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1. Introduction

Lipases accept a quite broad range of substrateslihand
selective reactions and therefore widely used iniouar
applications such as industrial biotransformations
immunosensing and biomedical processesAs general
requirement for a successful application, thesalgsts must be
stable and fully functional under process condgiorhe process
conditions such as temperature, presence of orgaojsolvent,
pH-value or pressure quite often differ from thetunal
environment of enzymes. Enzyme immobilization mdthaay
offer possibilities for the physical stabilizatibrimmobilized
enzymes are advantageous in various commerciaicapiphs
due to the convenience in handling, the ease odraépn of
enzymes from the reaction mixture and reuse, theered
production costs and the possible increase in thleand pH
stability. A carrier or an entrapment matrix for zgme
immobilization should be biocompatible and shoutdvile an
inert environment for the enzyme molecules keerptirgy native
conformation of the enzymes and not compromisingirth
biological activity. Although entrapment is a gerigrapplicable
and robust enzyme immobilization method, many o& th
traditionally obtained polymeric matrices provideot tight
environment for the enzyme molecules thereby redudheir
catalytic activity. In case of immobilized enzymbg&catalysis is
carried out in heterogeneous phases, thus diffubimier is
among the key factors governing the efficiencyhaf process. In
this respect, permeability and diffusion path léngf enzyme
carrier or entrapment matrix are critical points.

Recent developments in nanotechnology have provided
wealth of diverse nano-scaffolds that could potdlgtiserve as
supports for enzyme immobilizatidrAmong the several nano-
sized materials, polymer nanofibers are promisiagriers or
entrapment matrices for enzyme immobilizatfofiraditional
methods for polymer fiber production include mglinging, dry
spinning, wet spinning and gel-state spinning.
electrospinning technology allows the productiorarfy, three-
dimensional, ultrafine fibers with diameters in thege of a few
nanometers to a few microns and lengths up to kiteraeby
using an electrostatic fieldThe unique properties of nanofibers
could be utilized, such as extraordinarily highface area per
unit mass, very high porosity, tunable pore simeable surface
properties, layer thickness, high permeability, lbasic weight,
ability to retain electrostatic charges and codeativeness,
among others. Although a number examples exist agxazyme
immobilization on the surface of nanofibérspnly a few
experiments were reported on lipase entrapment withi
nanofibers. For example, lipase frddseudomonas fluorescens
(Lipase AK) was already immobilized in polyurethandJi®
nanofiber$, and lipases fromCandida rugosd, Rhizopus
oryzaé® and Burkholderia cepacia (Lipase PS} were
encapsulated in simple PVA nanofibers.

In our previous study, it was found that electrosfRMA
nanofibers were applicable for entrapment of lipdsem
Burkholderia cepacialLipase PS) and lipase B fro@andida
antarctica (CalLB). The Lipase PS and CalLB biocatalysts
entrapped in PVA nanofibers were durable biocatakgttining
significant part of their original biocatalytic adty after 10
recycling (40% with Lipase PS; 80% with CalLB).

One of the most successful strategies for enharmimayme
activity during immobilization involves tuning th&hape of the
active site of the enzyme by molecular imprintinghnsubstrates
or their analogue¥™ The mutual effect of bioimprinting
influencing the activity and enantioselectivity dpases was
demonstrated by immobilizations using sol-gel gnrant™®*’
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The bioimprinting effect could be rationalized dr basis of the
generally accepted hypothesis of the interfaciativation
mechanism. The active site of many lipases in agsisolution
is covered by a flexible region of the enzyme molec often
called as lid. Interaction with a hydrophobic phasen cause
opening of the lid to make the active site accésst® This
hypothesis is supported by crystal structurespzsés involving
open and closed forni%** Since interfacial activation can cause
a dramatic increase in catalytic activity, it is pfofound
importance for all applications of lipases, andudtialways be
considered when develop immobilization methbdalthough
bioimprinting proved to be an efficient tool to mdate the
properties of entrapped lipases, this strategy has been
combined with entrapment in electrospun nanofibets y

Herein we report efficient bioimprinting of threedges from
Pseudomonas fluorescenfipase AK), from Burkholderia
(Pseudomonas) cepaciglipase PS) and fromCandida
antarctica (CaLB) entrapped in poly(vinyl alcohol) (PVA)
nanofibers. Three types of additives, such as gtbjjene
glycols, non-ionic detergents and organosilanes, ewer
investigated as bioimprinting molecules for the a$ps.
Polyethylene glycols and non-ionic detergents welready
applied as substrate analogs exhibiting bioimprgnteffects in
sol-gel systems, but their effect in PVA entrapmeag hot been
investigated yet. In a previous study, the bioimiing effect of
several organosilanes applied as silane precuigdosm the sol-
gel matrix was considered assuming their substraiglog
function.’ In this study the bioimprinting effect of orgarlasies
such as phenyltriethoxysilane (PTEOS), octyltrietsilane
(OTEOS) has been clearly demonstrated.

2. Results and discussion

To test the optimal immobilization conditions, ars
amounts of Lipase AK were entrapped in electrospun Riv&ks

ThelTable 1 and Figure 1). After selecting 5% lipasadiag as

optimal during PVA entrapment, three different lipagkipase
AK, Lipase PS and CalB) were investigated with ratilgna
selected additives as bioimprinting agents (TaRle8 and 4).
Catalytic properties of the formed biocatalysts wegsted in
kinetic resolution (KR) of racemic 1-phenylethan@hc-la)
using vinyl acetate as acylating agent (Schemerihglly, the
nanofibrous CalLB biocatalysts formed by entrapmeént
electrospun PVA nanofibers in presence of the additnausing
the most significant activity enhancements werestest KRs of
1-phenylpropan-2-ol réc-1b) using vinyl acetate or vinyl
jputyrate as acylating agents (Scheme 1, Table 5).
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Scheme 1. Kinetic resolution of racemic secondary alcohols
(rac-1a,b) catalyzed by lipase biocatalysts immobilized by
entrapment in PVA nanofibers with vinyl acetate vonyl
butyrate as acylating agents.

2.1.Loading of Lipase AK for entrapment in PVA nanofiber

An important goal of enzyme entrapment is to reach a
optimal enzyme loading. At optimum, the highest biatytic
activity can be achieved with the lowest amount ef taluable



enzyme. To optimize enzyme loading in the coursentfapment
of Lipase AK'in PVA nanofiber, electrospinning was maed

5% Lipase AK was determined as optimal loading in PVA
nanofibers to provide a homogenous nanostructurechtalyst

at different enzyme/PVA ratios (Table 1 and Figur&).S of high activity yield.

Catalytic properties of the formed biocatalysts weested in
kinetic resolution of racemic 1-phenylethanadla, Scheme 1
and Table 1) using vinyl acetate as acylating agent

Although increasing the enzyme
nanofiber formation resulted in biocatalysts ofreasing activity

(c) with excellent enantiomeric excessgg..,), the standard
deviation of these biocatalytic parameters alsaeimsed (Table

1). In addition, at high lipase loading nanofibebrication
become more and more difficult (at enzyme contedfo3no
nanofiber formation was possible). Moreover, theréase of

2.2.Bioimprinting of lipases in PVA nanofiber

After selecting 5% lipase loading as optimal duriRyA

loading during pva e€ntrapment, three different lipases (Lipase AK, k@S and

CalLB) were investigated with rationally selected #deds as
bioimprinting agents. Studies with sol-gel entrappégthses
showed that theliyand induced memotycan also prevail in sol-
gel matrices, thus the immobilized lipase caantfember the
imprinting effect even after removal of the templatolecule
For this reason, selection of proper bioimprintiggnts might be

specific biocatalytic activitys) was not proportional with the crucial to improve the biocatalytic activity andessivity of the

lipase loading in nanofibers. The most beneficiivity yield
(Ya=178%) was observed at 5% lipase loading.

Table 1. Kinetic resolution of 1-phenylethanabg-1a) with
Lipase AK in PVA nanofibers of different enzyme diireg
(time 2 h, reactions in triplicate)

Enzyme content [ €8R)-2a Ug® Ya?
(%) (%) (%) ug? (%)
100 48.3+0.03 95.2+0.03 33.3 100
5 4.2+0.04  99.4+0.03 2.9 178
10 5.9+0.14  99.4+0.01 41 126
15 10.2+0.18 99.6+0.03 7.0 143
20 18.4+0.88 99.6+0.05 12.7 169
25 20.6£1.93  99.5+0.07 14.2 155
33 - - - -

“ Ug is the effective specific activity of the biocasst

enzymes. Tween 80, Brij 30, PEG, olive oil, lauriégdawere
studied as potential imprinting agents for lipasessol-gel
matrices?” In addition to the fact that the organosilane prsors
were able to influence the sol-gel matrix structuite,was
assumed that they could act as bioimprinting agestsvell*’
The fact that lipases could accept alkoxysilaness\asstrates
during oligomerization of dimethlydiethoxysilane (DMEOS)
supported this hypothedi, but in sol-gel systems these
influencing factors could not be isolated from eacther.
Therefore, in this study four different organosdan(TEOS,
PTEOS, OTEOS and DMDEOS) were investigated for the first
time as bioimprinting additives — besides four vkelbwn
bioimprinting molecules (Brij 30, Tween 80, PEG 40@ &2EG
1000) - to enhance the biocatalytic properties ipases
entrapped in PVA nanofibers.

The three different lipases (Lipase AK, Lipase P8 @aLB)

[Ug= (n,acxc)(txms)'q, Ue is the effective specific activkthy of the entrapped in PVA nanofiber in the presence of theerit

crude, non-immobilized enzymaJf= (n.xc)(txme)]; ° Ya is
the activity yield = JBOOXPBX%)/(UEXHE)]; ¢ Crude, non-
immobilized Lipase AK; no fiber formation

Scanning electron microscopy (SEM) was used to sthdy

morphology of PVA nanofibers with different lipaseatting (it

expressed as m/m% compared to the mass of PVA; Fiure
SEM pictures at 5000x magnification showed significa

diversity of fiber uniformity depending on the enzy content
(Figure 1). Without enzyme or at 5% lipase loaditing formed
PVA nanofibers were arranged as a well-defined narcisned

tissue with average fiber diameter of 500 nm (Figh#g. At

lipase loading of 10% or above (Figure 1C, D, En&jles and
confluences between the polymer fibers appeared taed
structure of the nano-tissue was non-uniform. Elegargn
analysis of nanofibers with higher enzyme loadinggested
significant protein aggregation in the non-fibroaea (Figure
S6).

bioimprinting agents (PEGs, NIDs and organosilanegre
tested in KR of 1l-phenylethanalac-la with vinyl acetate
(Tables 2, 3 and 4).

Immobilization of Lipase AK (from Pseudomonas
fluoresceny in PVA nanofiber in presence of bioimprinting
agents resulted in improved activity yieM,) as compared to the
entrapment without additive (Table 2). Moreover, the
enantiomeric excess valuesgfk).;) also improved in each case
compared to thee values achieved with the native Lipase AK
(eqRr)-2a= 99.4%) or Lipase AK in PVA without additiveg ;.=
95.2%), particularly when Tween 80Y[E 931%, eqgy.2a=
99.8%)] or PEG 400 ¥,= 885%,eqg...= 99.7%)] were applied
as bioimprinting additives. Among the organosilaneSEOS
[(Ya= 290%, eqgr2a = 99.6 %)] and OTEOS additivesYl=
275%, eqr.n= 99.7%)] as additives enhanced the specific
enzyme activity (Table 2).

Table 2. Effect of bioimprinting agents on performance of
PVA-entrapped Lipase AK in kinetic resolution of
1-phenylethanalac-1a with vinyl acetate (reaction time 2 h)

Additive c €8r2 Ug® Al

(%) (%) ugh (%)
¢ 48.3 95.2 33.3 100

4 4.3 99.4 3.0 178
Brij 30 8.3 99.8 5.7 345
Tween 80 225 99.8 15.5 931
PEG 400 21.4 99.7 14.7 885
] W e \E S AEMBAl  PEG 1000 39 99.6 27 160
analysis of Lipase AK entrapped in PVA tgos 45 99.8 31 188

nanofibers at different enzyme content: 0 % (A), @)% 10%

(C) 15 % (D), 20% (E) and 25 % (F). PTEOS 7.0 99.6 4.8 290
Based on the investigation of -catalytic behaviord an OTEOS 6.6 99.7 4.6 275
DMDEOS 3.8 99.6 2.6 158

morphology of the forming fibrous biocatalysts epment of




4
% Ug is the effectlve specific activity of the biocaisi
[Ug= (NiaexC)(txmg)’ * Ue is the effective specific actlvgty of the

crude, non-immobilized enzymeaJ{= (nracxc)(tme) 4:;

the activity yield ¥Ya= 100;<UB><mB)/(UE><mE)] Crude non-
immobilized Lipase AK;" Lipase AK entrapped in PVA
nanofiber, without additive

The X-ray structure of lipase frofdseudomonas aeruginosa

Tetrahedron

Immobilization by electrospinning entrapment withitvVA
nanofibers enhanced significantly the enzyme dgtivof
entrapped CalLB (Table 4).

Table 4. Effect of bioimprinting agents on performance of
PVA-entrapped CalB in kinetic resolution of 1-phietiganol
rac-1a with vinyl acetate (reaction time 2 h)

(analogous to Lipase AK) complexed with nonaethylgheol Additive €G22 Ug A
(PDB code: 3CN9§J indicated that PEG 400 molecule (%) (%) (Ug?h (%)
(consisting 8-9 ethylene oxide monomers) couldifio the ¢ 8.3 98.7 5.7 100
active site of the lipase thereby stabilizing theaative ¢ 15.0 99.8 10.4 3605
conformation during the immobilization process. Brij 30 13.0 99.8 9.0 3124
Presence of bioimprinting additives in immobilipati of  Tween 80 16.6 99.9 114 3983
Lipasg PS (fromBgrkhoIderia cepacip i.n. electrp_spun PVA  pbEg 400 213 99.9 14.7 5118
nanofibers also improved the specific activity artbe
enantiomeric excess (Table 3). PEG 1000 14.8 995 10.2 3553
Table 3. Effect of bioimorinti ) ; fTEOS 8.8 98.6 6.1 2118
able 3. Effect of bioimprinting agents on performance o
PVA-entrapped Lipase PS in kinetic resolution of "TEOS 18.6 §-° 128 4460
1-phenylethanalac-1a with vinyl acetate (reaction time 2 h) OTEOS 18.8 o6 12.9 4499
Additive c €8r-2a UBB1 Ya? DMDEOS 12.3 99.7 8.5 2957
5 (?1)7 g/s)l € 38) 7 (0/10)00 “ Ug Is the effectlve specific activity of the biocasi
’ : ’ [Ug= (NraxC)(txmg)” * Ue is the effective specific alctlvg)ty of the
- 3.6 98.8 25 172 crude, non-immobilized enzymdJ§{= (nracxc)(tme) 1 7 Yais
. the activity yield ¥a= 100xUgxmg)/(Ugxmg)]; = Crude, non-
Brij 30 13.6 99.5 9.4 654 immobilized CalLB * CaLB entrappe é in PVA nanofiber, without
Tween 80 11.0 99.8 7.6 526 additive
PEG 400 42.2 99.7 29.1 2022 Even the simple PVA nanofiber-entrapped CalLB biogatal
PEG 1000 2.3 98.7 1.6 109 showed thirty times higher activity than the non-iofitized
TEOS 30 99.1 20 142 CalLB powder. Addition of the bioimprinting agents ther
enhanced the catalytic properties of PVA-entrapped BCin
PTEOS 6.5 99.6 45 812 each cases. Like with the other two lipases, PEG 460@ed to
OTEOS 5.1 99.2 35 242 be an especially efficient additive with CalLB remgtin a
DMDEOS 1.9 98.6 1.3 92 biocatalyst with more than fifty times higher spé&c#ctivity as

a

Ug Is the effectlve specific activity of the biocasi
[Ug= (NiaexC)(txmg)” * Ue is the effective specific act|V|ty of the
crude, non-immobilized enzymeaJ{= (nracxc)(tme) Y, is
the activity yield ¥a= 100><UB><mB)/(UE><mE)] Crude, non-
immobilized Lipase PS:Lipase PS entrapped in PVA nanoflber,
without additive

The PEG 400 additive showed the extremely
enhancement in specific enzyme activity of PVA-guped
Lipase PS with excellerdie (Ya= 2022%,e8g)2a= 99.7 %). This
beneficial effect of PEG 400 can be explained algthe X-ray
structure ofPseudomonas cepaci@DB code: 5LIP), where a
1,2-bis-octylcarbamoyloxy-ethylester in the activesite
(comparably long to PEG 400) could maintain the treac
conformation of the enzynf8. PTEOS and OTEOS
organosilanes were also beneficial for the enzymévigc of
entrapped Lipase PS. Notable, that PTEOS could weprmt
only the activity yield Ya= 312%) but also the enantiomeric
eXCeSS€Qr).2a = 99.6%).

The three-dimensional structure of the lipase Bmfro
Pseudozyma (Candida) antarcti¢@alLB) has been resolved by
Uppenberd®?’ CalLB contains only a small lid covering the
active site”® Therefore, itwas thought earlier that the typical
interfacial activation of lipasé™ is not a characteristic feature
of this enzymé&® However, recent structural investigations
revealed the open and closed state€afB and the mechanism
of interfacial activatiorf” The fact that CalLB is one of the most
studied enzyme and this recently discovered int@&factivation
mechanism focused our interest to investigate lthase in the
most detail.

large

the native powder with enhancedg,.,, of the product (99.9 %;
compared to 98.7% with the native powder). Among the
organosilanes PTEOS and OTEOS additives exhibitetdfisignt
bioimprinting effects on CaLB, with more than foftydr times
enhanced specific activity as the native enzymerdiiig the
product R)-2 in high eg).2.(99.5 %).

Next, the study was extended to 1-phenylpropan{2act1b)
as another alcohol and to vinyl butyrate as a st@wylating
agent. The results found for the series of KRs-phénylethanol
rac-1la using vinyl acetate as acylating agent remainetigbigr
valid in this extended study of non-immobilized GalLCalB
entrapped in pure PVA, or in PVA doped with Brij 30, PE®,
PTEOS and OTEOS in KRs of 1l-phenylethamat-la with
vinyl butyrate and 1-phenylpropan-24@c-1b with either vinyl
acetate or vinyl butyrate as acylating agents @ab). As
expected, the overall characteristics of the CaliBcdtalysts
changed compared to the KRrafc-1a with vinyl acetate (Table
4) but the most powerful bioimprinting agents Br§ 8nd PEG
400 remained quite effective within all series. Tnganosilanes
PTEOS and OTEOS as additives exhibited much lesspsaim
negligible bioimprinting effects on CaLB when apglien the
three additional KRs.

To understand at the molecular level the reasonghef
outstanding activity enhancement of Brij 30 and RPBG and the
moderate activity enhancement of substituted orgjfares with
relatively large apolar substituents, such as OTEQBSRTEQOS,
molecular docking and modelling studies were perémrm the
active sites of the recently published open andlosed lid
structures of CaLB (Figure 5y Bookmark notdefined. &3, 9531 was
to draw conclusions based on the predicted statBsijda30, PEG
400 and the partially hydrolyzed derivatives of OTE®@JEOS,



DMDEOS, and bulkiest producRf-3b within the open and a structure of CalLB complexed with a long chain
closed lid structures of CalLB. The poses foundBaj 30 and  methylpenta(oxyethyl) heptadecanoate substrateognal (PDB
PEG 400 in the closed lid structure of CaLB (FigRreanels A  code: 1LBT}® thus enforcing our conclusions to rationalize the
and C, respectively) were in good agreement with Xhay bioimprinting effect of these two additives.

Table 5. Effect of bioimprinting additives on the cataly‘hcoperties of PVA-entrapped CaLB in kinetic resioln of racemic
Y

secondary alcoholsdc-1a,b) using vinyl butyrate or vinyl butyrate as acylatiagents
Additive c (%) ee (%) Ya? (%)

(R-20°  (R-3  (R)-3b° (R-20°  (R-3  (R)-30° (R-20°  (R-3a  (R)-3b°
d 21.0 0.8 75 99.2 98.4 97.9 100 100 100
- 5.9 0.5 4.3 98.4 96.5 99.6 280 237 115
Brij 30 27.6 16.0 38.2 99.5 99.9 98.3 1311 8496 6362
PEG 400 29.6 14.0 34.3 99.5 99.7 99.0 1406 7438 9157
PTEOS 33 0.3 21 98.2 95.7 98.7 158 183 354
OTEOS 2.4 0.5 3.3 96.0 97.4 99.0 116 269 542

Y is the activity yield Ya= 100xUgxmg)/(Ugxme)]; “reaction time: 2 hireaction time: 10 h; Crude, non-immobilized CaLB’
CalB entrapped in PVA nanofiber, without additive
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Figure 2. Docking of various additives and the produg}-8b into CaLB with open lid conformation (refined model of 546
chain A, in cyan) and CalLB with closed lid conforioat(refined model of 5A6V: chain B, in light browrRanels: (A)Brij 30 in

closed CalLB; (B) Brij 30 in open CalLBC) PEG 400 in closed CalLB; (D) PEG 400 in open Ca{lB; overlay of poses of
partially hydrolyzed OTEOS in both CalLB forms; @erlay of poses of partially hydrolyzed PTEOS @ithCalB forms; (G)

overlay of poses of partially
Images were created by Mae

The docking results revealed that PEG 400 and Brih&ve
distinct arrangements in the case of open CalLBvectite
(Figure 2, panels A and C, respectively) and in dtwesed lid
conformations (Figure 2, panels B and D, respegtjyel
preferring the binding to closed one with signifitganmproved
affinity values. It could be seen that both addivembrace the
mobile lid loop when binding to the closed form. Bese of the
significantly higher affinity values of the addiés to the closed
form of CalLB (Table S1), it is probable that duririge
electrospinning most CalLB molecules adopt such fofinis
means at the same time protection of the closectiveaform
during entrapment and also reserving an enlargadesavailable
for the active site lid after washing out the additfrom the
active site. The removal of the additives is obsgjoatherwise
they would act as inhibitors. This double effectorgerving the
reactive active site conformation but providingefrepace to
active site lid movements — can significantly imgrothe
catalytic activity during the acylation reactiofi$ws the docking
study revealed two synergistic effects (reactive faonation
stabilization and mobility enhancement of the atid) resulting
in the beneficial bioimprinting effects on CalLB apbbably on
the other lipases as well.

Based on the experimental results, significaned#fices were
expected between the most effective medium lengi@ Bits-
containing additives (Figure 2A-D) and the orgarosl
compounds (Figure 2E-G). The computed spatial aerwents
of the organosilanes were compared to
arrangement of the produd®)¢3b (Figure 2H). In all the cases it
is clearly visible that the Si atom of the partialiydrolyzed
derivatives can occupy a location next to the gttakerine side
chain. Although DMDEQOS could be docked also with it&t8im
close to the catalytic triad, it seems not largeougi to
significantly stabilize the active conformation thie active site,

while OTEOS and PTEOS share similar sizes and overalfween 80

arrangements compared t&){3b in both active sites, therefore
suggesting overall active site stabilization durimgnobilization
by substrate mimicry. This effect, however, withouo\pding
the space for free movements of the active siteclidild cause
only much smaller and variable activation.

2.3.Effect of additives on the polymer chain interattio

In case of enzyme entrapment in polymer matrixudilg
nanofibers, the physico-chemical parameters of immataterial
may significantly affect the apparent enzyme agtiand the

the compute

%drolyzed DMDEOSHath CalLB forms; (H) overlay of poses &){3b in both CalLB forms.
0.

final properties of immobilized biocatalyst. Esplyi

interactions between polymer chains can influeneediffusion

barriers, which can strongly influence the appagdfitiency of

the immobilized biocatalyst. Thus, rheological beba

(dynamic viscosity) of the initial enzyme-polymeteditive

mixtures and thermal characteristic [glass tramsitemperature
(Ty and specific heat capacitylq,)] of final enzyme-filled
nanofibrous materials were also investigated (Téhle

According to Kramers theory, the biocatalytic activiof
enzymes could strongly depend on the viscosity afent
because viscosity results in friction of proteinsolution leading
to decreased motion and inhibiting catalysis inila@nzymes?
Thus, viscosity of the medium during entrapmentld¢dwave an
effect on the properties of the immobilized enzyimeaddition,
viscosity can significantly influence the fiber fioation during
electrospinning. The dynamic viscosity of PVA solaan the
presence of the eight different additives were deitezd by a
rheometer. The additive-PVA mixtures were Newtoniarndflu
with stable viscoelasticity (Figure S2). At the stdel 0.06 v/Iv%
concentration, none of the surfactants and orgkames studied
as bioimprinting agents changed significantly tiezwesity of the
solution compared to the pure PVA solution, except DNISE
causing a slight increase of the solution’s visgosTherefore,
effects of the additives on the entrapped lipaseldcomot be
attributed to a change of the viscosity of the medi

Eable 6. The effect of different additives on the viscosity
glass transition temperaturdg and specific heat capacity
(4AC,) of electrospun PVA nanofibers.

Additive V('rf]cF‘,’;s't)y (E,Tg) o é‘fﬁpc_l)
5009 714 030
Brij 30 551.9 66.8 0.24
532.3 67.9 0.29
PEG 400 516.7 45.9 0.08
PEG 1000 525.8 67.7 0.18
TEOS 4935 71.0 0.28
PTEOS 496.6 707 0.29
OTEOS 500.4 70.6 0.30
DMDEOS 5752 70.8 0.30




Among the additives, only PEG 400 had a signifiedfect on

(3)-1-Phenylethanol rac-1a), (x)-1-phenyl-2-propanol réc-

the T, of nanofibers (a decrease Bf 25.5°C, compared to the 1b), vinyl acetate, vinyl butyrate, sodium phosphateno- and

PVA fiber without additive). In the case of PEG 400addlitive,
the specific heat capacity also decreased signifigaindicating
weaker interactions between polymer chains. The higegree
of branching within the entrapment matrix could fesulower
diffusion barrier for substrate / product mobilitghereby
contributing to the increase of apparent activity the
immobilized lipases.

2.4.Reusability of lipase entrapped in PVA nanofibers

The reusability of CaLB entrapped in PVA nanofiberthaut

dibasic, hydrochloride acid, sodium fluoride, peoipfl-alcohol)
(PVA, Mowiol® 18-88), tetraethoxysilane (TEOS),
phenyltriethoxysilane (PTEQOS), octyltriethoxysilaf@TEOS),
dimethyldiethoxysilane (DMDEOQOS), polyethylene glycdDO
(PEG 400), polyethylene glycol 1000 (PEG 1000), piblylene
glycol dodecyl ether (Brij 30), polyethylene glycgbrbitan
monooleate (Tween 80), hexane were purchased from
Sigma-Aldrich (Saint Louis, MO, USA), Alfa Aesar Europe
(Karlsruhe, Germany) or Merck (Darmstadt, Germany)veSus
(hexane, methykert-butyl ether (MTBE) were obtained from

and with PEG 400 as additive were investigated in tiine Merck (Darmstadt, Germany). Amano Lipase AK (lipasenf
resolution ofrac-1a in 8 repetitive reaction cycles. The behavior Pseudomonas fluorescgnand Amano Lipase PS [lipase from

of two biocatalysts were quite similar, the sigrdfit part of
enzyme activity was conserved after the repeatettiogacycles.
The beneficial effect of PEG 400 on the enzyme d#gtiwas
retained even after 8 runs (Figure 3).

Burkholderia cepacia(formerly Pseudomonas cepagjawere
obtained from Sigma-Aldrich (Saint Louis MO, USA). CakB
lyophilized enzyme powder (recombina@andida antarctica
lipase B) was obtained from c-LEcta (Leipzig, Germany

Figure 3. Reusability of CaLB entrapped in PVA nanofibers in 4-2-Entrapment of lipases in PVA nanofibers by electrospg

kinetic resolution ofrac-1a (2 h at 30 °Ceqg)2. > 95 % in all
cases).

B CalLB in PVA nanofiber

25
B CaLB in PVA nanofiber - PEG 400 additive

Reaction cycles (n)
3. Conclusion

Our study demonstrated the bioimprinting effect wifstrate

mimicking additives (polyethylene glycols, non-iordetergents

and various organosilanes) on lipases entrappedPVA
nanofibers by electrospinning technique. Polyethglglycol 400
and Tween 80 proved to be the most effective bioimipg
agents, which were able to increase the biocatadyfivity and

enantioselectivity of encapsulated lipases. Enteginof lipases
in electrospun nanofibers in presence of organosd#asuch as

phenyltriethoxysilane and octyltriethoxysilane walked the
demonstration of the real bioimprinting effect ohese
compounds to enhance the biocatalytic propertidipases.

This study hypothesized for the first time that ariamounts

of well selected additives can cause significantivigt
enhancement of the entrapped lipases by threersacip by
stabilizing the active conformation of the lipas@shy providing
extra room for the mobile active site-covering lidfier their

removal, thus enhancing the turnover frequencyhefreaction;
iii) by slackening the polymeric chain structuretioé entrapment
matrix, thus decreasing mass transfer limitatiés.could show

that in case of PEG 400 being the most effectiveitiaddfor
lipase immobilization by entrapment in PVA nanofiheaB the
three factors play a synergistic role.

4. Experimental section

4.1.Materials and enzymes

For enzyme loading experiments with Lipase AK (Tabje
enzyme solution (100 pL; containing 35.5, 75, 1189, 225 and
332 mg mL' of lipase AK) was prepared in sodium phosphate
buffer (0.1 M, pH 7.5) and was added to PVA solution5(éng;

10 m/m% PVA in distilled water). The Lipase AK coniaip
PVA solution was sonicated for 25 min at 22 °C.

For bioimprinting experiments with lipases (Lipase,A
Lipase PS or CaLB), enzyme solution (100 uL; 35@mi* of
lipase) was prepared in sodium phosphate bufferNQ.AH 7.5).
The enzyme solution and the corresponding addffivelL) were
added to PVA solution (675 mg; 10 m/m% PVA in distilled
water). The PVA solution containing the lipase and the
bioimprinting agent was sonicated for 25 min at 22 °

For electrospinning the lipase-containing PVA solusiovere
transferred into a syringe (1 mL) and were fed ® éimitter at
0.8-1.00 mL H rate using a syringe pump (Aitecs SEP-10S Plus,
Vilnius, Lithuania). The distance between the colleand the
emitter (with 0.7 mm internal diameter) of the elespinning
equipment was 10 cm. Constant voltage ranging fror8Q kV
was applied to the emitter using a direct currengrosupplier
(NT-35 High Voltage DC Supply MA2000, Nagykanizsa,
Hungary). Electrospun fibers were collected on aluminfoil
affixed to the collector. Electrospinning experirteenwere
conducted at room temperature (22+2 °C)

4.3.Kinetic resolution of racemic 1-phenylethanol (rkeand
racemic 1-phenyl-2-propanol (ralis) catalyzed by nanofibrous
PVA-lipase biocatalysts

Immobilized or native lipase (50 mg) was added swlation
of the secondary alcoholrac-la or rac-1b, 50 pL) in
hexane/MTBE/vinyl acetate, or hexane/MTBE/vinyl yrate
6/3/1 (v/viv) mixture (1 mL) in a screw capped amblkass vial.
The resulting mixture was shaken (1000 rpm) at 3GdiC2 h.
Samples (50 pL) taken from the reactions were dilutéth
ethanol (1 mL), then analyzed by gas chromatogrg@y) on
an Agilent 4890 equipment using Hydrod@6TBDM column
(Machery-Nagel, 25 m x 0.25 mm x 0.25 pm, heptaRj8-¢li-O-
methyl-6-O-t-butyldimethylsilyl)8-cyclodextrin) as described in
the Section 1 of the Supplementary material.

Conversion ¢), enantiomeric excesed were determined
from GC data (typical progression curves and GC
chromatograms can be found in the Supplementaryeriadt
Effective specific activity of the biocatalydilf) was determined
using the equatiollg= (N,axC)(txmg)™ (Wheren,, [umol] is the
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amount of the racemic substrate]-] is the conversion of the
substratef [min] is the reaction time anolg [g] is the mass of
the biocatalyst). Effective specific activity ofethcrude non-
immobilized enzyme WYg) was determined using the equation
U= (naexc)/(txme) (wheren,,, ¢ andt are as defined above and
me [g] is the mass of the crude non-immobilized eneynThe
activity yield [Yo (%)] can be calculated from the effective
activity of the immobilized biocatalystgxmg) compared to the
effective activity of the amount of enzyme entrappa the
preparation rfe) as it would be non-immobilizedUgxmg);
using the equatiof,= 100xUgxmg)/(Ugxmg).

4.4.Rheology

The zero-shear viscosity of pure PVA solution, PVA Bohs
with different enzyme content and PVA solution withfeliént
additives were measured at 25 °C using an Anton Phagsica
MCR 301 rheometer with a conical geometry (diametef5
mm/1° cone plate).

4.5, Differential scanning calorimetry measurements

The samples were dried in vacuum (1 mbar, 25 °(h)2and
stored in desiccator above silica gel before thifemdintial
scanning calorimetry (DSC) measurements. Thermakitians
including glass transition of the samples were sidiy DSC
using a PerkinElmer Diamond DSC equipment. 5 to 150fng
samples were heated to 150 °C at 10 °C nfieating rate, kept
there for 2 min to erase thermal history and thesled down to
-20 °C with 10°C min* cooling rate. After 2 min holding time,
the samples were heated again to 150 °C at 10 °C rata to
determine the thermal characteristics.

4.6.Reusability of PVA entrapped lipase

Immobilized lipase (50 mg) was added to a solutibrthe
racemic 1-phenylethanolac-1a, 50 pL; 50.6 mg; 0.41 mmol) in
hexane/methytert-butyl ether/vinyl acetate 6/3/1 (v/v) mixture
(2 mL) in a screw capped amber glass vial. The tieguinixture
was shaken (1000 rpm) at 30 °C for 2 h. Samples(§Gor GC
analysis taken from the reactions were diluted withaeol
(2 mL). Immobilized lipase was separated from rescinedia,
then washed with three times with 5 mL hexane/ MTBE\Z¥/
and dried under vacuum for 1 ¥ 25 mbar). Then fresh solution
of the racemic 1-phenylethanala¢-1a, 50 pL; 50.6 mg; 0.41

mmol) was added to the immobilized Ilipase in

1. Adlercreutz, PChem. Soc. Re2013, 42, 6406-6436.

2. Liese, A;; Hilterhaus, IChem. Soc. Re2013, 42, 6236-6249.

3. Hanefeld, U.; Gardossi, L.; Magner,Ghem. Soc. Re2009, 38,
453-468.

4. Cantone, S.; Ferrario, V.; Corici, L.; Ebert; Eattor, D.; Spizzo,
P.; Gardossi, LChem. Soc. Re2013, 42, 62626276.

5. Ansari, S.A.; Husain, @iotechnol. Adv2012, 30, 512-523.

6. Wu, L.; Yuan, X.; Sheng, J. Membr. Sci2005, 250, 167~173.

7. Arinstein, A.; Zussman, B. Pol. SciB: Polym. Phys2011, 49,
691-707.

8. Liu, C.X,; Zhang, S.P.; Su, Z.G.; WangB#oresour. Technol
2012, 103 266-272.

9. Sakai, S.; Antoku, K.; Yamaguci, T.; Kawakami,JKXBiosci
Bioeng.2008, 105, 687689.

10. Wang, Y.; Hsieh, Y.LJ. Memb. Sci2008, 309, 73-81.

11. Swada, K.; Sakai, S.; Taya M.Biosci. Bioeng2012, 114, 204—
208.

12. So6ti, P.; Weiser, D.; Vigh, T.; Nagy, Z.; PoppeMarosi G.;
Bioproc.Biosyst. En015, submitted.

13. Dickey, F.HProc. Natl. Acad. ScU.S.A 1949, 35, 227-229.

14. Rich, J.0.; Mozhaeyv, V.; Dordick, J.S.; CldkS.; Khmelnitsky,

Y.L. J. Am. Chem. So2002, 124, 5254-5255.

Tetrahedron

hexane/MTBE/vinyl acetate 6/3/1 (v/v) mixture (1min a
screw capped amber glass vial. The reaction was texpess
same way described above.

4.7.Molecular modeling methods

X-ray structure of CaLB [PDB ID: 5A6V{ chain A (with
open lid conformation) and chain B (with closed lid
conformation) were completed and adjusted usingRiaein
Preparation Wizarfl in four steps: (i) hydrogen atoms were
added and bond orders were assigned, (i) artifafctise protein
crystallization procedure and waters were removed) (i
hydrogen bond network, tautomeric states, and itinizastates
were determined and optimized, and (iv) a constdhine
minimization was performed.

A possible set of states of PEG 400, Brij 3®)-8b, and the
partially hydrolyzed derivatives of OTEOS, PTEOS, DMDEOS
bound to CalLB with open lid conformation (refined daeb of
5A6V: chain A) and CaLB with closed lid conformatioef{ned
model of 5A6V: chain B), were obtained by moleculaclkdog
using Glidé* [standard precision with expanded sampling]. The
final, lowest energy binding states were selected dach
molecule after MM-GBSA rescoring [force field: OPLSS3,
solvation model: chloroform with an external relatidielectric
constant of 2.0], using Prinfa.
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Highlights of the manuscript entitled " Bioimprinted lipasesin PVA
nanofibers as efficient immobilized biocatalysts'

» Lipases from different strains entrapped in PVA afdiers by electrospinning
technique were applicable in kinetic resolutions@fondary alcohols.

» Additives, such as non-ionic detergents and orgiames have significant effects on
the biocatalytic properties of entrapped lipases.

» Polyethylene glycol 400 was the most effectivevadtir of the electrospun lipases due
its bioimprinting effect on the enzyme and plaggcieffect on PVA polymer chains.

» Octyl- and phenyl-substituted organosilanes wesntifled as novel bioimprinting

agents in course of electrospun lipase immobilirati
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