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Abgtract : Amyloidsareinteresting biomateriad swith
useful propertiesincluding high strength and resi stance
to degradation. These characteristics make amyloids
suitable nano-structure candidatesfor bio-applications,
including enzymeimmobili zation scaffold a nano-scae
dimensions. Here, glycationinduced bovineserum a-
bumin (BSA) nano-fibrilswere used asascaffold for
glucose oxidase (GOx) immohilization and thekinetic
parameters optimum temperature and pH of thefree
andimmobilized GOx werecompared. Thecovaently
bound GOx on BSA amyloid nano-fibersoxidized glu-
coseto release hydrogen peroxidethat offersasignifi-
cant antimicrobial property against E. coli totheim-
mobilized enzyme product. However, the enzyme’s

catalytic performance (k_/K ) wasdecreased dueto
thecovdentimmobilization on nanofibrils. In addition,
abroadening and an akaline shift inthetemperature
and pH profiles of the enzymewas observed. These
changeswere concomitant with improved stability of
the GOx upon immobilization. Together our results
show that BSA nano-fibrils provide asuitable nano-
sructurefor immobilization of GOx with enhanced sta-
bility and conserved catal ytic activity.

© Global Scientificlnc.

K eywor ds: Amyloid; Catalytic nano-fibers; Glu-
coseoxidase, Enzymeimmobilization.
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INTRODUCTION

Materials at nano-scale dimensions haveawide
variety of bio-gpplications, induding enzymeimmobili-
zation. Proteinsand peptidesare self-assembledtoform
amyloid nanostructures?. Theseversatile bio-materi-
alscan be used as nano-scaffol d to support biological
agentssuch asenzymes®. Amyloid fibrilsasfilamen-
tous ordered assembliesare formed by many proteins
and peptideswhen subjected to glycation and denatur-
ing conditionsincluding extreme pH, temperatureand
ionic strengthf*®l,

Theéefficiency of proteinsand peptidestransition
toamyloidsisgoverned by intrinsic and extrinsic fac-
torsincluding protein type and environmental condi-
tions. Amyloids are composed of  strands, stabilized
mainly by hydrophobi c interactions and compact net-
work of hydrogen bonds making them perpendicular
tothefibril axig¥. Inproteinfibrilogenesisviaglycation
areverd ble Schiff baseformationisfollowed by Amadori
rearrangements and generation of variousglycated end
productgo,

Amyloidogenesis are associated with diseases
known asamyloidosis, such asAlzheimer’s disease
(AD). In diabetes, hyperglycemia consequences
glycation of proteinsinvivowith significant changesin
protein structuresand functiong*?13, These changes
buildup nano-fibrillar precipitatesknown asamyloid
plagueswithintissuesresultingin physiologica dysfunc-
tions. However, more evidencesare being reported on
beneficia functionsof someamyloidsthat arereferred
to asfunctiona amyloidsand thelist of their applica-
tionsaredsoincreasing™. Theseincludebio-film form-
ing or lowering of surfacetensioninbacteria(curli and
chaplins, repectively), involvementin adhesion of fungi
(hydrophobins), protection of insect and fish eggs
(chorion proteins), functioning asabio-adhesivein al-
gee and marine parasited+°, and morerecently it has
been reported that both primary and secondary cements
(for resttachment) of the barnacle (Balanusamphitrite)
are composed of significant amounts of nano-fibrilar
amyloid matrices*®. In addition, amyloids are
biomaterid sthat exhibit useful propertiesincludinghigh
strength and resistance to degradation.

Amyloidfibrilshaverobust mechanica properties
andtheir tensile strength (0.6 + 0.4 GPa) are compa-

rable to metal-based fibers such asAluminum alloy
(0.483 GPa) and Stedl, high strength dloy (0.76 GPa).
Theseinherent characteristicsof amyloidsaremainly
attributed to their hydrophobic and electrostatic
forced?®l. In addition, the high accessible surface areas
of their amino acid residues make amyloid structures
cond derably attractivefor biotechnol ogica applications.
Theseindudeenzymeimmoilization and their goplica-
tionsin nanotechnol ogy!™*"#,

Thestudy of immobilized biocatdystsand their es-
sentia roleinindustrial and medical approachesisa
growingareacf investigation™. For successful improve-
ment and gpplication of immobilized biocatdysts, theen-
zyme support isgenerally considered asthemost im-
portant component. Thus, itisimperativeto devel op new
techniquesfor enzymeimmobilization on cost effective
carrierslikeamyloid nano-fibers. Enzymeimmobiliza
tion could offer advantages such asconserved catalytic
activity, re-usability, purity and sability of theenzyme.

Inthe present study wereport the covaent immo-
bilization of glucoseoxidase (GOx, EC1.1.3.4) using
glutara dehyde on glycation-evolved amyloid fibrilsof
BSA asan enzymeimmobilization nano-scaffold. GOx
oxidizesthe B-D-glucose to gluconicacid by usngmo-
lecular oxygen as an €l ectron acceptor and the produc-
tion of hydrogen peroxide. GOx isusedin many appli-
cationsincluding glucose determinationin avariety of
physiological fluids, preservativein thefood industry,
and asan antibacterial agent(?”.

EXPERIMENTAL

Bovineserum albumin (BSA) FractionV, >95%
protein wasfrom ROCHE. Themembranefilter with
0.2 um pore size (25 mm in diameter) was from
Whatmann (UK). Theglucose oxidase (GOx) and per-
oxidase (POX) were from Sigma (St. Louis, MO,
USA). Theglucose and sodium azidewasfrom Merck
(Germany). Thioflavin T (ThT) and Congo red were
obtained from Fuka. Uranyl acetatewasfrom PELCO.
All other materialswereof analytical grade. All solu-
tionswere prepared with deionized water.

Fibril preparation

Amyloidfibrilswereproducedin asolution of 0.75
mM BSA in PBS (pH 7.4) in the presence of 500 mM
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glucose. The solution was incubated at 40°C for 20
weeksinthedark. The BSA solutionwithout any car-
bohydrate was used as a control. Glycated samples
turned brownishyelow after 4 weeksof incubationand
appeared bi-phasic over 20 weeks™. Followingincu-
bation, samples were pelleted by centrifugation at
13,000 xg for 60 min. The pellets were used as nano-
scaffold for enzymeimmobilization after meetingdl the
criteriafor amyloids (seebelow).

Fluorescenceanalysis

TheAGE formation and proteinfibrillation assess-
ment wasachieved by bothintrinsicand extrinscfluo-
rescence strategiesusing Carry Eclipse spectrofluorom-
eter withtheband dit adjusted to 5nm. Proteinglycation
resultsin production of AGES, whichintringcaly emit
light at 440 nm after excitation at 342 nm,

Thioflavin T (ThT) asabenzothiazoledyeexhibits
enhanced fluorescence upon binding to amyloidfibrils,
andiscommonly used to assessamyloid fibrils, both ex
vivo and in vitrol?ll, The glycated albumin (950 pl)
and control sampleswereincubated with 50ul of 20
uM ThT for 15 minutes at room temperaturein the
dark. Thesampl€’s fluorescence was measured by ex-
citation at 450 nm and the emission recorded at 490
nm. The band dlit was 5 nm and each assay wasre-
peated threetimes. Congo red, aspecificamyloid bind-
ing dye, was also used to assess amyloid-like
fibrilogeness. Congo red binding to amyloid structures
results in hyperchromocity and the red - shift. The
glycated dbumin (50 ul) and control samples (0.75 mM)
wereincubated with Congo red solution (950 ul). The
absorbance spectrawererecorded at thewavelength
of 400-600 nm.

Transmission electron microscopy
Glycation induced structures and the correspond-

ing controlswereanayzed using Transmission Electron
Microscopy (TEM). In brief, sampleswereapplied on
300-mesh grids covered with carbon coated synthetic
Formvar film. After 1 minute, the buffer waswicked
out using filter papers, the prepared samplewasimme-
diately stained with uranyl acetate (1% in water), and
then excess solutions were wicked away and air
dried?d. Transmission € ectron micrographswerere-
corded on aZEISS el ectron microscope (EM 902A)
operatingat 70kV at 22000 x magnification.

Dynamiclight scattering

A Zetasizer Nano S (Malvern) instrument (5
mW HeNe laser, A=632 nm) was used for assess-
ment of fibril hydrodynamic diameter (d.). The
glycated BSA (0.5 mg.ml-!) was taken in alow
volume disposabl e cuvette (1.5 ml volume, path
length 1 cm) and hydrodynamic diameter (d.) was
evaluated several times. The results were pre-
sented interms of distribution of d %3,

Enzymeassay

Protein content was estimated by Bradford
method using BSA asastandard?*?). The col orimet-
ric method based on Trinder’s reaction was used for
the determination of glucose concentration. The GOx
isan oxido-reductase that catalyses the oxidation of
glucoseto hydrogen peroxide and D-glucono-o-lac-
toneinthe presence of oxygen while coenzyme FAD
isreduced to FADH,_[*%4l, Hydrogen peroxideisre-
sponsiblefor certain antimicrobial and bactericidal
effects observed in biological systems. Thiscan be
quantified using thereaction catalyzed by horseradish
peroxidase (HRP) (EC 1.11.1.7) inwhich, hydrogen
donor 4-aminoantipyrine (AAP) isstoichiometrically
oxidized toyield ared quinoneimine dyewith amaxi-
mum absorption at 505 nm7,

B-D-glucose + GOx (FAD) /——ﬁ: D-glucono-3-lactone + GOx (FADH,)

O,

Theworking solutionincluded 80 mMMK_HPO,, 0.1
mM EDTA, 10mM Phenol and5mg.di~' 4-AAP. The
NaN, at 0.02% was also added as an anti - fungal
agent. In brief, the suspension of immobilized GOx on
nano-fibersaswell asthefreeenzyme solution, were
incubated with glucosefor 10 minutes, then 450 pl of

H,0,

working solution was added, and followed by absor-
bance reading at 505nm. Kinetic parameterswereaso
determined a optimum pH and room temperature. Free
andimmobilized enzyme (0.8 mg.mlt) wereincubated
with arange of substrate concentrations (10-200 mM)
and assayed for enzymeactivity. Optimum pH for free
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and immobilized GOx was determined by measuring
theactivity of freeand immobilized enzymein buffers
with different pH valuesranging from 3to 7. To study
thethermal stability of freeand immobilized enzyme,
the sampleswereincubated at different temperatures
ranging from51t0 80°C, and activities were determined
intimeintervas®.

Enzymeimmobilization

Inthisstudy covaent cross-linkingwasusedtoim-
mobilize GOx on BSA amyloid nano-fibers?®#1, The
optimum GOx concentration per fixed amount of the
nano-scaffold was estimated upon construction of the
saturation plot in which GOx at 0.1-1 mg.ml-! was
|oaded on prepared BSA amyloid nano-scaffolds. The
optimum glutaral dehyde concentration wasal so used
to minimize possibleinter- and intra-molecular cross
linking of GOx. In brief, 100 ul of 50 mM glutaralde-
hyde was added to 100 ul of amyloidfibrils, and then
100 ul of GOx was added in the concentration ranging
from0.1-1 mg.mil-".

Theassessment of antibacterial effects

E. coli initslogarithmic growth phasewas cultured
on Muller-Hinton agar, which contained 10 mg.ml-! of
glucose. Glucosefree culture mediumwasprepared as
acontrol. Catalytic nano-fiberswere placed on blank
discs, which acted asahol der. Theanti-bacteria effects
of thecatadytic nano-fibers(GOx onamyloidfibers) were
reveded after incubation at 37°C for 24 hours!®.

RESULTSAND DISCUSSION

Glycationinducedfibrillation of BSA wasusedto
providefibrilar nano-scaffold needed for immobiliza-
tion process. Theextent of fibrillation was confirmed
using various methods. In the presence of glucosea
singlemoleculeof BSA isspontaneoudly and non-en-
zymatically glycated, and re-arranges to form the
soluble'toxicpre-fibrils Thesepre-fibrilsultimatey form
the non-sol uble/non-toxicfibril§3-33, Ina“bottom-up”
strategy!®*4, glycation productsorderly aggregateto
form complex supra-molecular assemblies, which pre-
cipitateintheform of non-solublefibrilsinatimede-
pendent manner®®9, At the early stage of the glycation,
the carbonyl groupsfrom reducing sugar side groups,
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and mostly lysine e-amino groupsfrom protein-side
chains, react to form Schiff bases, which rearrangeto
Amadori products. These oxidized and reorganized
product speciesarereferred to asAGES®. Theforma:
tion of theAGE speciesasthefunction of time (weeks)
isroutinely confirmed by the devel oping of B-structures
using Congored binding, andintrinsicfluorescence (A,
- =342/440 nm). As expected, alinear increase was
observed up to 16 weeks of incubation. Herethere-
sultsof benzothiazoledye, thioflavin T (ThT)-based
extring ¢ fluorescence assay, asthe premier method of
quantifying amyloid nano-fibril formation®?, isshown
inFigure 1a. These binding assaysfurther confirmed
the development of anano-fibril.

Thehydrodynamic diameter of maturesnano-fibrils
at week 20 of incubation was determined using dy-
namic light scattering (DLS) at the detection angle of
632 nm rel ativeto theincident beam (Figure 1b). The
average diameter of theamyloid fiberswas~10 nm,
and isconsistent with previous reports?**1, Themor-
phology of glycation-induced aggregateswasa so char-
acterizedusing TEM (Figure1c). TEM andAFM im-
ages of aggregatesrevea ed aggregation stagesfrom
shorttolongfibrilsand fromlongfibrilstolight-scatter-
ing fibrilsafter 20 weeksof incubation.

Development of scaffoldsat nano-scaleisone of
thefundamentd issuesin nanotechnology!>!. Here BSA
amyloidfibrils, asbio-nano-materia wereused for GOx
immohilization®®37, Toachievelong-term stability while
decreasing leakage, covalent mode of immobilization
wasperformed. Glutard dehydeisroutingy used intwo
modesof gpplicationsfor enzymeimmohbilizationindud-
ing carrier free (formation of intermolecul ar cross-link-
ing that resultsin cross-linked enzymesor CLES) and
carrier binding (formation of covalent linkage between
enzyme and insoluble scaffold with pendant amino
groups). Thereaction proceedsin agueousbuffer solu-
tion under conditionscloseto physiologica pH, ionic
strength and temperaturé®33, Orderly aggregated nano-
fibrilswere used as bio-nano-scaffold in GOx immobi-
lization to produce cata ytic nano-fibers. Theoptimum
GOx concentration for immohilizationwasresulted with
160 pug GOx per mg amyloid nano-fibers at 50 mM
concentration of cross-linker. These were based on
carrier saturation by GOx at pre-defined concentrations
of nano-pre-fibersor fibersand glutara dehyde.
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Figurel: ThT extrinsicfluorescence monitoring of amyloid nano-fibril for mation excitation and emission maximaat 450 and
490 nm, respectively (a). BSA concentrationshavebeen taken at 0.75mM. DL Sanalysisrevealed theaveragesizeof 10nm
in diameter of produced glycation—derived amyloid-fibrils. Glycated BSA after 20 weeks of incubation was diluted with
distilled water and size of fibrilswasevaluated on Zetasizer Nano S (M alvern) instrument (b) and TEM images pr esent
amyloid-fibrilsafter 20 weeks(c).
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Figure2: Antibacterial effect of catalytic Nano-fiber sagainst standard E. coli on freeglucose M uller-Hinton agar (a) and
glucosecontaining M uller-Hinton agar (b).

Dueto the continual releasing of hydrogen perox-  TABLE 1: Kinetic par ameter sof thefreeand immobilized
ide (Hzoz) upon oxidation of B-D-glucose by GOX, GOx on glycation-derived BSA amyloid nano-fibers.

the catal ytic nano-fibersrepresent efficient continuous GOx Kn (MM) Vi (A.Min™)  KeadKin
antimicrobial effect at non-hazardouslow concentras  Free 22.86 0.28 12.20
tionsof H,O,. Toinvestigatetheantimicrobid efficacy ~ Immobilized ~ 27.42 0.14 6.09
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Figure3: Temperature(a) and pH (b) profilesof thefreeand immobilized GOxson glycation-derived BSA amyloid nano-
fibers.
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Figure4: Thermo-stability of freeand immobilized GOx on BSA glycation—derived nano-fibrils in which remaining activities
wer eassayed at timeintervalsafter leaving samplesat 25, 45 and 65 °C

of theimmobilization product, cataytic nano-fiberswere
appliedto blank discs(asholder of catdyticfibers) and
were placed on Muller-Hinton agar inthe absence or
presenceof glucose (Figure 2). Covaently bound GOx
moleculeson amyloid nano-fibersreved ed significant
antimicrobial propertiesagainst E. coli™!.

Thekinetic parameters of the free and immobi-
lized GOx on amyloid nano-fibers were al so deter-
mined. Weobserved anincreaseintheK and ade-
crease in the catalytic performance (k /K ) of the
enzymeuponimmobilization (TABLE 1). However, the
catalytic activity remained sufficient to fulfill applica-
tion demands, such asantimicrobial activity. These
changes were attributed, at least in part, to the en-
hanced enzymerigidity, acommon drawback of the
covalent immobilization strategy, and increased mass
transfer limitations. Similar observationshavebeenre-
ported when GOx wasimmobilized onthesilk fibroin
membrane or on cellul ose acetate-polymethyl meth-
acrylate (CA—PMMA) membrane. In the latter case,
al.19-foldincreaseinK vauewasobserved, whereas
V., of theimmobilized preparation waslower than
that of free GOX.

Figure 3 showsthetemperature and pH profiles
for both thefree and immobilized GOxs. Theimmoabi-
lized enzyme had arather broad temperature profile
with apparent optimum temperature at 40°C, same as
thefreeenzyme. Thisrepresentsanimprovement in
the temperature dependence of theimmobilized en-
zymeactivity duetotheextracovaent linkagesinthe
immobilized form (Figure 3a). Theoptimum pH of the
immobilized enzymewas shifted totheakainerange
(pH 6) compared with the free enzyme (pH 5) (Fig-

ure 3b)*, Thiseffect may reflect the changein the
enzyme’s active site microenvironment brought about
by nei ghboring charged groups. It hasbeen previoudy
demonstrated that depending on the charge proper-
tiesof the matrix, the optimum pH may undergo sig-
nificant shift. The optimum pH for an enzyme bound
to anegatively charged carrier shift to higher values,
whileimmobilization on acationic matrix hasan op-
posite effect. Thus, the observed alkaline shift inthe
optimum pH for cata ytic activity, asan effect of im-
mobilization, isthought to describe the anionic nature
of theamyl oid nano-fibersasthe matrix for immobili-
zation. Thus, theoptimum pH of immobilized enzyme
mirrorsthe microenvironment wherethe enzymeis
immobilized.

Experimentsrelated to thermo-stability of thefree
andimmobilized GOx onamyloid nano-fiberswered so
performed. Theimmobilization of GOx resultedinits
improved stability (Figure4). Theimmobilized GOx
retained itsactivity after incubation at temperatures of
25, 45and 65°C, and thus, it is more efficient than the
free enzyme. However, the preference of theimmaobi-
lized enzymewasat ahigher temperature.

ABBREVIATIONS

4-AAP : 4-aminoantipyrine

AGE . advanced glycated end product
BSA  : bovineserumadbumin

DLS : dynamiclight scattering

GOx : glucoseoxidase

TEM  : transmission ectron microscopy
ThT . thioflavinT
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CONCLUSION

Thebeneficial function of ordered protein aggre-
gates asamyl oids have been recognized in numerous
sudies. Amyloidsareinteresting nano-materid with high
strength and stability at extremesof pH, temperatureor
pressure and they are also resistant to proteolysisand
dehydration. In this study wereport glycation induced
bovineserumdbumin (BSA) amyl oids asanano-scaf-
foldfor glucose oxidaseimmobilization to producecata
Iytic nano-fiberswith anti-microbial properties. This
immobilization strategy followsan increasein storage
gtability of GOx and abroadening/akaineshift in opti-
mum temperatureand pH.
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