxidase fronkichia pastorisn the presence of 0.6% water in hydrophobic ethyl ether

was more than 1000 times greater than in polan®anol with the same water concentratic’

When excess water is presentjgh conformational mobility increases the likelihood of
AYGSNI OGAz2zy 0SG6SSy Iy SylevySoa utim&aRicdpe o A O O
enzyme 3D structure. Thus, increasing the water content beyond a specific limit in a water
miscible organic esolvent generally decreases enzyme acti#fMoreover, enzymes are more

thermally stable in anhydrous organsolvents than in water because of their conformational

rigidity in the dehydrated state. Enhanced enzyme thermal stability facilitates their use in higher
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temperature polymer processirfiy.For instance, evaporating solvent from a solutizast film
while preserving the activity of egmes inside could be accomplished at a comparatively higher

temperature with anhydrous organic solvents.

In addition to careful solvent selection, a number of strategies (e.g., solvent engineering, protein
engineering, using lyoprotectants) are now avaldathat allow enzyme use in organic solvents
under nearly noraqueous condition§/23%241 Some are very sophisticated (e.g., genetic
modification) and timeconsuming (e.g., isolation of novel enzymes functioning under extreme
conditions). Solvent engineering with additives or surfactants to nga# solvent environment

is a relatively straightforward way to enhance enzyme stability in organic sokf@msother

way is to incorporate crystalline or dry gmzes. Since native enzymes are typically insoluble in
organic solvents, lyophilized powder suspensions must be stirred vigorously to homogenize the
mixture 84 Note that precautions are needed when handling dusty enzyme protein powders to
avoid inhalation that could provoke an allergiesponse. The resulting liquid mixtures with
crystalline or lyophilized enzymes show more stability and activity iragueous solvents than

their aqueous enzyme counterparts.

Factors contributing to enzyme stability in organic solvents are summarifggurel.4. Overall,

anhydrous noAlJ2 f  NJ aK@RNRBLIK26AO¢ 2NHIYAO az2f gSyia
KERNI SR GKE@RNBLIKAfAOE 2NHIFIYAO az2f @dSyidad h LA
enzyme activity in organic solvents. Lyophilized and crystallingnempreparations are more

accessible to combine with neequeous solvents than aqueous liquid enzyme formulations.
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Finally, solvent engineering using surfactants and additives effectively improve enzyme stability

in organic solvents.

/ Enzyme activity/stability in organic solvents \

Favorable Unfavorable
* Pure solvents » Hydrated solvents
* Nonpolar solvents + Polar solvents
+  Optimum water activity » Lower than optimum water
* Adding surfactants activity
* Adding additives + Excess water
* Lyophilized enzymes

\Crystalline enzymes /

Figure 1.4: Summary of favorable and unfavorable enzyme stability factors inagueous
solvents.

38



Tabk 1.5 Compilation of enzyme activities in nagueous solvents (solvents are listed as hydrophobfgy/tirophilic).

Enzyme Origin Enzyme relative catalytic activity in organic solvents (%) Ref.
X " —
£ £ £ g —
(]>_) ] 2 = % o % S %) O § E %
5 E ¢ 2 8 8 4 5 =88 2w @ 5 3 =
© F 2 & & & £ 5 8 & 33 3 8 & =
h-amylase Bacillus 20 0598 - - - - 98 - 8 - - - - 99 96 %
licheniformis
h-amylase Nesterenkoniasp. 20 2 11 11 10 1 - - - - 108 244
5 4 2 1
h-amylase Aspergillus 30 - 61 - - - - - - - - .. e 47 238
agaradhaerens
Catalase Bovine 30 - - - - - - - - - - 8 12 - - - 2
0
Cellulase Mahella 10 - - - - - - - - 80 - - - 90 84 90 46
australiensis 50
1 BON
Cellulase Bacillus 30 24 14 11 11 18 - - - 11 - - - 10 107 12 24
vallismortis R& 3 2 2 0 6 4 5
07
Cellulase Bicillus 30 24 11 98 10 11 - - - 98 - - - 99 103 10 248
amyliliquefacien 7 2 3 9
s AK9
j - Aspergillus niger 20 05 - - - - - - - 74 - - - - 92 10 %
Glucosidase NL-1 9
- Aspergillusniger 30 1 - - - - - - - - - - 9 - 90 80 20

Glucosidase

NL-1



Table 1.5Continued

i-
Glucosidase
Laccase
Laccase

Lipase

Lipase
Lipase

Lipase

Lipase

Peroxidase
Peroxidase

Peroxidase
Protease

Protease

Alkaline
Protease

Aspergillus niger 30

Rhus vernicifera 10

Bicillus 30
licheniformis

LS04

Pseudomonas 50
aeruginosa

Rhizopus oryzae 100
Aspergillus nigel 50
MYA 135
Geobacillus 100
thermocatenulat

us

Candida rugosa 100

Horseradish 10
Horseradish 10

Horseradish 10
Virgibacillus sp. 25

Bacillus 50
subtilis
Citricoccus sp. 25

0.5

24

12

57

98

75

11

90

55

92

19

72

98

40

46

38

35

38

57

80

11

18

g1 o

o o !

95

88

99

72

15

86

99

50

90
85

95

60

28

47

84

92

54

130

75

122

21

95

107

60

76

68

18

76

25

95

72

14

59

251

252

253

254

255
256

257

258

259
260

261
262

263

264



Table 1.5Continued

Trypsin
Xylanase

Porcine pancrea: 10
Streptomyces sp 10
CS428

58 75

11 110 12
1 1

265
266
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Tabk 1.6 Relative catalytic activity @nhzymes in different surfactant solutions and with ions.

Enzyme Origin Relative activity in the presence of Relative activity in the Ref.
% surfactants presence of metal ions
E T o o
E’ g’_ T S = n 9 2 og t% <
5508 3% ¢ £5 £S5 % b B
T O W 0O F F < OE zZz O = uW
h-amylase Bacillus 100/5.0 5- 5 - 88 110 96 - - - - - - 243
licheniformis 10/0.5
h-amylase Aspergillus niger  30/7.0 2/- 80 - 90 - - - 2- 65 75 10 - 267
0
Cellulase Bacillus 60/50 05/0. 18 - 8 90 92 - 10/0. - 79 - 25 248
amyliliquefaciens 5 5
AK9
Cellulase Bacillus vallismortis 65/7.0 0.1/1 13 - 10 - 11 - 10/1 14 156 14 - 247
RGO7 0 5 6 1 6
Dextranase Talaromyces 45/6.0 1mM/ 10 - - - - - 5 - 98 91 77 268
pinophilus - 2
i -Glucosidase Aspergillus niger 50/5.0 1/0.5 97 23 211 - - 1/0.5 - - 10 100 2
9 0
i -Glucosidase Aspergillus niger 60/4.0 - - - - - - - 1/0.5 - 98 95 98 24
NL-1
Laccase Bacillus 60/- 1/- 70 - - - - - 100/- 10 - - 88 253
licheniformisLS04 3
Lipase Geobacillus 60/7.0 10/- 10 - 15 5 17 - - - - - 257
thermocatenulatus 6
Peroxidase Horseradish 30/5.5 5/- - - 90 - - - 2/0.2 - 44 - - 259
5
Protease Virgibacillus sp. 60/7.0 1/1 78 - 8 106 87 - - - - - - 262
Protease Citricoccus sp. 40/10.0 5/1 19 - 16 97 - - - - - - 264
6 2
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Table 1.6Continued

Protease Bacillus circulans
Protease Metagenomic
Protease Bacillus
subtilis
Protease Nocardiopsis sp.
Xylanase Streptomyces
CS428
Endel,4 - Trichoderma
xylanase longibrachiatum

60/10.0 1/1

55/11.0 1/0.5

5/0.5
50/11.0 1/1
-/4.0 200

mM/-

sp 80/7.0 0.25/-

- 0.25/-

93

10

93
10

36

76

55

44

10

95

79
10

12
4
17
9

- 83

111 11
4

185 18
0

10 133
4
11 154
9

53

269

270

263

271

266

266

SDS: Sodium dodecyl sulfate; CTAB: Cetrimethylammonium bromid@0TXriton XL00, AOT: Sodium bis(2

ethylhexyl)sulfosuccinate, EDTA: Ethylenediaminetetraacetic acid
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1.3.3. Polymersolventenzyme compatibility

The primary barrier to enzyme émmobilization with synthetic polymers is the physical
incompatibility of hydrophilic enzymes with hydrophobic organic solvents. Native hydrated
enzymes are insoluble in most organic solvents and will peaparate from organic solvents

and organic solverpolymer soluions?’? Attempts to ceimmobilize enzymes that experience
this physical incompatibility with organic solutions result in low immobilization yield and low
catalytic activity.Figurel.5illustrates enzyme behavior in neagqueous polymer solutions. When
enzymes are compatible with neaqueous media, they maintain their native thrdanensional
structure, are uniformly distribted throughout the media, and exhibit catalytic activity when
provided with the chemically required substrates. To overcome phase separation, one way that
enzymes can maintain their native structure in a hydrophobic environment is by forming
microemulsiors together with surfactants. In comparison, enzymes in incompatible media lose
their native structure and do not exhibit catalytic activityftherefore, successful €o
immobilization with hydrophobic polymer media requires careful selection of polsukert-
enzyme compatible triads. The same strategies that enhance enzyme stability in organic solvents
can be applied to producing hydrophobic polyrsatventenzyme compatible triad$-{gurel.6),
namely: (i) solvent selection and polymer solution engineerfigenzyme selection, formulation

and modification, and (iii) selection and modification of polymer matrices.
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& = Enzyme ﬁ = Micro-emulsion “ @ = In-activated Enzyme

Enzyme compatible Polymer solution Enzyme incompatible
polymer solution polymer solution

Figurel.5: lllustration of enzyme compatibility (active enzyme) and incompatibilita¢tivated
enzyme) in polymer solutions.

Polymer-solvent-

enzyme
compatible triad

Figurel.6: : Strategies for achieving polymsolventenzyme compatible triads.
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1.3.3.1. Solvent selection and solution engineering

The goal of solvent selection asdlution engineering is to decrease solvent denaturing effects

on enzymesThe activity (or solubilizing poweof solvents in polymer solutions is lower than for

free solvents because solvent molecules are occupied in interactions with polymer mokéules.

As a result, a more pronounced ngolvent effect of hydrophobic polymer solutions on enzyme
structure is expected compared to the pure solvent. This can lead to pronounced phase
separation. However, neaqueous polymer solutions are also less likely ttgp svater from
enzyme structures. Also, because polymer molecules are much larger in size compared to solvent
molecules, polymer molecules cannot penetrate crevices on the enzyme surface. Therefore,
hydrophobic polymer solutions do not strip water fromzymes and instead preserve the

hydration of enzyme active sites by mobile and weakly bound wter.

Non-polar solvent Enzymes are less denatugdtby nonpolar solvents than polar solvents. Non

polar solvents have less tendency to strip essential structural water from enzymes and have
minimal interaction with the protein structuré/*2’>This implies that polymer solutions mixed

with enzymes should be prepared using solvents with the lowest polarity availabletithgive
adequate polymer solution properties. For example, PCL is soluble in THF, DCM, and
hexafluoroisopropanol (HFIP). According to their dielectric valledsi€ 1.4, the polarity ranking

of these solvents is THF < DCM < HFIP. Therefore, THF ie@xpée the best choice for making
enzymecompatible polymer solutions with PCL. This principle can also be applied to solvent
mixtures. For example, PCL dissolved in the mixed solvent DMF/chloroform (2:3) and lipase from
Burkholderia cepaciaere mixedto produce a polymesolventsenzyme compatible triad. The

resulting compatible triad solution was processed by electrospinning temomobilize
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(encapsulate) the enzymes inside the fib&fsin this example, DMF, which is likely to be
damaging to enzymes because of its high dielectric value (~38), was combined with low dielectric
chloroform (~4.8) to provide better spinnability by reducing the 8otu viscosity while
preserving a sufficiently nepolar environment for enzyme compatibility. Highly hydrophobic
non-polar solvents, such as hexane, xylene, and toluene, are good solvents for hydrophobic
polymers (e.g., PS, PP) and are compatible witlyraes, but phaseeparation occurs because

of immiscibility between these solvents and hydrated enzymes. Using lyophilized enzymes
instead of liquid enzyme minimizes the phasparation issue. However, since, enzymes are
insoluble in organic solvent, thgdphilized enzyme particles should be sufficiently small and the

polymersolventenzyme suspension should be vigorously mixed to achieve a stabléiad.

Neat solvent Enzymes are uslly believed to become denatured in organic solvents. This notion
mainly comes from examining enzymes in aqueorganic mixtures rather than in pure organic
solvents®*When water is not present to lubricate the structure, enzyme molecules become rigid
and resist denaturing. Therefer dry enzymes dispersed in polymer solutions made with neat
organic solvents can form polymeolventenzyme compatible triads. Absent water, protein
molecular rigidity also makes it possible to apply higher heat during fabrication processes, such
as soltion casting or solution spinning, than is tolerated by enzymes in aqueous environments.
Once immobilized materials made in this way are exposed to water, enzymes become

rehydrated, relax their rigid structure and exhibit catalytic activity.
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Optimizingwater activity. Water activity characterizes the availability of water in a system and
plays a crucial role when enzymes are used in primarilyatpreous medi&!’ Water activity is
defined as the ratio of the partial vapor pressure of water in the solution to the partial vapor
pressure of free water at the standard state (equatior?i¥)n other words, high water activity
means that water molecules are freely availabheptioteins, water acts as a lubricant, promoting
conformational mobility. Higher water content (and corresponding higher water activity) in
organic solvents leads to increased enzyme mobility and activiepr example, the catalytic
activity of alcohol oxidase was more than 1€0@ higher in ethyl acetate solvents when the
water concentration in the solvent was changed from 0.5 to 123%dowever, enzyme catalytic
activity, and structural stability reach a maximum at a specific amount of water (optimal water
activity). Once the water content exceeds that tinthe enzyme denatures tendency also
increases because of higher conformational mobility. The optimal water activity value varies for
different enzymes. For instanc€andida antarcticdipase B showed optimum catalytic activity

at less than 0.06 water #eity, while Rhizomucor miehdipase required 0.5 water activity for
the highest activity’’”® On the other hand, glycoside hydrolases require relatively high water
activity. For examplePyrococcus furiosusglucosidase needed at least 0.29 water activity for
the synthesis of pentyl -glucoside and optimal catalytic activity was observed at water activity
from bovine pancreas, which exhibited optimal alcoholysis -@fcBtytL-phenytalanine ethyl
ester at 0.94 water activit§?! On the other hand, water activity largely depends on solvent
polarity, meaning that at the same quantity of water loading, fpmtar solvents have higher

water activity than polar solvents. For instance, for a 0.2 mole fraction water content, ethyl
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acetateand ethanol exhibit ~0.99 and 0.4 water activity, and toluene need less than 0.01 mole
fraction water to achieve ~1.0 water activit§2. The amount of water in organic solvent required
for optimum enzyme catalytic activity can be calculated from these two values: water activity for

optimal enzyme catalytic activity and water mole fraction for highest water activity (equation v).

7 AOA BEOY XX X X X X X X XKD X

Amount of water for optimum enzyme activity (mole fraction) =

water activity for optimal catalytic activity * mole fractionsfl G SNJ F2NJ a2t @9y ad al

For instance, CALB has optimum catalytic properties at less than 0.06 water activity and toluene
solvent becomes saturated with less than 0.01 mole fraction water. Thus, fotadueSe-CALB

triad, the mole fraction ofwater should not exceed 0.0006 (=0.06*0.01). Similarly, for-a PS
toluenei -glucosidase Ryrococcus furiosisompatible triad, the optimum mole fraction of

water in the polymer solution would be 0.092 (=0.92*0.01). By similar calculations (equation v),

using the water activity and water mole fraction values mentioned above, the optimum water
quantity for PSoluenelipase Rhizomucor miehgi PSethyl acetateCALB, R&thyl acetatel -
glucosidaseRyrococcus furiosyand PMMAtoluene-" -chymotrypsin can bestimated as 0.005,

0.002, 0.184 and 0.0094 respectively. The mole fraction of water should be near these values for
2LIGAYIE Syl evyS adGgroAftAdGe Ay aySLHié az2ft gSyido |

enzyme and if the value is too high, enzyhas excessive destabilizing mobility.
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Surfactants and additives Addition of surfactants or other additives as part of solution
engineering can overcome water mole fraction limitations and pseggration issues and
thereby help water soluble enzymes disperse more readily in organic solvents. Surfactants reduce
the aurface tension between organic solvents and proteins. However, this comes at the risk of
denaturing enzyme proteins. Therefore, preferred surfactants are those that improve enzyme
dispersion while retaining the native protein structure. Likewise, the @dldiof ions can help
stabilize enzyme protein structure in stressed environments by forming and stabilizing ionic
bonds within the protein structure. Conversely, ions may also promote agglomeration between
protein molecules that could exaggerate phase sapan by causing protein precipitation.
These phenomena depend on the specific protein structures, and testing is usually needed to
assess the true impact of specific additives. The relative activity of enzymes in the presence of
surfactants and ions congped to their activity without additives is shown Trable 1.6 These
tabulated activity values are based on studies where enzymes were exposed to the indicated
surfactant/ion concentrations for the specified time. Overall, enzymes showed higher activity i
non-ionic surfactants than in cationic or anionic surfactants. In 40% of the consolidated cases,
the reported catalytic activities either increased or remained unchanged with the addition of
surfactants and ions. In 72% of the cases, enzymes exhibiledsit80% of their initial activity,

I £S@St GGKIFIG A& O2yYyzyteée O2yaARSNBR (2 NBLINB
cellulase fromBacillus vallismorti®RGO07 showed relative activities of 130, 105, and 116% in 0.1
wt% sodium dodecyl sulfat€SDS), Triton -X00 (TXL00), and Tween 80, respectively. The
relative activity of this same enzyme was 141, 156, and 156% in G#" and Mg,

respectively?*’ In another example, protese fromVirgibacillus spshowed relative activities of
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78, 85, 106 and 87% in 1% SDS, Tritd00 Tween 20 and Tween 80, respectivéiReduced
activity in SDS was attributed to enzyme conformation changes. In fact, SDS is commbaly use

a denaturant during the preparation of enzyme samples for gel electrophoresis. The presence of
nor-ionic surfactants decreased surface tension of the medium with minimal effect on protease
catalytic activity. Other additives, like chelating agenthsas EDTA, can dramatically negatively

affect enzymes that use ions to stabilize their structures.

The special importance of surfactants for enzyme immobilization is that their amphiphilic
properties promote the formation of watein-oil microemulsions. irophilic enzymes can be
encapsulated within such reverse micelles and retain their native structure because enzymes will
partition into the aqueous phas#2 Thermodynamically stable microemulsions can be used for
co-immobilization material fabrication. Two apgaches (single solvessurfactant and double
solventsurfactant solution engineering) have been used to produce surfactant stabilized

polymersolventenzyme compatible triad$-{gurel.7).

Single solvenssurfactant microemulsionin single solvensurfactant systemsHgurel.7 A), an

enzyme solution is dispersed in an organic sohsenfactant solution to form a reverse micelle

(RM) waterin-oil microemulsion. In reverse micelles, surfactant molecules are posdievith
GKSANI KERNRLIKATAO LTI N WKSFRAQ FFOAYy3 4 (SNJ
Wil AfaQ 2NASY (SR {-poft ohgiic inédBim. Enlznie® sizghRad tyfasinage? v
and glucose oxidase, residing in the aqueous environnmaide the micelle maintain their native

structure and exhibit catalytic activities comparable to those in the aqueous Eta@ther

Syl & YSazx -chynoirypsinl laccase, peroxidase, and aldehyde oxidoreductase, are also
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reported to be weblstabilized and hawexcellent catalytic activity in RK¥<?87 After forming RM,

a separate polymer solution is added, asolid polymer is dissolved in the continuous organic
phase of the microemulsion, to produce a polyrsetventenzyme mixture. The total volume of
agueous enzyme solution dispersed in the microemulsion is minimal compared to the total
organic solvent voaime. For example, Shipovskev al. prepared enzyme microemulsions by
adding 10 pl of an agueous phase containing 30 pM solution of glucose oxidasé&pengillus

nigen in an acetatephosphate buffer solution to 2 ml of an organic phasataining 0.1 M AOT

in anhydrous octane to produce a microemulsion where the amount of organic phase was 200
times larger than the aqueous pha&&ln this work, a polymesolventenzyme compatible triad

was produced by subsequently combining a caoutchouegdlyisoprene) polymer solution with

the microemulsion and using the mixture to immobilize glucose oxidase on an electrode by
spraying. In principle, this single solvent RM approach could be used with any kind of enzyme to

form polymersolventenzyme compalile triads.

Double solventsurfactant microemulsion: The double solversurfactant Figure 1.7 B)
approach uses two solvents and one surfactant. Aastant stabilized enzyme (surfactant
enzyme complex) is prepared using a highly volatilepalar solvent. A second solvent is used

to redissolve the enzymsurfactant complex and dissolve the polymer to produce a uniform
enzymecontaining polymer solutin. In this method, buffer solution containing enzyme is mixed
thoroughly with a surfactantoaded nonpolar dry organic solvent and allowed to phase
separate. The hydrophilic surfactant head binds to the enzyme and the hydrophobic tail interacts
with the organic solvent, causing the enzyrsrfactant complex to be drawn into the organic

phase and separated along with the organic layer. After separating the organic from the aqueous
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layer and evaporating the organic solvent from the separated layer, a iggbisurfactant
enzyme complex is formed that can be homogeneously combined with other suitable organic

solventpolymer systems.

(A) Single solvent solution engineering (B) Double solvent solution engineering
Surfactant Solvent-1 +
(e.g., AOT) Lyoprotectants Aqueous phase Surfacltant Liquidlenz_vme
Solvent Enzyme buffer Centrifugation Homogenization
(e.g., toluene) solution
Enzyme- & Solyent-1
surfactant “¢&
R 1 i
Homogenlzatlon comp fx Evap oration Solvent-2 + Surfactant
(enzyme-solvent & Q\_\ (Enzyme-surfactant Polymer
compatible solution) "} * & ¢
.\ ¢/ complex)
Polymer G_ - : 9
(e.g., PS) | Solvent-enzymé - | iligsl i Dissolution
: N compatible solution (solve_nt—enzyn?e
Dissolution compatible solution)
(Polymer-solvent-enzyme | /‘~
compatible triad) [ ies o . :
RS l:”? N3 - |_Homogenization (Polymer-
TR @2 7 solvent-enzyme compatible triad)
. . Polymer-solvent-enzyme
Fabr.lcatl-on- compatible triad solution
(eg. SOIE"“]“ Sp.m]'lmg., _ Fabrication (e.g., solution
solution casting) € ¢ ©

spinning, solution casting)

Co-immobilized / Encapsulated Co-immobilized

enzyme carrier enzyme carrier enzyme carrier

Figurel.7: Polymer solution engineering approaches usirspdactant to produce a polymer
solventenzyme compatible triad.

Numerous works utilizing this strategy have been repoff€d8828%For example, Herricket al.
produced a polystyrenéoluene-h -chymotrypsin compatible triad polymemzyme solutiori1®

¢ K Schymotrypsin (CT) enzyme was first dissolved in &l Bsspropane buffer solution and
mixed with hexane containing (2 mM) dioctylfesuccinate (AOT) surfactant. The solution was

homogenized by rapid stirring and then centrifuged. The resultant top layer of hexane was
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separated from the aqueous phase, and the hexane was evaporated under a nitrogen stream to
leave behind the AOTT corplex. Since polystyrene is not soluble in hexane, the drieAQT
complex was added to toluene, which is a good solvent for PS. A separate PS solution was
prepared by dissolving PS into an Ai@lliene solution (0.1 g/ml for AOT). Then the two solutions
were mixed thoroughly by vortexing. The enzyme was stable in the new solvent system because
a hydrated layer formed within AOT stabilized enzymes through the hydrophilic sulfosuccinate
AdzNF I Ol yid GaKSIFIRéXZ @gKAES GKS Rta dteréctviell with | A £ ¢
toluene and suspend the enzynrsairfactant complex in the organic solvent. Different recipes of
the final solutions were used to produce nanofibers by electrospinning, where CT was entrapped
in the nanofibers as the polymer solutiorepidly solidified during extrusion by evaporation of
toluene solvent. Immobilized CT nanofibers made in this way without surfactant lost activity very
rapidly (complete activity loss within a few hours), while immobilized CT with AOT stabilization
retainedat least 30% relative activity after oweeek storage in buffer, confirming that polymer
solventenzyme compatible triads were produced. Another example of the two solvents
approach was reported by Ganeshal.?®. In this work,Candida antarcticdipase (CALB) was
extracted from an aqueous phase to an organic phase by using 2 mM AOT/anhydrous isooctane.
The aqueous media ctained CALB (0.5 mg/ml), calcium chloride (9 mM), isopropyl alcohol
(0.25% v/v) and sodium acetate buffer (20 mM, pH: 4.5). Equal volumes of aqueous and organic
phases were mixed using a bench top shaker at@@or 15 min at 100 rpm. The organic layer
was separated using a centrifuge and solvent was evaporated to form apaiosd CALB
surfactant complex. The igpaired CALB complex dissolved in anhydrous toluene solvent, was

mixed with 10% w/v PGanhydrous toluene solution to form a polymsolventenzyme
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compatible triad.Several prospective hydrophobic polyrrsalvent compatible systems (from
Table 1.4 and enzymesolvent compatible systems (frofifable 1.9 that could form triads are:
PSbenzene(lipaseAOT complex), P&lene(lipaseAOT complex), P&nzene(chymotrypsin

AOT complex), P&lene(chymotrypsinrAOT complex), P@bluene-(lipaseAOT complex), and

PCEDMFE(lipaseAOT complex).

1.3.3.2. Enzyme selection, formulation and modification

Organic solvent tolerant enzymesAppropriate enzyme selectiofisolation of novel enzymes
functioning under extreme conditions) or modification of enzyme structures (protein
engineering) to increase their resistance toward organic solvent is important for developing
polymersolventenzyme compatible triads. Strategiaised to select and adapt enzymes to
synthetic chemistry reaction environments in organic solvents are relevant, including protein
engineering to stabilize enzymes in the presence of organic solvents and selecting natural
enzymes which are organic solvestable2°° Although natural enzymes generally display lower
catalytic activity in organic solvents, certain types of enzymes nevertheless exhibit substantial
catalytic activity and stability in organic solveftdn particular, interfacial active lipases that
evolved naturally to act awater/lipid interfaceg®! or enzymes isolated from extremophifé€%

(e.g., organic solvent tolerant bacteria, halophilic, and alkaliphijamisms) show good stability

in organic solvents. The isolated protease and lipase f/Rs@udomonas aerugindaad S - = b
amylase from Halocarcula sp strain S1, and alkaline phosphatase frorBtreptomyces

clavuligerusstrain Mit-1 demonstrate organic solvemmlerance?°%2%
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Lyoprotected lyophilized and crystalline enzymeA general strategy for preserving enzyme
activity is lyophilizing enzymes in the presence of lyoprotectants) si$ sugars, poly(ethylene
glycol), inorganic salts (notably KCI), substragembling ligands, and crown ethéfs4!
Lyoprotectants maintairenzyme structure during freezdrying. Enzymes lyophilized in the
presence of lyoprotectants remain catalytically active and stable inagueous media because

the drying environment is presumed to lock enzyme molecules into their kinetically optimal
conformations. For instance, sorbitprotected subtilisin Carlsberg protease was 25 times more
reactive in transesterification reactions than its nrprotected counterpar?® Similar
phenomena have been observed with crystalline enzymes. Protected lyophilized and osystalli
enzymes exhibit excellent resistance to dehydratioduced denaturation in various, mainly
nonpolar, organic solvents. For example, lyophilized subtilisin Carlsberg proteas8dmitas
subtilisshowed robust catalytic activity in dry hexadecane aoet, and tertamyl alcohof3° The

al YS aiddzRé NI LR NIrchyotripgin fiom OdviBedpartcreds gtSexcellent
catalytic activity in the presence of hexadecane and octane solvents. Both crystalline and
lyophilized enzymes have excellent physical stabitithydrophobic solvents because in the
absence of water, the kinetic energy required to change their native molecular conformation
increases$? Crystalline and lyophilized enzymes are expected to show a similar structural stability
mechanism in polymer solutions made with dry organic solvents, edpedalutions of
hydrophobic polymers in nepolar solvents, such as ®3uene or PShexane. Vigorous mixing
must be applied to disperse enzymes into the polymer solution to achieve a stable polymer

suspension.
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solvents?°72%8|n this phenomenon, enzyme properties in organic solvents depend on their prior
processing history; they carry over properties that wexdopted in their previous solution
environment. This happens because high conformational rigidity imposed by anhydrous
environments preserves prior enzyme structure. Since pH is one of the most influential
parameters affecting enzymatic activity in an aqus solution, enzymes lyophilized from their

optimum buffer solution retain their optimal catalytic structure (pH memory). This optimal
A2YyATFOGA2Yy aGNHzOGdzNB OFy o6S NBiOFAYSR Ay (KS
enzymes show great physiaaid catalytic stability in organic solvents. For instance, the rate of
transesterification of MNacetytL-phenylalanine ethyl ester substrate in octane solvent catalyzed

08 | GLJ | Redzad SRé &l Y LBadBlusaubtilis Badimes teater thah / | NI &
GKFG 2F GKS Syl @yY$S da #REndy@eyidphifizBkBnyin thierSsedcBaa Y 6
fe@2LINRPOSOGIyda Ol y LINE JARS®that eSiys hhigherxcataytica [ A 3 |
activity inorgah O & 2 £ @Sy (i & ehyr@odrypdindyBphiNzedtfrén an aqueous solution

with N-acetylL-phenylalanine ligands showed -8#nes higher catalytic activity during
transesterification reactions in octane solvent than without lyophilizing countergdttSuch

lyophilized protected enzymes could keep their memory effect in the dry organic solvent to
produce compatible enzympolymer solutions. Importantly, enzymes lose their molecular
memory effect in the presence of small amounts of water in organic solv&htherefore, neat

solvent polymer solutions have greater potential for forming enzyme compatible triads than

agueousorganic mixed solvents.
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1.3.3.3. Selection and modification of polymer matrices

Fundamentallythe selection of polymer for the immobilization matrix depends on the chemo
physical behavior required by the fabrication method and on the performance required by the
immobilized enzyme application. Polyms&slventenzyme compatible triads can be prepateg
selecting aqueous soluble polymers, changing the functionality of polymers, ordity imink
emulsion polymerization of hydrophobic polymers with aqueous enzyme solutions. Careful
polymer selection can minimize the extent of solution engineeringymezselection and protein

engineering needed to produce enzyme compatible polymer solutions.

Aqueoussoluble polymers Aqueoussoluble polymer solutions are generally compatible with
agueoussoluble native enzymes. Therefore, usaggieoussoluble polymers is the simplest way

to produce polymeisolventenzyme compatible solutions. Advantages of these systems are their
simple and environmentally friendly fabrication methods (e.g., adding.Gatlfor alginate
precipitation, or watervapor evaporation during spinning processes) and the diverse end
applications they enable, including enzyme stability and reaction in-agueous media,
controlled release of enzymes, and rapid aqueous dissolution of -gaddiict enzyme
formulations that have been made in convenient shapes, like granules, films and fibers.
Commonly used aqueotsoluble natural polymers include chitosan, alginate salts, and agarose
salts. Common synthetic polymers include PVA, PEO, and PEG. Aqueous solutions made with
these polymers are directly mixed with aqueous enzyme preparations, usually in the presence of
a buffer to control the pH, followed by a solidification step to achieve enzymmgwbilization.

Table 1.3lists several agueous soluble polyrerzyme combinatios, such aslrichoderma
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reeseicellulase encapsulated in alginate beaefBacillus licheniformimaltaseencapsulated in
agarose bead¥, Aspergillus nigeri -D-glucosidase entrapped in chitosan bed&dsand
horseradish perddase entrapped in PVA electrospun fibéfsOthers enzymes can also be
mixed with these watesoluble polymers to form polymesolventenzyme compatible triads for

enzyme cammobilization.

Hydrophobic polymersFrom a reaction proceasperspective, main advantages of hydrophobic
polymers as enzyme immobilization matrices are their durability and insolubility in agqueous
solutions, making repeated use in aqueous applications posS&blecting polymers that can be
formed by emulsion pgimerization is a mild and efficient way to immobilize hydrophilic enzymes

that do not readily combine with hydrophobic polymers. Dunmopi-emulsion polymerization,
polymer synthesis from monomers and enzyme immobilization take place simultaneously during
the polymerization reaction. Typically, monomers and initiators are dissolved in the organic
solvent phase, while the aqueous phase consists of water, enzyme, surfactants, and additives.
Enzymes are conmobilized in/on the synthesized polymer by singlep miniemulsion
polymerization?%103.300For instanceCandida antarcticdipase B (CALB) was immobilized using
PMMA nanoparticles by migmulsion polymerizatioA® The orgaic phase comprised methyl
YSGOKFONBEFGS Y2Yy2YSNBRSE / NRRIY2t O Fdz t-8 &l (dz
azobisisobutyronitrile (AIBN)). The aqueous phase contained water, SDS as a surfactant, CALB
enzyme, and a water soluble initiatgpdtassium persulfate). The organic phase was added to

the aqueous phase to form a dispersion that was stirred for 10 minutes, followed by two minutes

of sonication. Finally, the polymerization reaction was completed at a constant temperature (70
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°C), resuing in PMMA nanopatrticles with éenmobilized CALB enzyme that exhibited increased
relative enzyme activity with increased enzyme loading. In other work, glucose oxidase was
encapsulated in polyert-butyl methacrylate nanocapsules via inverse r@mulson periphery
reversible additiofragmentation chairtransfer (RAFT) polymerizatié®. In inverse mini
emulsion polymerization, the continuous phase (95% of total volume) contains monomers,
crosslinkers, initiators, and RAFT agent in toluene solvent, and the dispersed aqueous phase (5%
of total volume) comprises enzyme (e.g. glueosxidase) in PBS buffer. Photoinitiated
polymerization is carried out for 1 hr under blue LED light with constant stirring whereupon
enzymes become encapsulated in the polymeric nanocapsules (=200 nm). By this method,
encapsulated glucose oxidase showeti1D0% relative activity compared to free glucose
oxidase. In addition, nanocapsules protected the enzymes, as evidenced by almost full retention
of encapsulated enzyme activity in an organic solvent environment, whereas free glucose oxidase
lost all activty through denaturation. Similar mi@mulsion approaches can be employed for

other enzyme polymer systems like CARRBand amylaseMMA.

Improving functionality of polymers Polymer blends and copolymers often increase polymer
functionality and enzymeompatibility. Increased polymer functionality can improve polymer
enzyme interactions to achieve higher immobilization yield and triggered stability. In addition to
enhancing enzyme compatibility, polymer blending can improve mechanical stability, thermal
properties, chemical functionality, hydrophilicity, and improve fabrication properties such as
spinnability, such as for electrospinning processes. For example, blending PVA with chitosan

improves the poor mechanical stability and fiforming ability ofchitosan while the presence of
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added functional groups (amino) from chitosan increases polygn@yme interactions in the
blend compared to neat PVA*171.302The imparted properties of the PWhitosan blend
facilitate enzyme cémmobilization in fabrication processes such as solution casting andaoluti
spinning. For instance, phytase from cowpea seed is added tecRit6&an (90:10) acetate
buffer solution to produce an enzymmolymerssolvent compatible triad that entrapped
enzymes in P\A8hitosan nanofibers by electrospinniftf.Table 1.3reports additional polymer
blends, copolymers, and enzyme pairs prepared Bingaobilization from enzymeompatible
polymer solutions such as horseradish peroxidase encapsulated in chid&@nparticlé$?,
Candida antarcticéipase adsorbed on poly(uraarethane) nanoparticle$®, Yarrowia lipolytica
lipase entrapped in chitosaalginate bead¥ Aspergillus nigermonoamine oxidase
encapsulated in PVREG geld’ and Bacillus licheniformisaltase entrapped in polyacrylamide
(acrylamide and bisacrylamide copolymer) be&dsExamples of posmmobilization
functionality achieved by manipulation of physical and chemical properties of copolymers and
polymer blends include creation of reversibly soluble immobilized enz$¥hesreation of
nanoporous immobilization matrices with welefined architecture using se#fssembled
sacrificial copolymer blosk®, and creation of open pore immobilization microstructures using

one polymer in the blend as a sacrificial porogén.

1.3.4. Evaluation of immobilized enzyme activity
Many different enzyme activity assays exist and continue being developed, so there is no attempt
to detail them here. However, there are some general principles to consider when developing

assays teevaluate immobilized enzyme activity. Most importantly, immobilized enzyme activity
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assays often require modified approaches compared to free enzyme activity assays because solid
carriers create a heterogeneous phase in the enzyme assay which can intgifiereeaction
kinetics and interfere with spectrophotometric detection that is commonly used in enzyme assay
measurements. The changed physical size of immobilized enzymes compared to free enzymes,
and the enzyme location in or on the carrier matrix ang@sure of enzyme active sites to
dissolved substrates impact apparent enzyme reaction kinetics. Likewise, the presence of carrier
materials can physically block the path of light sources used by spectrophotometric methods to
detect changes in the reactiomedia that allow quantification of enzyme activity. Sometimes
assay reagents can interact with the carrier, causing additional interference. Therefore,
adaptation of enzyme assays, adjusting the selection of reagents, or changing the handling of
samples dring the assay (such as implementing stifidid filtration steps), is often required to
enable analytical comparison between free and immobilized enzymes, as well as to evaluate
immobilized biocatalyst robustness for material optimization. These coraidas are especially
AYLERNI Iyl 6KSy SyieyvyS NBFOGAZ2Y 1AySiiimdidag | NB
step is the physical transport of substrate to the enzyme active site, rather than the rate of the
catalytic reaction itself. Diffusionnfitations can sometimes be overcome by improving the
reaction mixing efficiency. Adequate mixing may be identified by increasing mixing speeds until
no further increase in reaction rates is observed, although this may still leave a gap between the
activity expected for the heterogeneous immobilized system and what would be expected based

on the enzyme loading when compared to a comparable amount of homogenous free enzyme.
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To overcome reaction kinetics interference by the carrier itself, it can be importani 2 G aft 2 &
R2gyé¢ (GKS 2@0SNItf SylevysS NBFIOlGA2yd Ly OSNIIAY
using an alternative enzyme substrate. For example, Shen et al. reported using the slower ester
hydrolysis activity of carbonic anhydrase (CA) to cautya colorimetric hydrolysis reaction of p
nitrophenyl acetate (fNPAc) in measuring the apparent activity of CA immobilizedatton

fiber textiles by entrapment with chitosalf. The conventional WilbuAnderson (WA) type

assay, which measures fast C@ydration using dissolved G@s the substrate, was found
unsuitable for measuring the immobilized CA activity because the rate of the control reaction
detected by colorimetric indicator of pH change, was faster than the diffusion of adequate
substrate to immobilized enzyme active sites. In addition to substrate selection, taking advantage

of the immobilized enzyme carrier shape can overcome assayabst&or example, in the same

work by Shen et al, the CA immobilized textile samples were either coiled at the perimeter of

each well in a spectrophotometer muitiell assay plate or were cut into doughnut shapes that

allowed the signal light to pass unkdered through the assay solutiéh.

For enzymes immobilized on smsited carriers, sufficient continuous mixing is a practical way

to overcome assay obstacles. Mixing works well for enzymes immobilized on particles,
nanoparticles, beads or nanofibers that can be dispersed as suspensions and behave like
dissolved enzymes when incubated with dissolved substritAfter incubation, the reaction is
stopped by a suitable reagent and/or the supernatant is separated from the solids by
centrifugation or filtration tostop the reaction and produce a clarified liquid that can be

measured for absorbance to quantify enzyme activity. Immobilized enzyme carriers that do not
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form stable suspensions require constant shaking or stirring while incubating with the dissolved
substrate 2885>103However, it may not be possible to apply the above approaches to enzymes that
are deliberately encapsulated in durable carriers (e.g. for controlled release) bedatetae

carriers can block enzyme active sites from the assay substrate. In these cases, the active sites
first need to be unblocked (e.g. by dissolving, cutting or otherwise disrupting the carrier) and

then subjected to the enzyme assay.

Finally, depeding on the situation, enzyme analytical activity alone may not be sufficient to
accurately quantify immobilized enzyme performance in a particular application. In this case,
applicationrelevant test methods are needed that position the immobilized enzymepntact

with the (usually flowing) reaction media together with suitable detection methods to monitor
for the desired conversions of substrates to products. This remains an active area of research,

discovery and development as the use of enzymes expamdew areas.

1.4. Conclusion

This review has aimetb create a guide for selecting polymsolvent pairs (polymer solutions)

in which enzymes can survive with substantial catalytic activity and that are useful for enzyme
immobilization, preferably by singlep fabrication methods. Compatible polymssient-
enzyme triads facilitate the use of solvdmaised approaches to fabricate immobilized enzyme
structures in versatile shapes, like fibers, films, and beads, with high immobilization yield, high
activity retention, longevity, and repeatable applicatid®olution processing is advantageous

because it can be used with a broad range of polymers, even with polymers that do not melt.
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Under sufficiently mild conditions, enzymes can be included in numerous different polymer

solutions when proper attention is mhto component interactions.

The strategic approaches for producing enzyme compatible polymer solutions are different for
water-soluble and hydrophobic polymers. Enzymes simply mixed with veateble polymers

form polymerwater-enzyme compatible triaglthat can be directly subjected to fabrication and
then solidified by removing water. However, watgluble polymercarriers require
modification, such as crodmking, to achieve repeatable use in aqueous environments.
Preparing polymesolventenzyme compatible triads using watdnsoluble hydrophobic
polymers includesselecting lyoprotected or crystalline enzymes, extremozymes,-pajar
solvents, emulsion polymerization, and solution engineering. Extremozymes and lyophilized
enzymes with inherent ability in dry norpolar solvents can produce polymsolventenzyme
compatible triads simply by dispersing dry enzyme powders in the polymer solution with vigorous
mixing. The aldition of lyoprotectants (e.g., PEG, sugar, inorganic salts) that prevegimenz
deformation during lyophilization, should impart similar stabilizing effects during rapid drying
fabrication processes, like fiber spinning, which expands the fabrication artleigersatility of

these materials. When the polymer synthesis mecharalows, in situ emulsion polymerization

is a mild way to entrap enzymes, and further exploration of this field can lead to novel fabrication
approaches. Solution engineering using surfactants is convenient for altering solution properties
and may ultimatef be the most effective strategy for producing a broad range of enzyme
compatible polymer solutions, especially when using synthetic polymers. A lingering challenge is

that hydrophobic polymer matrices can block enzyme activessituring material fabricain,
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and more research is needed to overcome this issue. Imparting matrix porosity and increasing
surface area are two approaches that can help. These can be achieved by fabricating nanoscale
structures or incorporating volatile or watsoluble small mol@dzf S& 6 WLIR2 NRISY &
immobilization matrix synthesis. Depending on the fabrication method, a sufficiently volatile
solvent itself may participate in helping increase theironobilization matrix surface area to

force enzymes toward the surface so timbre active sites are accessible to substrates.

Enzyme cammobilization in polymers with diverse properties and versatile matrix fabrication
methods that expand the creation of various shapes and levels of durability will improve
performance and leadot new applications, such as controlled degradation packaging, sensors,
responsive medical textiles, controlled release biocatalysts, durable functional filters, and bio
catalytically active cleaning materials. Appropriate selection of polyobkrentenzyme
combinations will improve the chances of success in these endeavors and help extend the utility

of immobilized enzyme catalysts.
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1.5. Motivation and Objectives

The potential to use enzymes in new ways can be expanded by controlling their placertient in
desired reaction zone, ideally in a way that extends enzyme longevity and improves enzyme
robustness to broad temperature and pH conditions. Enzyme immobilization in a solid carrier is
a prospective solution for enzyme placemeiiihe structure of suppding materials strongly
affects the performance of an immobilized enzyméanomaterials such as nanofibers and
nanoparticleshave a high surfaceto-volume ratio of nanomateriaJsprovide a high enzyme
loading, and often the associated high porosity of nanomaterials provides accessibility to enzyme
active sites resulting in the low diffusion resistance necessary for a high reaction rate.
Electrospinning and solution blown spinnirigchniques are perfectools for producing
nanofibers.Electrospun anofibersare highlyuniform but have low fiber production efficiency

e.g., at a lab scale with a single needle system, only 0.2 gm/hr fiber yield from 20% polystyrene
(PS) solution witla 15 kV driving force was reporte®® In contrast, solution blown techniques

can produce much higher yield fibers, e.g., 1.4 gm/hr fiber yield was produced in a single needle
system from the same PS concentration (20%) WBB kPaair pressure driving forc¥2 This
suggests thatat least for some polymesolvent sysems, solution blowing could have seven

times higher production efficiency than electrospinning

Numerous prior works reporenzyme entrapment and encapsulation on/into electrospinning
nanofibers However, enzyme immobilization with solution blown fibers is new. The attachment
of enzymes in solution blown nonwoven fibers will generate new knowledgi®mextent to

which enzymes combine with solvents and polymers that are amenable to solution blaadng
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enable evaluation of the characteristics and utilitiythese new materialslt would explore a
more polymersolventenzyme compatible triad that solvergnot limited only to high dielectric
properties. Enzyme immobilization in advanced textile fibis a boundargpanning concept.
Enzyme researchers do not typically have access to advanceddib@ng processes, naio

they have the knowledge base wuccessfully combine enzyme, polymer solutiand solution
blowing process technologies. Fibextreision experts do not typically have backgrounds in
biocatalysts. This proposed work will connect these two concepts to fill the gap. The proposed
work will utilize extraordinary nonwoven fibrous properties together with enzyme biocatalysts
to produce nev functional materials. This work applies solutislown methods to produce

nonwoven supporting materials for enzyme immobilization.

This proposed work ais to produce enzyméunctionalized solutiorblown nonwovens and
characterize catalytic propertie$he three broad objectives of the proposed work are:

Objective 1:Develop a solution blowing process for producing Enzyme Functionalized Solution
Blown Nonwovens (EFSBN) with high enzyme activity and desirable physical properties of the
nonwoven webs fotargeted model applications.

Objective 2: Characterize the chemical, physical and biocatalytic properties of the EFSBN,
including stability, distribution, and position of the entrapped enzymes.

Objective 3:Validate the anticipated application features of EFSBNSs, including enhanced storage

and thermal stability, controlled release, and durable reactivity.
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Chapter 2: Protease immobilization in solution blown

polyethylene oxide nanofibrousmonwoven webs

The content of this chapter was previously published with the following citation: Asaduzzaman,
Cy dzT { I f YRrofezase imthgbiBzatidn imisolution blown polyethylene oxide nanofibrous
Y2y 6 23S YyACB BapliedEngineering Material2022) Accepted on November 7, 2022.
doi.org/10.1021/acsaenm.2c001

Abstract:

Unigue enzyme functionalized solution blown nonwoven (EFSBN) fibers were produced by a
singlestep solution blow spinning (SBS) method that utilizes high velocity gas to simultaneously
extrude the cedissolved plymersolventenzyme spinning solution and evaporate solvent at
mild conditions to form a nanofibrous web with preserved enzyme actiVhis is the first report

of direct enzyme immobilization by solution blow spinning with the first physicochemical
chaacterization of the novel fibers produced broad concentration range of (6764 wt%
protein) of abtilisin A protease fromBacillus licheniformisvas successfully entrapped by
polyethylene (PEO) during solution blow spinning nonwoven web productianpiidsence of
enzyme protein in the solid nanofibers was detected by Fourier Transform Infrared Spectroscopy
(FTIR) and-Kay photoelectron spectroscopy. Time of fligggcondary ions mass spectroscopy
(ToFSIMS) and laser confocal microscopy revealed ithmobilized enzymes were mainly
positioned inside the fibers and homogeneously distributed throughout the webs. Scanning
electron microscopy (SEM) showed that fiber shape and diameter of PEO nanofibers containing
enzymes were irregular compared to RBQy nanofibers. Residual enzyme activity in the webs
was measured by redissolving fibers in buffer and comparing the released enzyme activity to non

immobilized free enzyme using a casein substtzieed assay. Immobilized protease (1.3%
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(w/w) protein in sold dry nanofiber webs) retained more than 90% of the free enzyme activity.
Protease immobilized in solid nanofiber webs exhibited long storage stability at ambient (~22 °C)
and 4 °C temperature storage conditions, with more than 60% remaining catalytityaafter

300 days compared to the initial activity. Immobilized protease had equally good thermal stability
as a stabilized liquid commercial protease, both retaining above 95% of their initial activity after
treatment for 12 hrs at 65 °C. In contradtgtsame liquid protease diluted in buffer lost activity
within 2 hrs at that temperature. The nestusting, readily agueousoluble EFSBN solid materials

are easy to handle and have good storage stability compared to liquid products.

Keywords: Immobilization, nonwoven, protease, polyethylene oxide, solution blow spinning,

storage stability.

2.1. Introduction

Enzymes are proteibhased biocatalysts with highly specific, selective, and excellent catalytic
activity in chemical and biochemical reactiofi$eir ability to operate at mild pH, temperature,

and pressure conditions allow enzymes to be used as benign catalysts in textile processing, food
processing, and pharmaceutical synthesis to replace current harsh chemicals and, consequently,
save energy? Enzyme proteins can be dissolved or mixed directly into many types of batch
processes or as ingredients or process aids in prodddEnhzymes can be immobilized by
entrapping them in microspheré¥ or attaching them to inert, insoluble supporting materiés.
Immobilized enzymes offer many advantages over their free forms, includiygeesvery and

possible reuse, improved stability, rapid termination of enzycatalyzed reactions, and avoiding
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protein contamination of the final produét Some immobilization systems are primarily for
product formulation, where they perform stabilizatiopackaging, and delivery rolé%30!

Proteases (E.C.3,4representing25-30% of the global enzyme marké®® are an important
category of enzymes. Proteases catalyze the hydrolysis of peptide bonds, causing proteins to
break down into smaller polypeptides or single amino acids. Such proteolytic reactions are useful
across a broad range of consumer, medical and industrial applicatiueh as laundrif?
pharmaceuticaf® food31° beverage’'! textile 212 leather processing!® and industrial waste
treatment3* However, protease enzymes suffer froselfhydrolysis of peptide bonds in
neighboring protease enzyme molecules, leading to poor storage stability, unless stabilizers are
added that minimize water activity in liquid enzyme products, or unless the enzymes can be
stored in lyophilized form. Prease attachment to inert materials (enzyme immobilization)
increases enzyme stability, including stor&§eand thermal stability:?* Immobilization
techniques and the supporting material properties play a vital role in enzyme loading and activity
retention. Nanomaterials argiewed as favorable immobilization matrices because they have
high surface area that provide high enzyme immobilization yi#&¥:21°Such high surface area
materials could offer additional benefits as a delivery system for entrapped enzymes. Mild,
singlestep ceimmobilization techniques such as solution blow spinning, spray drying and
electrospinning that form nanoscale solid products from enzpmmpatible polymer solutions

by versatile continuous processes would be an excellent approach for creating certairotypes

immobilized enzyme products by encapsulation or entrapn¥éht.
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Solution blow spinning (SBS) iskeefiprocessing method that produces migreubmicron and
nanofibers in a continuous process from polymers dissolved in volatile solvents. The resulting
fibers have different properties depending on the polymers used. Electrospinning is also capable
of producing nanofibers, however, whereas electrospinning requires high electric voltage and a
specific target to attenuate fibers, solution blowing uses pghssure gas to extrude fibers from

a concentric nozzle onto an arbitrary target with relatively higiroughput. A solution blow
spinning unit with a single annular die, including a spinning nozzle with an annular gas cavity
surrounding it,s illustrated inFigure2.1. A polymer solution is injected from a syringe pump to
the core nozzle, and high pressure (speed) air or gas is delivered through the concentric nozzle.
The polymer solution throughput is controlled by a peristaltic pump and a pressure regulator
controls air pressure. The pressurized air generates a driving forcestiteithes the central
polymer jet. After a short straight path, the polymer solutionigsubjected to both stretching

and bending instability. These two instabilities result from the attenuation of the polymer
solution jet and accelerate solvent evaporation. As the solvent evaporates, polymers solidify into

nanofibers that can be collectedn any type of collector placed in the path of the blowing

jet.317’318

SBS fibers have a similar fiber morphology compared to electrospun fibers, but SBS is capable of
higher polymer throughput leading to higher fiber yields, which reduces the cost of fiber
production3t7:31° Moreover, solution blowing enables rapid fiber formation from polymeric
materials that cannot be processed by melt blowing, such as polymers that degrade or

decompose before melting. SBS is scalable tgelananufacturing configurations, making it

72



Syringe pump

l
1 3

Cold High-pressure air
air
—P
— —

/ Polymer solution

Polymer
solution

Concentric nozzle Outer
«nozzle

. Spinning
Solution Heedle

blown web

Collector

Figure2.1: Schematic diagram of a singieedle solution blowing process.

commercially relevant across numerous applicatidfg-urthermore, slution blowing is not
limited to thermalsensitive polymers or high dielectric constant solvsaluble polymers. This
robust process can equally be used with petrolederived thermoplastic polymers solutions or
biopolymer solutions to produce nanofiber webs. In view of this, SBS nonwoven fiber webs have
been explored for biomedical applicatiot, filtration,23329wound dressingd?1:322 electrical
stimulation22 hightemperature fuel cell$?4325adsorbents'?320°-32&eriodontitis 8 protective

clothing??7322and control release pesticidés? In this work, we explore for the first time SBS
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fabrication as a way to achieve singlep enzyme cammobilization with high enzyme loading
from a polymersolventenzyme compatild triad. Our hypothesis was that enzymes would well
tolerate being incorporated in the mild SBS processing conditions, however, there were no
previous reports of this approach in the literature. Our investigation was conducted using

polyethylene oxide, war, and protease.

Polyethylene oxide (PEO) is an aqueous soluble polymer that forms fibers by solution sffhning.
PEO is a nontoxic and biologically compatible polyf#ferhe PEO polymés known to preserve
protein native structuré®” making it a good candidate for the preof-concept work.Water-
soluble proteases are known to be compatible with PEO/water solutions and form pelymer
solventenzyme compatible trio%! Moreover, polyethylene glycol (PEG; same chemical
composition but a lower degree of polymerization compared to PEO) has beenassad
lyoprotectant to preserve or prevent enzyme deformation under harsh condifibieerefore,

PEO was predicted to be an excellent matrix for exploring the fabrication and features of novel
SBS fibrous webs produced in a single step with entrapped enz@ubslisin Aprotease was
selected as an example enzyme for the study to demonstrate the relevance of the SBS

immobilization technique for a commercially important enzyme class.

The process described in this work is a skt approach to fabricating unique enzyme
functionaized PEO nonwoven webs using a solution blow spinning process. Herein, we report
entrapment immobilization of subtilisin A protease in PEO solution blown -nand micre

fibrous nonwoven webs for the first time. Required operating conditions forBBN ad EFSBN
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PEO fiber formation were determined, and detailed physiochemical characterizations of the
products were performed, including enzyme activity, thermal stability, storage stability, and

analysis of the position and distribution of enzymes in the fiig8s.

2.2. Experimental Section

2.2.1. Materials

Protease (subtilisin A) fromacillus licheniformigias purchased from Sigr#sdrich as a liquid

enzyme product (P4860, containing protease and-#8% glycerchccording to the Safety Data

Shee} and used as supplied. Polyethylene oxidg<800000 Da), NWimethylated casein from

bovine milk, trisHCI, tichloroacetic acid, and-tyrosine were purchased from SigrMillipore
(Hampton, NH, USA). Pierce Rapid Gold BCA Protein Assay Kit (Catalog Numbers A53225, A53226,
and A53227) (ThermoFisher Scientific, Waltham, MA, USA) was used to determine the protein
concentration in the produced EFSBN using the bovine serum albumin (BSA) standard provided

in the Kkit.

2.2.2. SBNPEQand EFSBIREOwebs production

Solutionblown nonwoven webs were produced using the modified apparatus of Kohetsalb
317The production process had two main steps: 1) spinning solution preparation and 2) solution
blow spinning. The polyethylene oxide (PEQ)£M00000 Da) spinning solutions wemepared

by dissolving PEO powder (1.2 g) in deionized water (10 ml) witlincowts overnight stirring

(200 rpm). The liquid protease from (subtilisinBacillus licheniformi@0 put1200 pl) was added

to the PEO solution and homogenized through stirring. These solutions comprising PEO, water,
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and protease were then subjected tolation blowing. A solutiotblown apparatus consisting of

a single annular die with an annular gas cavity surrounding a spinning nozzle, as illustrated in
Figure2.1, was usedThe PEO solution (5 ml, 12 w/v%) was supplied to the inner needle and feed
rate was controlled with a fixed pump from 0:0%22 ml/min. A pressure regulator controlled the
pressurized air, which varied according to the experiment. The produced SBN andfiBE&BN
were collected on flat polypropylene spdoond material. The prepared solution blown webs
were stored at room temperature (~22 ) or 43 until further analysisThe collector was
positioned at a fixed working distance from the nozzle of 100 Moachieve optimal solution
blowing conditions for producing PEO SBN without enzyme, the nozzle was operated with varying
solution throughput (0.05, 0.10 & 0.20 ml/min), air pressur88& 207kPg (20&30 psiand air
temperature (~22, 50 & 68 ). Visual observation of fiber formation behavior was used to
determine the optimum solution blowing parameters. After optimizing process parameters for
PEO SBN webs, the EFSBN webs containing protease were produced using those same optimum
solution blowirg conditions.The schematic flow diagram of enzyme functionalized PEO solution

blown nonwoven webs is presented kigure2.2.

PEO Water Protease enzyme Pressurized air

|

Polymer Mixin .

i xng Solution Blown EFSBNs
Dissolution (stirring)
Conc.: 12% w/v Protein loading: 0.6-7.4% Throughput: 0.05-0.2 ml/min

Air temperature: ~22, 50, 60 °C
Air pressure: 138-207 kPa
Die to collector distance: 100 mm

Figure2.2: Schematic presentation of protease functionalized polyethylene oxide solution blown
nonwoven webs.
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2.2.3. Protease assay of immobilized enzymes

The protease activity of immobilized protease wasasured using a caseiiased assay method,

with N, Ndimethylated casein from bovine milk (C9801 Sigma) as the subsasite described

in thedetermination of general proteolytic activity reported by Kappedeal. 332 This procedure

was modified to include an initial step where the solid EFSBN webs were firdtssmvedin

assay buffer and then the dissolved webs were incubated with protease assay reagests.
amounts of reagents used in the activity assay are listedahle 2.1. In the EFSBN web
dissolution step, a suitable amount (approximately1 mg, exactly weighed) of EFSBN web
was placed into a 2.0 ml vial and dissolved in 1.50 ml Tris HCI buffer (100 mM, pH 8.0) to produce
a stock solution by vortex mixing at 2000 rpm 0 mins. In the incubation step, 0.35 ml of stock
solution and 0.15 ml Tris HCI buffer (100 mM, pH 8.0) were mixed and preincubated for 5 mins.
Then, 0.5 ml preincubated N,-dNmethylated casein (1.30 w/v%) substrate was added to the
solution and mixedtoroughly by vortexing for 10 seconds. The final solution (total volume 1 ml)
was incubated for 10 minutes at 40. After incubation, the reaction was stopped by adding 0.30
ml (39 w/v%) trichloroacetic acid (TCA). The final solution (total volume 1.®asltooled to
room temperature (kept for 30 minutes at room temperature), and the precipitated proteins
(nonrdigested) were removed by centrifugation at 10000 rpm for 10 minutes. The absorbance of
the resulting supernatant was measured at 274 nm againktaak control. The absorbance
determines the concentration of-tyrosine, an amino acid released during casein degradation,
with an absorbance maximum of 274 r#iThe blank control was made by maintaining the same
procedure except adding an equivalent amount of SBN (neat PEO web) instead of EIFSBN.

solutions were handled the same throughout the assay process-twodine standard curve
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was created by plotting absorbance versus known concentrationgysbkine. The micromoles

of tyrosine equivalents liberated by a test sample were determined from the absorbance reading
for that sample by using the standard curflegure 2.3. One internéonal unit (IU) of protease
activity produces the amino acid equivalent of 1.0 umole of tyrosine per minute at #0the
presence of 100 mM pH 8.0 THECI buffer Calculations are shown in the following calculation
section.

Table2.1: Protease assay of free protease, functionalized PEO webs (3.0 % sub#E8BA

PEO webs).

Reagents | Blank, SB | Sample, S$ | Sample, S8 | Sample, S
Step 1: Enzyme solution preparation

Native PE@veb, mg 10-20 - - -

Functionalized PEO web, mg | - 10-20 10-20 10-20

Tris buffer (100 mM, pH 8.0), 1 1.5 1.5 15 1.5

Prepared homogenous solution by vortex mixing for 10 mins with steel balls

Step 2: Incubation

Step 1 solution, ml 0.25 0.25 0.25 0.25

Tris buffer (100 mM, pH 8.0), 1 0.25 0.25 0.25 0.25

1.3 wt%  Casein, N;N 0.50 0.50 0.50 0.50

dimethylated form, mi

Incubated at 4@ for 10 mins

39% TCA, ml 0.30 0.30 0.30 0.30

Total volume, ml 1.30 1.30 1.30 1.30
Table2.2: L-tyrosine standard curvpreparation

Reagents Blank, TB | TS1 TS2 TS3 TS4 TS5

L-Tyrosine solutior] O 0.2 0.4 0.6 0.8 1.0

(200 pg/ml), ml

Buffer, ml 1.0 0.8 0.6 0.4 0.2 0

Total volume, ml 1.0 1.0 1.0 1.0 1.0 1.0
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Calculations:

After incubating 10 mins, the reaction was stopped by 39% (w/v) tri acetic acid and kept for 10
minsto reach room temperature. Then, the solution was centrifuged for 5 mins at 10000 rpm
and took 0.2 ml supernatant. The absorbance of the supernatant was measured at 274 nm.
L-tyrosine standard curve:

N Istandard= Astandard- ABlank

¢ KSY I shafadsiumplés of tyrosine to get the standard cul@gure 2.3.

1.20

y =0.8771x + 0.0427

1.00 R? = 0.9942

0.80
0.60

0.40

L-tyrosine, pmole

0.20

0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

Absorbance at 274 nm

Figure2.3: L-tyrosine standard curve at 274 nm absorbance maxima.

The micromole of tyrosine released from the casein substrate was calculated froryttasine
standard curve equation and supernatant absorbantke protease assay of the ligtiicte

enzyme upon dilution was calculated based on the following equations:

z h

A
U/ml = — =
(= h

zAET OBBBI8IB 8888 ¢
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U/mgorotein = 8888888888888888888888 ¢&

The protease assay of immobilized protease per mg®EFSBPEO webs protein,

U/MQ eFsens protei -——— - " 8888888888cw

The relative activity of immobilized protease was calculated as theeptage of the free

protease activity and calculated as follows:

2 Al ADEORAS E OU Z p TIEIX X X X XK XXX XXIE2.4)

2.2.4. Protein content and immobilization yield of EFSBNEO

The protein(enzyme) content in EFSBNs was determined by the Lowry assay nigthsihg
bovine serum albumin (BSA) as the standard. The method was performed using a Thermo
scientific Pierce Rapid Gold Bicinchoninic Acid (BCA) Protein Assay Kit which develops an
orangegold color in the presence of two molecules of BCA and one cuprouSaidEFSBN

PEO webs were first redissolved in tris buffer (pH 8.0, 0.5TMgse sample solutions were
referred to ascunknown protein stock solutignin the test protocol.A series of dilutions of
known concentration (5A500ug/ml) were prepared from BSA protein and assayed alongside
the unknown protein stock solutiarAbsorbance was measured at 480 nmgarotein content

for the unknown was determined based on the BSA standard curve. The percent protein content
in an EFSBN sample was calculated according to the following formula:

X e Ao oA A ~ A Rr—z h z
001 GAHIOKBRT O _ XXX XOXXKDDX DO
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The immobilization yield of EFSBIEO webs was calculated from the ratio of the measured
amount of protein content (amount of protein detected in the final webs) in the EFEBDIto

the theoretical protein loading (amount of protein added to the spinnialyison) in the web.

The immobilization yield percentage is calculated using the following formula:
- - AAO A ARNA HI1GAHECB " .

) TTT AR ERROR e T 5 h o F RAETD ET DET 68218 8

2.2.5. FTIR spectroscopy analysis of EFSHD

The presence of enzymes in the EFSHXD was characterized by FTIR Spectroscopy (iS50,
ThermoFisher Scientific, USA), with a binlddiamond crystal Attenuated Total Reflection
sampling head. Spectra were collected for dried HHO fiber and EFSBNO webs at room
temperature from 500 to 4000 ctwith 64 scans and 4 chresolution. All specimens were

stored in a desiccator for seven days before measurement to minimize moisture in the samples.

2.2.6. Morphological analysis using SEM

Morphologies of SBIREO and EFSBNEO samples were investigated using fefaission

scanning electron microscopy (FESEM) (FEI Verios 460L, USA) with an accelerating voltage of 500
V and current of 2 pA. Images were analyzed using ImageJ software (N)Hm@8suring the

diameter of fibers in at least 100 places on each SEM micrograph
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2.2.7. Surface composition analysis using XPS

The surface composition of EFSBEO and SBREO webs was characterized byra)
photoelectron spectroscopy (XPS) using an XPSAB¥ES system with PHOIBOS 150 analyzer
under a pressure of about 3x1OY 6 I NI ¢ KS Ay adNHzySyd NI & $IKdeA DL
MHPpO®c S+ NIIRYR KA Yh mnyc®t S+x0 &42d2NDSad-¢KS RI
ray source operating at 10 kV &30 mA (300 W) and analyzed with the CasaXPS software. XPS
spectra of survey scan were recorded with a pass energy of 24 eV in a 0.5 eV step, and high
resolution scans were recorded with a pass energy of 20 eV in a 0.1 eV step. The Cls peak was

used as amternal reference with a binding energy of 285 eV.

2.2.8. Surface analysis using T&MS

TOFSIMSanalyseswere performed using a TOF SIMS V (ION TOF, Inc. Chestnut Ridge, NY)
instrument equipped with a B (n = 15, m = 1, 2) liquid metal ion gun,*@puttering gun, and
electron flood gun for charge compensation. Both the Bi and Cs ion columns were oriented at 45°
with respect to the sample surface normal. The analysis chamber pressure was maintained below
5.0 x 1@ mbar to avoid contamination of the surfaces to be analyzed. Positive and negative ions
were collected across a 200 um by 200 um area for each sample. This study used a pulsed Bi
primary ion beam at 25 keV impact energy with less than 1 reepuidth for high mass resolution
spectra. An electron gun was used to prevent charge buildup on the insulting sample surfaces.
The total ion dose for data acquisition was maintained well below the static limit of £3x 10
primary ions/cmd. ThemassresofuA 2y 2y (GKS {A &I FSNJ gl a | 62dzli ¢

high lateral resolution mass spectral images acquired in this study, a Burst Alignment setting of

82



25 keV Bt ion beam was used to raster in a pixel region of 256 by 256 pixels. The negative
secondry ion mass spectra obtained were calibrated usingdC OH , O\, respectively. The

positive secondary ion mass spectra were calibrated usin@ks*, GHs*, GH;*.

2.2.9. Enzyme distribution in EFSBN by confocal microscopy

Protease wasO2y 2dzal G SR (G2 Ffd2NBaOSAYy Aaz2GdKAaz208l vyl
O2yedaAl GA2y ¢ LINR OSRdJzNE -RgFEO buhjag&tien kit Yhe il@E { A I Y I
protease has two absorbances, at 280 nm and 495 nm. The eluent fractions containintpthese
absorbances (Sephadex25M column and phosphate buffered saline solution was used as the

elution solvent) were collected. The average molar ratio of FITC to protease in th&alTC
protease, determined by the absorbance of Ftagprotease at 280 ad 495 nm, was 0.46:1.0.

The FIT@agprotease was mixed with a polymer solution and subjected to the same solution
blowing conditions as EFSBEEO webs. The EFSBEO webs with embedded Fiptease

were placed on a glass slide and mounted under a Niocdver glass held up by modeling clay

spacers to prevent sample compression. The 1.17 % (w/w) FITC tag prBfe8B#PEO webs

were imaged by a Zeiss LSM 880 laser scanning confocal microscope using a 488 nm excitation
laser to detect the FITC signal. Theeries images were collected using a 20x dry objective with

b!' ITndy YR H > Xeridgsywar& Naher fpicksset! Kishg maris 9.9 software
(Bitplane, Zurich, Switzerland) to remove the background signal. Results show the location of

protease n EFSBIREO webs.
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2.2.10.Storage stability of free and immobilized protease

The storage stability of immobilized protease and commercial liquid protease (Sigma) was
evaluated by the modified method of Awad al.3*°>. The EFSBREO webs were kept in a zip bag
and stored at room temperaturé-22 °Cpr 43 . The protease assayas used to measure the
residual activity of stored immobilized protease over time, up to 300 days. Fheppdied free

liquid protease and free protease dilutetl(/ml) in tris buffer(0.1 M, pH 8.0yvere also stored

at room temperature(~22 °Cand residual activity was measured using the protease assay over
time. Residual activity was the ratio of measured activity at a time point to the initial activity at

time zero, expressed as a percentage (Eqn.

2 ACEABBEDE Gl O FOVOH GED O A R
) 1 EOEIABMIAOE OE

Dl A
68nn&8888$8&k&

2.2.11.Thermal stability of free and immobilized protease

Thermal stability tests were performed by incubating solid EFHSBN webs, liquid commercial
protease, and tris buffer (0.M, pH 8.0) diluted commercial proteagépl/ml) at 653 for
different times (8240 mins) in a convection oven. After thermal treatment, soid EFSBNPEO
webs were redissolved in buffer, and subjected to the protease assay, along with the liquid
commercal protease and diluted commercial protease. The thermal stability of the liquid and
immobilized solid forms of the enzyme was expressed as the residual activity after thermal

treatment (Eqn2.8).

R CEABREDE GLA | PIAOHOEBRE OOMADO
S ) T EGRRBADEGEOUP &
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2.3. Results and Discussion

2.3.1. Solution blowing process parameter selection for SBIECand EFSBIRECQpreparation

The first step in selecting solution blowing process parameters for producing EESBMebs
was toinvestigate the effects of key spinning parameters on 4B web formation. The
polymer solution concentration (12 w/v%) and decollector distance (DCD) (100 mm) were
kept constant while the solution blowing process was operated with varying solilionghput
(0.05, 0.10 & 0.20 ml/min), air pressu@9(138& 207 kPJ(10,20&30 psiand air temperatures
(~22, 50 & 6B ). Table2.3 presents solutiorblowing process parameters and fiber production
observations for protease functionalized PEO solubtown webs and PEGNIy solutiorblown
webs Solution throughput and apressure (driving force) were the most crucial parameters for
fiber formation. Solution throughput of 0.2 ml/ml or higher did not form fine fibers. The lower
air pressure settingl38 kPa also did not form fibers because it created an insufficient driving
force to attenuate the polymer solution and evaporate the solvéntiscous mass with very few
fibers were observed at higher solution throughput and lower air pres@tigure2.4 A). Based

on this parametric testing, the optimum conditions for R&@y solution blown webs were
determined to be 0.05 ml/min solution throughpug07 kR air pressure, and 5@ air
temperature. These conditions were then used to produce EFSBN webs across a wide range (0.6
7.4 % (w/w)) of proteasépbading.Figure2.4 Bis present the EFSBN on collector that prepared

using optimum conditions.
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Table2.3: Solution blown spinning process optimum condition for SEHND and protease
EFSBNPEO webs.

Trial | Solution Air pressure, Air Visual observation
throughput, ml/min | kPa temperature,
3

1 0.2 69,138, 207 | ~22, 50, 60 No fiber formation at 0.Z
ml/min solution throughput

2 0.1 69,138 ~22, 50, 60 No fiber formation at 0.Z
ml/min solution throughput

3 0.1 207 ~22 No fiber formation

4, 0.1 207 50, 60 Less fiber formation with
central viscous mass

5. 0.05 69 ~22 No fiber formation

6. 0.05 138, 207 ~22 Less fiber formation with
central viscous mass

7. 0.05 69 50, 60 Fiber formation with centra
viscous mass

8. 0.05 138, 207 50, 60 Good fiber formed

Figure2.4: Enzyme functionalized solution blown nonwovens (EFSBN) on the collector at 12 w/v%
polymer concentration, 5& air temperature, and 0.05 ml/min throughpuA) 69 kPaair
pressure and (B)07 kPaair pressure (picture captured while trial running)
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2.3.2. FTIR analysis @BNPEO andEFSBNPEO

The characteristic infrared absorption peaks of $SHND and EFSBNEO webs are presented in
Figure 2.5 PEO alone exhibits strong peaks at 23000 cm! for symmetric and asymmetric
stretching ofCH groups; two strong splitting peaks at 1466 €emd 1413 cmfor CH scissoring
(bending mode); two strong splitting peaks at 1359'camd 1341 cm for CH wagging; two
splitting peaks at 1279 cfrand 1241 cm for CH twisting; three peaks around 1100 crfor the
results of the combination aéther group and methylene group stretching; and peaks at 961 cm
1,946 cm' and 841 cni related to chain conformation of the PEO molectif®&s338 Additionally,

the double peaks at 1359 chand 1341 cnt are an indication of crystallinity (100% amorphous
PEO shows only one peak at 1350/ The complex pde for-GO-G stretching appearing

at three waveumbers1145 cm' (medium intensity), 1096 ct(strong intensity), and 1059 cm

1 (medium intensity) were present in all samples, indicating, as expected, no degradation of PEO

chains during solution spinnin

The characteristic peaks of amide | and amide Il bonds of protein are observed at 1650dm
1550 cmt, respectively?3® The NH stretching peak of amide A overlaps with OH stretching at
31003500 cmt where the OH stretching peak could come from bound water in an enZ{ié.

The considerable amount of glycerol in liquid enzyme could also contribute to the OH stretching
peak. Dry enzymé&ee webs do not show peaks in this region. These peaks are absentin PEO
only webs and appear with increasing intensity as @age content in protease functionalized

PEO solution blown webs increases. Likewiseathalesl and 1l show very small peaks at low

87



protease content (1.3% (w/w) and increase in intensity as the enzyme content increases to 7.4%

(w/w) protease in EFSBREQwebs.

3300 1650 1550

Amide | Amide Il

Free Protease

7.4% Protease-EFSBN

3.0% Protease-EFSBN

Absorbance

1.3% Protease-EFSBN

SBN-PEO

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure2.5: FTIR spectrum of pure PEO webs and protease functionalized PEO solution blown
webs with varying protease content.

2.3.3. Enzyme loading and immobilization yield of EFSBEO

The amount of enzyme loading accommodated by a carrier material is an important parameter
F2N) RAAGAYIdAAKAYI GKS YFGSNRAREFE a | a3I22RéE
(w/w)) loaded EFSBREO webs were prepared, which indicates PEO isaagaer for enzyme

immobilization by physical entrapment. Measurements of immobilization yield reveal how much
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enzyme added to the polymer solution is retained after solution blowing. Immobilization yields
at different levels of enzyme loading in the wwler spinning solutions and corresponding
retained protein content in the solid webs are presented-igure2.6. Protein content means

the amount of protein detected in the final webs and protein loading means the amount of
protein initially added to the spinning solution before solution blowiAglow enzyme loading,
immobilization yields were greater than 90% itating that more than 90% of supplied enzymes
were entrapped in the PEO nanofibeiRodriguezdelLunaet al. encapsulated horseradish
peroxidase in PVA electrospun nanofibers and observed a similar pattern that greater than 90%
protein retention was achiewk at lower enzyme loading, but the relative enzyme loading
decreased (to less than 10%) with increasing enzyme concentration in the spinning sbfttion.
The cause for this repeatedly observed decrease in immobilization yield as enagdieg!
increases has not yet been determindthe Rapid BCA technique detects across a broad protein
concentrationrange (208 nnn >3 . { ! kYT 03X gKAOK SyO2YLJ} aasSR
evaluated, therefore errors in protein measurement are not suspeécthe decrease is puzzling
because the full inventory of homogeneous polyresizyme solution is pumped through the
solution blowing nozzle. One explanation for the less than 100% immobilization yields may be
that a certain portion of enzyme is aerosolizand blown away with the higpressure air. High
enzyme loading might lead to less interaction between polymer and enzymes or a decrease in

the space available for entrapment, leading to increased enzyme loss to the pressurized air flow.
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Figure2.6: Immobilization yield of EFSBN and retaining protein in the solid EFSBN we
different enzyme loading.

2.3.4. ProteaseEFSBNPECcatalytic activity

Immobilization methods and carrier materials affect the enzyme catalytic activity. The catalytic
activity also changes with enzyme loading, immobilization processing conditionshefidal

form of the supporting material. Nanofibrous EFSBRO webs redsolved rapidly ithe buffer
because the high nanofiber surface area provided high contact between water and scdiéite

PEO polymer that enhanced dissolution and released enzyme into the bufédress enzyme.

Since PEO polymer is solublamagueaus assay buffer, the released enzyme behavedilfkee
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enzyme in responding to protease activity analysis. The activity of the redissolved webs was
calculated based on the protein content detected in the solid webs. Then, the relative activity of
enzymefunctionalized webs was measured as the activity of redissolved functionalized webs
compared to the activity of an equivalent amount of free enzyme content, expressed as a
percentage. The enzyme activities of protease EH3BN webs relative to their measd
protein content are presented ifrigure2.7. The EFSBN showed substantial catalytic activity,
indicating that most enzyme delivered through thewmn blowing nozzle was still present in

the final solid web products. The retained activity for EFSBN was comparatively higher than
reported for electrospun immobilized protease activities. One study with immobilized bromelain
protease in cellulose trimtate electrospun nanofibers reported retaining 47% actitAty.
Another study reported 65% retained activity for protease immobilized by adsorption on
polycaprolactone (PCL) electrospun nanofibéf@dsorption immobilization is considered to be
mild method that has limited impact on enzyme structuteerefore the high level of enzyme
activity detected in EFSBN (> 80%) implies that SBS is a benign process and that PEO is good
carrier for protease immobilizationThe high catalytic activity also indicated that immobilized
protease retained or was abk® recover its native functional structure after redissolvingain
buffer. In contrast to the immobilization yield resultSidure2.6), the relativeactivity results
(Figure 2.7) reveals enzyme preserved their functional structure for a wide range of enzyme
content in the solid EFSBREO websThe finding of the immobilization yield, protein content,

and relative activity is revealed that PEO webs are an excellent carrier for protease entrapment

with a wide range of enzyme carriers and quick delivery enzyme to the reaction zone.
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Figure2.7: Relative protease activity of EFSBEO webs with varying protein content in the
solid webs.

2.3.5. Appearance and diameter of SBRECand EFSBIRECby scanning electron microscopy

The morphology of SBREO webs and EFSBEO webs prepared with various protease loading
were characterized by scanning electron microscopy ERBBMNre 2.8. The morphology is
characteristic of a nonwoven structure with a distribution of miaad nanoibers forming the

web. The surface diameter and fiber surface appearance changed as enzyme loading increased.
SBNPEO webs had an average fiber diameter of 406£295 nm which is lower than a repored SBS
PEO average fiber diameter of 700+226 ¥fin addition to achieving a lower fiber diameter

the solution flow rate of the current work is at least three times higher than the prior reported
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work. However, loading enzyme in the webs increased the average fiber diameter. For example,
EFSBNPEO webs loaded with 1.3 % (w/w) protease had a highenage diameter of 566+345

nm compared to fibers in the nenzyme SBNWEO webs. Higher enzydwaded webs had
comparatively higher diameter and larger standard deviation, revealing that enkygad®EO

web fibers were more uniform than enzyrh@aded PEO web The increases in fiber diameter

and standard deviation probably resulted from concentrated poly(electrolyte) solution
effects*1342 and increasing viscosity (liquid protease had789 glycerol that increased
viscosity) 343344 of more concentrated polymer solutions that would increase the solution
resistance to being stretched. Similar, fiber roughness and diameter variability findings were
reported by MoreneCortez et al. who studied papain encapsulation in polyvinyl alcéhdh)
electrospun nanofibrous membrané& The presence of enzymes in EFSBNs also causes surface
irregularities and roughness. The highest protease loaded (7.4 % w/w) EFSBN web fibers
exhibited the highest standard deviation in fiber diameter due to beaditkuctures of thick and

thin zones (marked by arrows). Since beading is not observed ioRIE@bers, the thick bead
zones in EFSBN webs are probably caused by enzyme proteins clustering in those regions and

resisting uniform distribution during theldwing process.
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"1.3% protease-EFSBN-  7.4% protease-EFSBN-
PEO PEO

Figure 2.8: SEM micrograph of SBREO webs and protease EFSHPO webs with varying
enzyme loading.

2.3.6. Surface composition analysis of EFSBECby XPS

The surface composition cEFSBNPEO and SBREO webs ®as characterized by Xay
photoelectron spectroscopy (XPS), as showkignire2.9. The two main peaks ofiand Qsare

found in all spectra, while the peak ofdWas only found in the spectra of EFSBEO webs. Since
SBNPEO contains onlyi£Ois, and H elements and &hNis signal comes from the presence of
protein 34> XPS further confirms that protease was successfully immobilized into PEOTWebs.
presence of the N signal in XPS spectra again validates the FTIR results of the presence of

protease in the EFSEREO webs.
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Figure2.9: XPS spectra of (A) SBRO, (B) 1.3 % -&&4SBNPEO, (C) 7.4 %-EASBNPEO, and (D)
N1s peaks of the three samples.

2.3.7. Enzyme position and distribution analysis in EFSBECoy ToFSIMS

The distribution and position of enzymes in an immobilized carrier isipartant parameterfor
biocatalyst reaction design. The successful immobilization of protease into PEO webs was
confirmed using Timef-Flight Secondary lon Mass Spectrometry (S0¥S). The TeEIMS
spectra and distribution maps revealed the distribution and position efttimobilized protease.

The highresolution TOFSIMS spectra of positive ions and negative ions are showigume2.10

and Figure 2.11, respectively. The clearly visible characteristic signals from ethylene oxide,

namely CkD*, GHsO" and GH:O, confirm the detection of PEO polymer. Signals arising from
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amide bond cleavage, including .8 CNand CNQ confirm the presence of protein (enzyme)

in the PEO webs. However, the intensity (height) of the nitrogen compound peaks depends highly
on enzyne loading. The 7.4 % (w/w) proteibaded EFSBREO webs showed these peaks
clearly. In contrast, low protettoaded webs did not show significant nitrogen peak intensity. The
1.3 % protease EFSBMO web TeBIMS spectra are similar to SBHO web spedrwhich
indicated the EFSBREO nanofibers did not have enough protein molecules on the surface for
detection. TOFSIMS is limited to detecting ion fragments with#2 hm depth of the surface of

a specimen. So, for low enzyAmded EFSBREO webs, the FSIMS results indicate that most
enzymes are located inside the nanofibekshigh enzyme loading, more enzymes forces toward
surface andhe ToFSIMS spectra for 7.4 % (w/w) protdoaded EFSBREO webs revealed that

protein is present on the fiber sfaces.
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Figure2.10: Highresolution ToFSIMS spectra (positive ions) of SBEO and protease EFSBN
PEO webs.
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Figure2.11: Highresolution TOFSIMS spectra (negative ions) of SBRO and protease EFSBN
PEO webs.

ToFSIMS distribution maps characterized the distribution of protease in the EPEBNwvebs.

The ToFSIMS distribution maps of positive and negative ions of-BBN/1.3 % (w/w) protease
EFSBNPEO and 7.4 % (w/w) protease EFFBID are shown idppendiceqFigureA2.1 ¢ A 2.

4). These distribution maps again indicated that most proteases were located inside the fibers.

The overlaid image of the distribution map of 7.4 % (w/w) protease ElPEBNis presented in
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Figure2.12. The homogeneous green color distribution §8Hand GHioN*) indicates subtilisin

A protease was homogeneously distributed in the nanofibrous webs.

200x200 im?

CH,O*

Sum of
CH/N*, C,H,N*

Figure 2.12: ToFSIMS positive ion distribution maps and overlaid image for a 7.4 % (w/w)
protease EFSBREO web.

2.3.8. Enzyme distribution in EFSBREQby confocal microscopy

Uniform distribution of enzyme entrapment manofibrous webs is a very important parameter
for achieving maximum carrier materials utilization and consistent delivery of ersaytoethe
intended application. To observe the distribution of entrapped protease in EPEBN subtilisin

A protease wasabeled with fluorescein isothiocyanate (FITC), and the resultingt&tb€d
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protease was entrapped by solution blowing in EFPBER) webs which were then analyzed by
laser scanning confocal microscopligure 2.13). These images illustrate that protease
distribution in EFSBN was homogeneous at a macroscopic scale throughout the webs. This was
achieved because the aqueous protease solution formed a honmemes solution with the
aqueous PEO polymer solution leading to a homogeneous polgoteentenzyme solution.

After solution blowing, the enzyme homogeneity remained in the dried PEO webs, indicating that
solution blowing of enzyméaded PEO solutions &n excellent immobilization fabrication

process.

Figure2.13: Laser scanning confocal microscopy images: raw images of the distribution-of FITC
tagged protease encapsulated EFSHRO webs at twdifferent points ((Al: a bundle of fluffy
fibers) and (B1: a bundle of stick fibers)) and processed images of distnnft FIT@agged
protease encapsulated EFSBEO webs ((Al: a bundle of fluffy fiber) and (B1: a bundle of stick
fibers)).
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2.3.9. Storage stabity of EFSBNPECand native protease in buffer

Dissolved enzymes are quite sensitive to environmental conditions and may lose their activities
easily compared to immobilized enzymes. Therefore, it is important to characterize enzyme
storage stability forpractical applications. Enzyme storage stability has been correlated to
structural stability over time. Frequently, by physically stabilizing the enzyme strudhee,
storage stability of enzymes increases on immobilization with polyneiders®? Storage
stability tests vere carried out by placing samples of each enzyoaeled web at room
temperature (~22 ) and at 43 and measuring the remaining activity over time. Activity found

at each time point was calculated with the initial activity considered as 100%. Results are
presented inFigure2.14 and Figure2.15for 1.3 % (w/w)and 3.0 (w/w)proteaseloaded EFSBN

PEO websespectively Results show that protease was stable for a long time in PEO webs, and
an advantage of solution spinning with PE@h& PEO may act as a lyoprotectértb preserve
enzyme structure during spinning as well as storing. Enzyme activity detected in EFSBN increased
slightly (> 100% activity) after seven days of storage which may be related to conformational
stress and relaxation experienced by the yme during and after the solution spinning process.
Solution spinning is a very rapid fabrication process that could cause enzyme to become trapped
in a nonoptimal deformed conformation when the solvent evaporates. After relaxation during
storage, enzymecould temporarily regain a more optimal conformation and thereafter its
conformation would be influenced by the subsequent storage conditions. Further experiments
would be needed to determine if this hypothesis is valid. When redissolved in buffer, tBNEFS
webs showed at least 60% of their initial activity after 300 days, which is higher than the residual

activities of immobilized protease in various polymeric supports reported in the literature as only
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33-57% after a much shorter storage period of 30slay 43 .124152.174This result revealed that
immobilized protease in EFSBN could be conveniently stored at ambient temperature or in
refrigerators. The produced EFSBId unique storage technique in a quidlssolving solid form

rather than typical liquid enzymes or lyophéd forms.
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Figure2.14: Storage stability (retaining activity with time) of 1.3 % (w/w) protease functionalized
polyethylene oxide solution blown webs.

102



—— EFSBN-PEO-3.0% protease_stored at ~22 C
—0— EFSBN-PEO-3.0% protease_stored at 4C

[any

o

o
|

90 A

80 A

70

% (Relative retaining activity)

60

50 T T T T T T T T T T T
0 50 100 150 200 250 300

Storage time (day)

Figure2.15: Storage stability of 3.0% (w/w) protea&#SBNPEO webs at ambient temperature
(~223 ) and 43 .

The storage stabilities of free subtilisin A protease and encapsulated subtilisin A are also
compared and the relative remaining activity at different stagagnes is presented ifigure

2.16. The free subtilisin A protease (as it was supplied), diluted free subtilisin A protease (1pl/ml)
in Tris HCI buffer (pH = 8.0, 0.1 M), and protease EFSBN were stored at room temperature (~ 22
3 ). The remaining relative activities of immobilized subtil&iand free subtilisin A (as it was
supplied) after 180 days were 74+0.90% and 85+0.54%, respectiviedycommercial free

protease retained a high level of activity because thesggplied liquid protease formulation
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contained glycerol that acts as a sil#er by reducing water activity and preventing protease
selthydrolysis®*® On the other hand, after the asupplied protese was diluted in buffer, the
stabilizer effectiveness was lost, triggering proteolysis, and the protease activity decreased
rapidly12934’The relative remaining activity of diluted free protease was only around 10% of the
initial activity after seven days. The storage stability outcome for protease in EFBNowed

that immobilizing enzymes within PEO nonwovens can preserve good storage stability at room
temperature without adding additional stabilizers. Avoiding refrigeration is important for the
formulation of products and energy efficiency in deliveramgymes to different applications, so
these extended storage stability results again reveal enzyme entrapment using PEO solution
blown nonwoven webs as unique and desirable enzyme storage and delivery option for ambient

temperature scenarios.

104



—— EFSBN-PEO-1.3% protease
—@— Free protease diluted in buffer
—A— As supplied free protease (Sigma)

100 4

(o]
o
1

N (o))
o o
1 1

% (Relative retaining activity)
S
1

O+——F——7——7———T T T T 1

0O 20 40 60 8 100 120 140 160 180
Storage time (day)

Figure 2.16: Ambient storage stability of supplied free subtilisin A, diluted free subtilisin A
(2pl/ml) in Tris HCI buffer (pH = 8.0, 0.1 M) and 1.3 % (w/w) subtilmiotéaseEFSBNPEO solid
webs.

2.3.10.Thermal stability of EFSBREQand native protease in buffer

Thethermal stability of entrapped protease is one the most important factors for its application
and storage at a higher temperature for prolonged perioEsazymesntrapment in a suitable
carrier can minimize enzyme conformational changes when exposed to harsh environments such
as high temperature and prevent the enzyme structure from denaturing (unfolding). In this

study, free liquid protease and immobilized protease in solid EFSBN webs were incubated at 65
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3 for up to 12 hr to determine the thermal stability of protease. The relative remainitigtaes

of free liquid protease (as supplied), diluted free proteésgl/ml) in Tris HCI buffer (pH = 8.0,
0.1 M), and immobilized protease (1.3 % protease EFSBN and 3.0% protease EFSBN) are
presented inFigure2.17. Entrapped subtilisin A protease showed excellent thermal stafality

up to 12 hrs. This higher thermal stability can be attributed to preventing thermal inactivation by
preventing entraped enzyme molecules from unfolding within the dry nanofibers. A similar
observation has been reported for protease (fréxspergillus niggrentrapped in polyacrylamide
beads!?*The assupplied free protease also showed excellent thermal stability over time, similar
to immobilized protease. Again, this is attributed to the presence of glycerol stabilizer in the
product. In contrast, the diluted free protease showed a steep deatinesidual activity and lost
total activity within 4 hrs at the elevated temperature. Dilution enhances-tsglirolysis and
protease autolysid* leads to a rapid enzyme activity declin€he extended thermal stability
results at elevated temperatuseagain emphasize the benefit of using PEO solution blown
nonwoven webs as a unique watsoluble solid carrier for protease entrapment without

additional stabilizers.
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Figure2.17: Thermal stability of free subtilisin A protease and encapsulated subtilisin A protease
in EFSBWEO webs at 65 .
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2.4. Conclusions

Solution blown nonwovens (SBN) and enzyme functionalized solution blown nonwovens (EFBSN)
were successfully prepared from solutions of PEO (aqueous) and liquid subtilisin A protease by a
single step solution blowing techniquia this study, the operatingonditions for solution blow
spinning were optimized across several parameters during formation ofdAlyCibers, and

these same optimized parameters were then used to produce endgated PEO web3he

results demonstrated that solution blow spinnirsga promising singistep fabrication technique

for enzyme entrapment from polymesolventenzyme compatible triads. SEM micrographs
revealed a more irregular nanand micrefibrous nonwoven structure of EFSBN compared to
SBN. Protease entrapment in thiedrs changed the fiber morphology toward a beamtsstring
appearance compared to the uniform diameter of polyroerly fibers. Substantial enzyme
activity was detected in EFSBN webs after the solution blowing process and after storage at
ambient dry condions. The protease assay showed that EFSBN retained about 90% activity of
the free enzyme activity. FTIR spectra, Lowry protein assay, and XPS spectra confirmed the
presence of protein in the nanofibrous webs. However, protein losses appear to occug durin
solution blowing at higher enzyme loadiognditions anctlarifying the reason for this should be
explored in future work. TeBIMS and laser confocal microscopy revealed that immobilized
enzymes were mainly located inside the fibers and homogeneoustiylbdited throughout the

webs. Protease entrapped in solid dry PEO webs exhibited similar thermal stability compared to
the corresponding commercial liquid protease and better stability than budflerted free
protease. Similarly, immobilized protease aited longer storage stability than buftdiuted

free protease. Subtilisin A protease entrapped in dry PEO retained more than 60% activity after
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300 days, with similar remaining activity values found for both ambient and refrigerated storage.
Therefore,protease immobilization via entrapment in PEO nanofibers by solution blowing is a
simple, efficient process for loading a wide range of enzyme amounts in a rapidlysehiete
solid-statepreparation that preserves a high level of enzyme activity ovey freriods of ambient
storage without any added stabilizer. A specific application where is could be useful is in quick
dissolving solid detergent formulations for laundry or dishwashiujure studies could extend

the SBS parametric test ranges, suclhyagcreasing the air temperature for more rapid solvent
evaporation that could potentially lead to higher throughput, and by investigating polymer
solution fluid properties in the presence of varying enzyme concentrations. These variables could
impact enyme stability and fiber morphologylhis technology can also be used with other
enzymes, polymers and solvents, creating a broad category of enzyme functionalized solution
blown nonwovens with unique storagend delivery options for numerous application&hin

industrial, medical, food, packaging, sensiagd consumer products and processes.
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Chapter 3: Encapsulation dandidaAntarcticalipase B in polycaprolactone
nanofiber by solution blown spinningo produce degradable enzyatic

nonwovenwenb.
Abstract:

With increasing polymer wastes entering into environments, the disposal of plastic waste has
become an imminent environmental problem. In this work, complete, rapid, and controllable
enzymatic degradable nanofibrous nonwoven webs were developed. LipasB)amCandida
sp. was successfully entrapped in polycaprolactone (PCL) nanofibrous nonwoven webs via
solution-blown spinning ofa compatiblewater-in-oil triad microemulsion of PCGthloroform
CALB. A wide concentration range (01592 wt% protein) of £LB content nanofibrous webs
was produced. CALB enzymes survived in the polymer solutiganic solventand, after the
solution spinning procesthe immobilized CALB retained around 50% of the free enzyme activity.
Residual lipase activity in the websisvmeasured by degrading fibergtiiis buffer (100 mM pH
8.0) and comparing the released enzyme activity to fiormobilized free enzyme using a p
nitrophenyl acetate substratbased assay. The presence of enzyme protein in the solid
nanofibers was deteed by Fourier Transform Infrared Spectroscopy (FTIR). Time of flight
secondary ions mass spectroscopy (BUMS) and laser confocal microscopy revedted the
immobilized enzymeswvere mainly positioned inside the fibers andon-homogereously
distributed (enzymes datigto each other)throughout the webs. Enzymatic degradation studies
were conducted by incubating different CA&Bzyme functionalized solutieblown nonwoven
(EFSBNyCL webs in T#4Cl buffer (100 mM, pH 8.0) at 40 °C and ambient tempegaft22

°C). It is noteworthy to mention thathe enzymatic degradeon of EFSBNPCL webs as
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controllable. Because of the nanofibrous structure of the webs thedlistribution of enzymes
throughoutthe webs, EFSBRCL webs degraded very rapidiyen exposd to water. Depending

on enzyme loading (1.92 to 0.53td4), EFSBRCL webs were degrad&dthin 15 to 60 mins.
Scanning electron microscopy (SEM) images of partially degraded webs stimtedinner
fibers disappeared first. Immobilized CALB in solid nanofiber edibitedlong storage stability

at room (~22 °C) and refrigerah (4 °C) temperature, with around 60% remaining catalytic
activity after 120 days compared to the initial activitvhile stability under ambient
environments demonstrates options for safe storage and applications such as packaging
materials, the unique degradation properties of EFSENL nonwoven welzmnbe exploited for
simple waste management after use.

Keywords: CALB, enzymatic degradation, entrapmentimmobilization, polycaprolactone

solution blow spinning.

3.1. Introduction

Petrochemical polymers such as polyethylene and polypropylene have been widely used in
various packaging materials owing to their good thermahmmical and barrier properties, low
cost, and large production raté4°However, these synthetic polyméasedLd: O1 | Besoyhd Q a
a major source of waste after use due to their very poor biodegradaBifityvaterial
biodegradability has been widely focused on because of the renewed attention to environmental
protection issues®352 So, the packaging materials should biodegrade after their useful life
without causing environmental waste problems. Hence, great attention has been directed

toward fully biodegradable matels that offer a feasible alternative to traditional polymeric
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materials when recycling is not cestfective or technically possibf&3n this context, aliphatic
polyesters, including poly(caprolactone) (PCL), poly(lactic) acid (PLA), poly(glycolic acid), etc.,
have been the subject of increasing focus because of their biodegiaga and
biocompatibility>* They are used in packaging, agriculture, medicine, and other areas. Among
them, PCL has attracted a lot of attention owing to its exceptional properties, such as its
biodegradability, compatibility with a wide range of other polymers, good procdisgilenabling

the fabrication of various structures and forms, and its relatively low £8$p>3°¢As a result,

PCL becomes an excellent candidate for bioddgpée packaging’’ controlledrelease drug

delivery8tissue engineerin®, and other biomaterial application°

The major limitation in the applicability of PCL scaffolds is a slow degradation rate, mainly
because of their hydrophobicity. The five methylene repeating units moieties of PCL cause more
hydrophobicity in PCL than other polyesté#&The degradation of PCL starts in the amorphous
region where water transport enables the hydrolysis of ester bonds leading to chain scission
resulting in the formation of shorter chains, oligomers, and caproic &éldBue to the
hydrophobic and serrsrystalline nature, the rate of hydration and subsequent hydrolytic
cleavage is low; hence, RG&sed polymer scaffolds require up toydars to degrade
completely362 This slow degradation of PCL restriitts use toa limited set of applications
requiring longlife materials. However, the PCL degradation rate can be regulated by embedding
an enzyme within the PCL matrix when that enzyme is active for matrix hydrahyaiddition,
enzymatic degradation starts at the face of the polymer. The lipases and esterase enzymes

attach to the polymer surface in a much shorter time and start before hydrolyzing surface ester
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bonds to form shorter chain polymers and oligomé&%The degradation rate depends on the
enzyme used, polymer composition, and crystallinity and is generally complete after a few
days3%4Shiet al.studied PCL film degradation in a lipase buffer solutféithe PCL film lost 87%

of itsinitial weightafterincubation at 33 for 3 days in the presence of 45 U/ml lipase solution.
Ganeshet al. studied lipaseembedded PCL degradatiomhere 1.6 and 6.5 wt%andida
antarctica lipase B (CALB) were encapsulated in PCL ilnGALBembedded filmswere
incubated in phosphate buffer solution (20 mM, pH 7.10) with shaking (200 rpm) at 37 °C. The
6.5% CALBaded PCL film degraded complet&hthin 24 hr while 1.6 wt% CAH8aded PCL

films required 17 days. So, itis established that PCL's enzymgtedaion is faster than pristine

PCL hydrolysis degradation. However, a facile and economicalgféestive method to produce

enzymeloaded PCL matris needed

Solution blow spinning (SB&dlds promise aa potential technique to produca costeffective

lipase enzyme PCL matrix. literature, a number of PGlolymer blends were trialed in SBS
process’®%3%° SBS is a fiber processing mechanism, like electrospinning, that produces polymeric
micro-, submicron and ranofibers in a continuous process, producing fibers with different
properties depending on the polymers us&d322 In solution blowing, higipressure gas is
applied to evaporate the solvent from the polymer solution, whereas a high electric voltage is
applied in electrospinning. A solution blow spinning unit with a single annular die, including a
spinningnozzle with an annular gas cavity surrounding it, is illustratédgare2.1. The deta#d

mechanismis explained inSection 2.1. SBS producefiber morphology that is similar to
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electrospinning but at a much larger production rate and reduced cé%t3% The higher

production ratecould makeSBS processviablefor produdng mass fiber.

Moreover, the high surface area of SBS webs would provide a high enzyme loading, and the
associated high porosity of SBS webs provides accessibility to enzyme active sites resulting in low
diffusion resistance.Some worksreport enzyme entrapment or encapktion into an
electrospun nanofibe?f3370 So, like electrospinningit is expectedthat the solutionspinning
process could also emplanzyme encapsulationThe current work is the first to inveghate

direct enzyme immobilization in PCL solution blown webs.

The PCldegrading enzyme, lipase fro@andida sp(CALB), was selected and entrappedPCL
nanofibrous webs. This work reported the preparation of CALB endynwtionalizel solution
blown nonwoven polycaprolactone (CAEBSBNPCL) nanofibrous webs by solution blow
spinning. The preparation adn enzymecompatible PCL spinning solution using an anionic
surfactant was also describe@he results from studying enzyme position and disttitin in
fibers, immobilized enzyme activity, storage stabjlapd enzymatic degradability of webs are

reported.
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3.2. Experimental Section

3.2.1. Materials

Lipasefrom Candida sp(CALBIRecombinant, expressed Aspergillus nigewas purchased from
SigmaAldrich as a liquid enzyme produtt3(L7Q and used as supplied. Poprolactone(Mn=

45000 Daand 80,000 Drp-nitrophenyl acetate, mitrophenyl Bis(2ethylhexyl) sulfosuccinate
sodium salt (AOTghloroform and N,Ndimethylformamide (DMRyere purchased from Sigma
Millipore (Hampton, NH, USA). Pierce Rapid Gold BCA Protein Assay Kit (Catalog Numbers
A53225, A53226, and A53227) (TherRisher Scigtific, Waltham, MA, USA) was used to
determine the protein concentration in the produced EFSBN using the bovine serum albumin

(BSA) standard provided in the kit.

3.2.2. SBNPCland EFSBIRClwebs production

Solutionblown nonwoven webs were produced using teame instrument and procedure
described inSection 2.22. The production process had two main steps: 1) spinning solution
preparation and 2) solution blow spinninghe solventvas preloaded by addingdD mg Bis(2
ethylhexy) sulfosuccinate sodium salAOT)anionic surfactanto 100 ml of the solventThe
polycaprolactone(PCL) (M» = 45000 Daand 800@ Dg spinning solutions wererepared by
dissolving EL pellet41.5 g) inAOTsurfactantloadedsolvents(chloroform, DMF, and toluene

10 ml) with continuoug2 hrs)stirring (100 rpm). The liquidipase (CALB) fro@andida sp(75-
1500 pl) was added to the®-AOFchloroformsolution andormedawater-in-oil microemulsion
throughvortexing(2000 rpm,1.5 mins) andtirring (500 rpm, 3.5 mins)The solution comprising

PCLcg¢hloroform, AOT surfactanandCALBvasthen subjected to solution blowingh schematic
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flow diagram of EFSBIRCLproduction is presented ifigure3.1. Thesolution-blown apparatus

was the same as described in chapteagillustrated irFigure2.1, consisting of a single annular

die with an annular gas cavity surrounding a spinning noZhleCALB dispersed P&ilution (5

ml, 15 w/v%) was supplied to thénner nozzle with the control of a peristaltic pump, and
compressed aif207 kP&0 psi) was delivered to theuter nozzle Theprocess maintained the
polymer solution feed rate and air temperature at 0.5 ml/min and 340 respectively The
collector waspositioned at a fixed working distance from the nozzle of 100 rAnpressure
regulator controlled the pressurized air, which varied according to the experiment. The prepared

solutionblown webs were stored at room temperature (~229 or 43 until further analysis.
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Figure3.1: Schematic flow diagram d¢iie preparation of SBNPCL and EFSBICL by soluticn
blown spinning process.
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3.2.3. Protein content and immobilization yield of EFSBMCL

The protein(enzyme) content in EFSBNClwas determinedy the samelowry assay methdd*
described irfection 2.2.4. Thetechniguewasperformed using a Thermo scientific Pierdeapid
Gold Bicinboninic Acid (BCA) Protein Assay, Witich develops an oranggold color in the
presence of two molecules of BCA and one cuprous Te.stock solution preparon was
slightly differentfrom the described solvent preparation 8ection 2.2.4EFSBNPCLwebs were
firstincubatedat 403 in tris buffer (pH 8.0, @ M) for 120 mins tadegrade webs whollyThen,

the degraded and dis¢ved webs solution wassed as the unknown protestock solution in the
test protocol.A series of dilutions of known concentration {6800pug/ml) were prepared from
BSA protein and assayed alongsideuhknown protein stock solutia’Absorbance was measured
at 480 nm, and protein content for the unknovwas determined based on the BSA standard
curve. The percent protein content in an EFSBN sample was calculated according to the following
formula:

001 GAATORT O i DT MOXOXOX XK X X XX

The immobilization yield of EFSBNLwebs was calculated from the ratio of the measured
amount of protein content (amount of protein detected in the final webs) in the EH%RIb
the theoretical protin loading (amount of protein added to the spinning solution) in the web.

The immobilization yield percentage is calculated using the following formula:
-~ AAO@CAN AR HITGAIEB 2 p 1t
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3.2.4. Lipaseassay of immobilizedCALBenzymes

Thelipaseactivity of immobilizedCALBvas measured using @nitrophenyl acetatesubstrate
basedassay method following a modification of the determinatiorcafbonic anhydrasactivity
reported in previous workby Shenet al.*® The protocolwas adapted for microcentrifuge tube
incubation.In the EFSBRCLweb dissolution step, a suitable amount (approximatelyl50mg,
exactly weighed) of EFSBINCLlweb was placed into &5 ml microcentrifugevial andincubated
with 1.20 ml Tris HCI buffer (100 mM, pH 8@) 120 mins at 4@ during which timeEFSBNPCL
fibers were wholly dissolveib produce a stock solutiorif enzyme is not present in the webs to
hydrolyze the polymer, SBRICL does not dissolve at these conditidrige pnitrophenyl acetate
substrate was first dissolved in ethanol to prepare a 100 solldstratestock solutionand kept
at-43 for further assaymeasurementsBefore each set ainassay, 100 mM-NPAc wasliluted
with deionized wateto a final concentration of 8 mMn the incubation step/5 plof EFSBNPCL
redissolvedstock solution and400 ul Tris HCI buffer (100 mM, pH 8.0) were mixed and
preincubated for 5 mins-or free CALB activity, the free CALB liquid enzyme sample was first
diluted(1Qn nn GAYSa0 AY wmnan Ya ¢ INAhke diotdifvasSaddedthd vy ®n 0
Mpnn >f trifdde QbERatdSkEincubated for 5 mins a453 . Then,25 pl 8 mM pNPAC
substrate solution was addetb the free CALB and immobilized CALB solst@md mixed
thoroughly bygentle manual mixingThe final solution (total volum&00 pl) was incubated for
30 minutes at 53 . Active CALB catalyzes the hydrolysis-BRACcAfter incubation, the reaction
wasstopped byplacing microcentrifuge tubes into ice waté&bsorbancemeasurements of the
asay solutionsdetermines the concentration op-nitrophenol (pNP) the yellow-colored

productof p-NPAdydrolysis with an absorbance maximum #05nm. Three replicates of each

118



sample were measured.he blank control was made by maintaining the sarecedure except
adding an equivalent amount of SBMCL(neat RCLweb) instead of EFSBRRCLAII solutions were
kept in the same conditions throughout the assay procegsNRstandard curve was created by
plotting absorbance versus known concentratiomgeNP(5-50 pg/ml) The micromoles gi-NP
equivalents liberated were determined by using the standard curve. One unit (jpaséactivity

is defined as the amount of enzyme that catalyzes the releasedgimole ofp-NP per min from
the p-NPAc substrate at03 in the presence of 100 mM pH 8.0 THEI buffer.

Thelipaseassay of the frediquid enzyme upon dilution was calculated based on the following

equations:
U/ml =2 — : - D AE] CBBEBISIB 88888 80w
U/MGprotein = T 8888888888888888888B8888808

Thelipaseassay of immobilize@ALBer mg of the EFSBRCLwebs protein,

U/mg EFSBNs proteirr v A " F - . h : 88888a®

The relative activity of immobilizeALBvas calculated as the percentage of the fligase

activity and calcuked as follows:

2 Al ADEOH® E OU z p TIETX X X X XK B XXPXX XX XX(3.6)

3.2.5. FTIR spectroscopy analysis®BNPCL andEFSBNPCL
The presence of enzymes in the EFEBNwas characterized by FTIR Spectroscopy (iS50,
ThermoFisher Scientific, USA), with a binlddiamond crystal Attenuated Total Reflection

sampling head. Spectra were collected for dried $8BN websand EFSBNPCLwebs at room
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temperature from 500 to 400@m?! with 64 scans and 4 chresolution. All specimens were

stored in a desiccator fdawo days before measurement to minimize moisture in the samples.

3.2.6. Enzyme distribution in EFSBRCLby confocal microscopy

CALRs & O2ye2dzal SR (2 Ffdz2NBaOSAYy Aaz2iKAaAz20elyl
procedure described in the Sigma Fludag-FITC conjugation kit. The HIBQ-CALBhas two
absorbances, at 280 nm and 495 nm. The eluent fractions containing tivesabsorbances were
collected. Sephadex @5M column and phosphate buffered saline solution was used as the
elution solventThe FIT@ag CALBvasdispersed in PGAOTFchloroformsolution and subjected

to the same solutiofblowing conditions as EFSBILwebs. TheFITE CALB entrappe&BFSBN

PCLwebs were placed on a glass slide and mounted under a No. 1.5 cover glass held up by
modeling clay spacers to prevent sample compression.0T3&% (w/w) FIT@ag-CALEEFSBN
PCLand0.50 %(w/w) FIT&aggedCALB EFSBPClLwebs were imaged by a Zeiss LSM 880 laser
scanning confocal microscope using a 488 nm excitation laser to detect the FITC signal. The z
aSNASa AYF3ISa 6SNB 02ttt SOGSR dzaAy3a | HARE RNE
series were further processed using Imaris 9.9 software (Bitplane, Zurich, Switzerland) to remove

the background signal. Results show the locatio@Af. Bn EFSBNRCLwebs.

3.2.7. Surface analysis using T<8#IMS
The surface analysis of SBEL andEFSBNPCL w&s done with the same instrument and
procedure described iBection 2.2.8 The surface analysis of EFSBDNwasperformed using a

TOF SIMS V (ION TOF, Inc. Chestnut Ridge, NY) instrument equipped \Witfna=Bt5, m =1,
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2) liquid metal im gun, Cssputtering gun, and electron flood gun for charge compensation. Both
the Bi and Cs ion columns were oriented at 45° with respect to the sample surface normal. The
analysis chamber pressure was maintained below 5.0%il@ar to avoid contaminadn of the
surfaces to be analyzebh the high lateral resolution mass spectral images acquired in this study,

a Burst Alignment setting of 25 ke\#Bon beam was used to raster in a pixel region of 256 by
256 pixels. The negative secondary ion masstsp@btained were calibrated using, ©, OH,

Cn, respectively. The positive secondary ion mass spectra were calibrated 6s®g:G GHs",

GH".

3.2.8. EFSBNPCL degradation analysis

Degradation studies dEFSBNPCLwebswere carried out unden batch processSBNPCL and
EFSBNPCL webg~15 mg)were placed in 1500 pl microcentrifugabes containing 1000 pilris
HCI buffer solution (100 mM, pH 8.0)cubations were performewith manual shakingevery5
mins intervak) in a dry bath incubator (Isotemp, Fisher Scientifigt 40 3 . All tubes were
removedfrom the incubatorevery 15 mingo takeavisual pictureafter which they were rplaced
in theincubator. The whole@ncubationprocesgime was 60 mindDegradationstudies of EFSBN
PCL webs at room temperature incubatiovere also observed The webs (~15 mg)were
immersedin microcentrifugetubes containing theametris buffer (1000 pl) Themicrocentrifuge
tubeswere thenplacedin tube holdes at room temperature (~23 ) for 24 hrsand a picture
was takenfor visual comparisonFor morphdogical analysis of degraded webs, fibers were
removed from microcentrifuge tubes after 30 mins incubatiodried, and stored for SEM

analysis.
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3.2.9. Morphological analysis of SBNCL, EFSBRCI.and degraded EFSBRCL using SEM
Morphologies of SBIRCL and EFSBICL samples were investigated using fegtdssion
scanning electron microscopy (FESEM) (FEI Verios 460L, USA) with an acoedtagmof 500

V and a current of 2 pA. The morphology of EFBBN degradation with time was also observed

using this instrument.

3.2.10.Storage stability of free and immobilizeGALBEFSBNPCL

The storage stability of immobilizeDALBand liquid-free CALESigma) was evaluated by the
modified method ofPereiraet al1%4 The EFSBRCLwebs were kept in a zip bagtored at room
temperature (~22 °Chnd refrigerated (4 3 ). The assupplied free liquidCALBand free CALB
diluted ©.1 pl/ml) in tris buffer(0.1 M, pH 8.0)vere also stored at room temperatuie-22 °C)
Sample were storedfor 0-120 days, andipase activity was determéad as described i8ection
3.2.4 Residual activity was the ratio of measured activity at a time point to the initial activity at

time zero, expressed as a percentage (Bgn.
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3.3. Results and Discussion

3.3.1. SBNPCland EFSBIRClpreparationby solution spinning process

The first step in selecting solution blowing process parameterprotducing EFSBRCLwebs
was to investigate the effects ablventson SBNPCLwebs formation. For this purpose, three
solvents chloroform, DMEand toluene were usedto form a polymer solution andrialed by
solutionblown spinningto choose the most appropriate solvent. A solvents completely
dissolved PCpelletsand SBNPCL samplesere producedfrom those solutionspresented in
Figure3.2. The solutiorblown spinningprocess parameteraere kept constant throughout the
SBNPCL and EFSBICL production, as followgolymer concentration 15 (w/v)¥solution
throughput 0.5 ml/min, die to collector distance (DCIDP mm, air pressur@07 kPa30 psi)
andair temperature403 . PCLoluenepolymersolutionformedvery few fibers witmany beads
(Figure 3.2 A The PCL polymer solution using DMF @nidroform solventsormed manyfibers
without any bead formationFigure3.2 B and C). CabreraPadillaet al. reported lipase from
Candida rugosahowed 55% retaied activityafter 1 hrof contactin 100% chloroform solverit®
Thetotal solution spinningime in this work waspproximatelyl5 mins(solution vortexing 1.5
mins, stirring 3.5 minsand spinning process 10 minsherefore CALBvas expected toetain its
active structure in PCtAOTFchloroform microemulsiors within this time. For ths reason,

chloroform solvenwasusedin this workto producethe SBNPCL an@EFSBNPCL webs.

For EFSBRCL production, liquid CALB enzyme soluf®f5-1.0 yul CALB/mI polymer solution)
was dispersed irAOT surfactant loaded (1 mg AOT/ml solveP@L solution (15 w/v%J.he

solution spinning process conditions fiie enzymeloaded polymer solution anthe polymer
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only solution vere the same. Howeverfiber formation degnded onthe water phase in the
water-in-oil microemulsion polymer solution. For 04055 pl CALB/mI polymesolution, EFSBN
PCL webs were produced perfedtiythe solution spinning procesgor 0.75 ul CALB/mI polymer
solution,along with fiberproduction, a viscous masaccumulatedoeneath the spinning needle
becausehe higheramount ofwater phase caused microemulsion instabi(fyggure3.2 D). Also,
water is a challengingsolvent for solution spinnindgpecause of its comparatively low vapor
pressure at the spinning conditioriBherefore, when too much water was presetifte spinning
process could not evaporate dle sdvent quickly enoughresulting inthe remaining viscous
mass With evenhigher enzyme loading (1.0 pl CALB/mI polymer solutitve)spinning solution
was not able taform fiber because oévenmore instability of the micremulsiondue to the
higheramount ofwater presen. A PCL sample 80 kDa molecular weighwas also triéed by
solution blown spinningbut it clogged the needl&ecausea higher degree of polymerization
(DP) causes momolymer chairentanglement®’! The optimum conditions for solution blowing
were determined to be0.5 ml/min solution throughput,207 kPaair pressure, 408 air
temperature,45 kDamolecular weight 15 (w/v)% polymer solutiorgnd 100 mm DCDwhich

were used to produce both SBN and EFSBN webs.
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Figure3.2: SBNPCL and EFSBICL webs on collectors (A) SBGL prodced by usingtoluene
solvent, (B) SBRCL produed by usingDMF solvent, (C3BNPCL produced by using chloroform
solvent and (D) 3.0% CAEBSBNPCL produced using chloroform solvent

3.3.2. FTIR analysis @BNPCL andEFSBNPCL

The solution blown nanofiberdSBNPCL and EFSBICL)were characterzed using FTIR to
confirm the chemical constitants of the nanofibrous websThe infrared absorption peaks of
SBNPCLand EFSBRCLwebs are presenteth Figure 3.3TheFTIR spara of PCL showethe
main peak at 1725 cm attributed to C=0 stretching’? PCL als@xhibits hydrocabon peaks
similar to PEO moleculesincluding strong peaks at 2768000 cmt for symmetric and
asymmetric stretching oiCH groups; two strong splitting peaks at 1466-€and 1413 crifor
CH scissoring (bending mode); two strong splitting peaks at 1359 ama 1341 cni for CH
waggingand,two splitting peaks at 1279 chand 1241 crmi for CH twisting.336:373.374The-GO-
G stretchingvibrations yield peaks ahree wavenumbers1042 cnrt, 1107 cnrt, and 233 cnr?
whichwere present irthe samples.2”2 Additionally, the double peaks at 1160 émnd 1290cnt
1 are assigned to © and &C stetching in theamorphous anctrystalline phase® and the

presenceof the strong band at 1296 (of GC stretching indicaescrystallinity in nanofibers.
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The characteristic peaks of amide | and amiderdtein bondsare observed at 1650 ctand
1550 cmt, respectively?3® The NH stretching peak of amide A overlaps with OH stretching at
31003500 cmt where the OH stretching peak could come from bound water in an enZ{ié.
The considerable amount @fater moleculesmightbe present in nanofibrous thateep enzyme
molecules as watein-oil microemulsios. Some water molecules maye entrapped inside
individual fibers othe nanofibrous webtogetherwith enzymesas a result of using &ater-in-

oil microemulsion spinning solutiormhese presenceof water, enzyme binding waterand
protein OH group contribute to thebroad OH stretching peak. Dry enzyrree webs do not
show peaks in this region. Likewislee amides| and Il show very small peakscauseof the low
protease content (1.3% the EFSBIRCL websHowever, the amide | peak intensity increases

when a background correction from SBXCL webss done.
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Figure3.3: FTIR spectrum of SBMNCL and CAHB-SBNPCL webs with normal air background
correction (red) and SBRCL webs background correction (blue).

3.3.3. Enzyme loading and immobilization yield of EFSBGAL

The amount of enzyme loading accommodated bylegradable packagingiaterial is an
important parameter fordetermining degradation timeA range ofdifferent CALE0.53to 1.92
wt%) loaded EFSEPCLwebs were preparedmmobilization yieldsind correspondig retaired
protein content in solid webat differentenzyme loading levels the polymer spinning solutions
is shown in Figure 3.4measuremenif immobilization yield reveat how much enzyme added

to the polymer solutiorwasretained after solution blowingProtein content means the amount
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of protein detected in the final wehand protein loading means the amount of protein initially
added to the spinning solution before stikn blowing.At low enzyme loading, immobilization
yieldshad ahigher valuenvhichdecreased with increasing CALB loading in the spinning solution.
This indicates that aiow concentration,it was possible toform a stable waterin-olil
microemulsionthat could entrap most of the enzymm the PCL nanofibersdowever, he
immobilization yield was only around 20% 884 (%) protein loading in the spinning solutipn
which couldbe caused bynstability ofthe microemnulsion (due to high water phasey inability

to dry all solventuring thesolution blown procesAdditionally, there may have been an artifact
error in the Rapid BCA protein determination technique because the control sample Ha@Llno
molecules whereas the protein content sample coriined some degraded PCIlAnother
explanation for the less than 100% immobilization yields may be that a cqrteiion of the
enzyme is aerosolized and blown awaigh the high-pressure air. High enzyme loading might
lead to less interaction between polymer and enzymes or a decrease in the space available for
entrapment, leading to increased enzyme loss to the gpueged airflowFurther work would be
needed to clarify the specific cause(s) for the decrease in immobilization yield as enzyme loading

increases.
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Figure3.4: Immobilization yield of EFSBCland retaired protein in the solid EFSBRClwebs
with different enzyme loading the spinning solution

3.3.4. CALBEFSBNPClLcatalytic activity

Immobilized enzymactivity depends orimmobilization methodsprocessing conditiongarrier
materials type,and the supporting material's final fornCALBoaded EFSBRCLwebs are
entirely degradable in buffgfTrisHCI buffer, 100 mM, pH 8.B)cubationat 403 whichreleases
CALB into the buffer as a free enzynmide released enzyme behavbke a free enzyme
responding to lipase activity analysis. The activity ofrdeased CALBas calculated based on

the protein content detected in the solid webdhen, the relative activity of enzyme
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functionalized webs was measured as the activitgejradedEFSBNPClwebs compared to the
activity of an equivalent amount of free enzyme content, expressed as a percedtaganple
calculationof lipase activity of free CALB and released EFSBNaBAEBown in supplementary
data at Appendces (A 3.]). The lipase activities of CALEEFSBNPCL webs relative to their
measured protein content are presented Fgure 3.5. The EFSBRCLshowed around 506
retained catalytic activity, indicating thathe enzyme delivered through the solution blowing
nozzle was stilictivein the final solid web products. Thetained catalytic activity also indicated
that immobilizedCALBetainedits native structure in PGthloroform solution or was able to
recover its native functional structure aftdegrading web abuffer. Thsfinding ofa high level
of retained relative activity revea that the solutionblown spinningprocess is an excellent

technique for entrapping lipasato a PCL carrier froma PCLorganic solvent solution.
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Figure3.5: Relative catalytic activity of CAEBESBNPCL webs with varying protein content in the
solid webs.
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3.3.5. Enzyme distribution in EFSBN by confocal microscopy

To determineentrapped CALBiIstributionin EFSBNWCL webs, CAlBslabeled with fluorescein
isothiocyanate (FITCandthe resulting FIT€&aggedCALBvas entrapped in EFSBXLwebsby
solution blow spinning FIT&aggedCALBEFSBNPCLwebs were analyzed by laser scanning
confocal microscopyThe resulting images ofvebs with 032 and0.50 (w/w)% entrapped FITC
labded CALB are displayedrigure3.6 andFigure3.7, respectivelyThese images illustrate that
CALRlistribution in EFSBRClwasnot homogeneousThe microscopic appearance is consistent
with aqueous liquid enzyme solution fomg a waterin-oil microemusion in PGIAOT
chloroform solution After solution blowing, enzynsremaired as ggregatesn the dried PCL
webslikein the solution phaseAlthough the appearance is not homogeneous, this nevertheless
indicates that solution blowing of enzymaded FCLsolutions is an excellengntrapment

processor enzymes

Figure3.6: Laser scanning confocal microscopy images of the distribution oft&d§€dCALB
(0.32 w/w%) entrapped EFSBIMCL webs: (Al) raw image and (AZedes image. Green
represents the quantity of enzyme distribution along fifser.

131



Figure3.7: Laser scanning confocal microscopy images of the distribution ot&i§E€3dCALB
(050 w/w%) entrapped EFSBRCL webs: (Al) raw image and (A2edes image. Green
represents thegquantity of enzyme distribution along the fiber.

3.3.6. Enzyme position and distribution analysis in EFSBN by-JFS

The ToFSIMS spectra and distribution maps revealed the distribution and position of the
immobilizedlipase Thehigh lateral resolution masgsctral mapsof SBNPCL webs antl.30%
CALEBEFSBNPCL websire shownin Figure3.8 and Figure 3.9, respectivelyThenegative ions
(CN and CNQ and total ions ratio ofthese three sampleare shown inFigure3.10. Overall,
EFSBNPCLdid not show significant nitrogen peaks intensityat indicated the EFSBRCL
nanofibers did not have enough protein molecules on the surface for detectionSI§ is
limited to detecting ion fragments within-2 nm depth of the surface of a specimen. So, for low
enzymeloaded EFSBRCLwebs, the TofSIMS results indicate thahe amount of enzymeon

the surfaceis minimd, and most enzymes are located inside thanofibers.
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Figure3.8: ToFSIMShigh lateral resolution mass spectralaps (analysis area 100x100 f)rof
SBNPCLwebs.
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Figure3.10: (CN+CNO)/total ion count graph of SBOL, 0.53% CAEBSBNPCL and 1.30%
CALBEFSBNPCL webs.
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3.3.7. Enzymatic degradation dEFSBNPCL

PCLis an excellent candidate for controlled release amther applications but the slow
degradability of PCL limits its use for systems that require shorter lifetitdemiform placement
of CALB enzyme into PCarriers and fabrication approaeh that createa higher surface area
also directlymcrease theenzymatic degradability of PGLALB entrapment intsolution-blown
PCL nanofibrous nonwoven web®eets therequirement forhigher surface area and enzyme
distribution throughout thewebs. As a resulfast enzymaticdegradatiors of EFSB¥Clwere
observedfor all loaded websThe visual degradation test results are presentedrigure3.11.
EFSBNPCL webs were incubated in tris buféaution (100 mM, 8.0 pHyith handshakingeach
five mins intervals a403 . Figure3.11 showsthat 1.90 and 1.92 wt% CAlldaded EFSBRCL
websdegradedsorapidly thatby 15 minghese webs wereompletdy degraded Everthe lowest
CALB loaed (0.53% EFSBfCldegradedmuch faster(within 60 mins) than reportedor 1.3%
CALB embeddedCL films that required 24 his achieve complete degradatid§’

Packaging materialsvaste disposal ia massiveproblem today EFSBNPCL would banexcellent
addition todevelop degradable packaging materials that carsbistainablydisposedafter use.
For potential disposal by soil burial is necessary to degrageckaging materials at ambient
conditionrs. For this purpos&sFSBNPCL webs were immersed in tris buffed@imM, 8.0 pH) and
kept at room temperature to investigate degradationthe ambient environmentFigure3.12
shows the enzymatic degradatiai EFSBNCL webat room temperature Bothhigh and low
loaded CALBEFSBNPCL webs were degraded within 24 ,iwhichimpliesEFSBNPCLcould be
used as degidable packaging materiads for various agricultural applicationdisposedf in soil

after use and degradedapidlyin naturallywet soilor by wetting the soil to trigger degradation
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Incubation (438 . 15 mins)

l Incubation (43 .30mins)

l Incubation (43 ., 45 mins)
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