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ABSTRACT: Immobilization of horseradish peroxidase (HRP) dtitemate nanowires (TNW
was investigated through different strategies. TW@fe synthesized by hydrothermal met|
and characterized by Scanning electron microsc@&yM), X-ray diffraction (XRD), N

physisorption (77K) and Fourier transform infrared pascopy (FTIR). HRP was stable ¢
active in a wide range of pH with optimal activéy 7.0. The k, of HRP for ~aminoantipyrine
and HO, as substrate was 0.77 +0.25 mM. Immobilizationtsti@s studid were no-specific
and covalent coupling through amine groups. Theomdi®n isotherm had good fit wi
Langmuirfreundlich model (LF). The coverage of TNW contagnHRP adsorbed by covale
coupling was 1.56 mg<m’ and residual enzymatic activity around 40%. The enzyar
activity of free HRP and immobilized HRP was morgib as a function of storing time. T
results confirm that through covalent binding tmzyene is firmly attached to TNW surfac
constituting a verypromising platform for a variety of applicationschuas in biosensir
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1. INTRODUCTION

Adsorption of bioactive materials in so
matrices has drawrincreasing interest both
industrial processes and in medical field. Enzy
are natural bicatalysts with applications
numerous areas, and their immobilization F
several wellkknown advantages as multipuses
and, usually, increase of stabilifyianelloet. al,
2000; Kimet. al,2006; Ansari and Hunsain, 20:

For application in the ibsensin field, the
immobilization should provide a biocompatil
and inert environment Besides, enzyn
orientation, mobility, stability anc biological
activity shailld not be negatively affect by
immobilization (Sassolast. al 2012; Ansari ani
Hunsain, 2012). In additionmnmobilized enzym:e
should remain firmly bound to the suppol
especiallyduring the use/applicatio

Since the performance of the enzyme
highly affected by the immobilization procedu
intensive studies havflecused on tr development
of successfulimmobilization strategiesSassolas
et. al 2012) Accordingly, the choice ¢
immobilization method anduitable supportare
very important.

Nanomaterials can be excellent support
immobilization, because thegan provid ideal
characteristics foenzyme stability Feng and Ji,
2011). Some properties atanate nanostructur
make them unique athe large specif area,
thermal and chemical stability, optical &
electrical properties, biocompatibility and ease
manufacturing (Kassugezt. al,199¢).

The use of titanate structu as support for
biomolecules immobilizatiors not well explorec
in literature yetDing et al. (2013) reported the L
of titanate nanowirefor BSA adsorptio. Trypsin
adsorption ontitanate nanotub (TNT) was
studied by Zakabuniet. al 008) who observed
high protein adsorption and stalelezyme activity

Immobilization of Horseradish peroxida:
(HRP) onto TNT by ovalent bindingpreserved
the enzyme bioelectrocatalytic activilappearing
as a promise application femiosensing(Sovic et.
al, 2011). The interest in HRP is based on
versatile  nature, fuing application ir
environmental, chemical, pharmaceutical
biotechnological industries (Zhi et. al, 20C

HRPis a glycoprotein containing heme (ir
(1) protoporphyrin 1X) as prosthetic group.
requires hydrogen peroxide {B}) as substrate
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achieve different oxidation states (Chattopahy
and Mazumdar, 2000), which constitutes the k
of its use in HO, detection (Soviet. al,2011).

This work aims at investigating tl
adsorption of horseradish peroxidase (F onto
titanates nanowires (1W), comparing two
strategies: nospecific adsorption and covale
binding. Adsorption isotherms were obtained
the characterization dhe immobilized biocataly:
was carried out througRTIR analysis and specif
activity assay.

2. MATERIALS AND METHODS

2.1. Chemicals

Horseradish peroxidase (HRP, MM 44kl
Rz 3.0) type IV, from Amoracia rusticana, bov
serum albumin (BSA), ~aminopropyl)
trimethoxysilane (APTMS, 97%), hydrogen
peroxide (HO,, 30% wi/w), ~aminoantipyrine
(Amn, 98%) and phwol (99%) were supplied
Sigma — Aldrich.Glutaraldehyde (sHgO,, 25%),
sodium hydroxide (NaOH (PA)), nitric ac
(HNO;, 65% (PA)), dichloromethane (GCl,,
99.5%) were purchased from VETECAI
chemicals were analytical grade and usec
received.

2.2.Synthesis and characterization o

titanate nanowires (TNW)

Titanate nanowires were prepared
hydrothermal synthesis @soposed by Kassucet.
al  (1999). The synthesized TNW we
characterized thorugh -Kay diffraction (XRD,
Rigaku Miniflexequipment with Cu k radiation,

= 1,5418 ), Scanning electron microsco
(SEM, FEI Company Quanta 2, Raman
spectroscopy (LabRam Horiba -800 UV with
He-Ne laser) and Nphysisorption (77 K, ASAI
2020 Micromeritics instrument, with pretreatm
under vacuum at 573 K for 12

2.3. haracterization of horseradish
peroxidase (HRP)

2.3.1. Enzyme activity: Free HRP activity
was determined at differenpH using 0.1 M
potassium phosphate bul (PBS). Specific
enzymatic activity (U/mg) wadetermined by UV-
spectrophotometry at 510 nperformed according
to the procedure described in Vojinovic (2C.
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2.3.2. Determination of rate constants:. The
consumption of KO, in the rangef concentratior
from 0.1 — 1 mM was monitorednd the K,, and

Vmax values were determinedavith Statistic
software by non-linear estimation.

2.4. Adsorption of HRP onto TNW

2.4.1. Non-specific adsorption: 1 mL of a
2 mg/mL HRP solution i®.1 M PB¢ was added to
1 mL of TNW dispersionThe mixture was kej
under stirring for 24 h at om temperatureThe
suspension was filtered through a 100 kDa Am
filter (MILLIPORE) and centrifuged at 4000 rp
for 4 min to separate non-boukidPR

2.4.2. Chemical adsorption: TNW surface
was first functionalized with amino grot,
according to Sovicet. al (2011), employing
ATPMS grafting (Figure 1).Afterwards, the
suspension was vacuufiftered through an ¢
pore size filter (Quanty) and washed w
dichloromethane. Then, was dried at 60 °C10
mg of TNW/APTMS were dispersed in 500 pL
glutaraldehyde solution (2.5% w/w in 0.1 PBS
pH 7.0) and remained for 1 dmder stirrin. The
mixture wasfiltered again, followed by repeat
washing with 0.1 M PBS pH 7.(Then, 5 mg of
modified TNW was stirred withl mL ofa 1
mg/mL HRP solution for 2 h. Nobeunc HRP was
separated using 100 kDa Amicon filter
previously describedThe whole procedure wi
performed at room temperature.

OH

OH

OH

ATPMS
HN(CH,};SI(OCHy);

o

0 XSi- (CHy); - NH,

o~”

Glutaraldehyde
O=CH-CH,-CH,-CH,-CH=0

o~

o
O~  (CHyJ; -N=CH-(CH,),-CHO
o”

Figure 1. Reaction sequen@mnploye( for surface
functionalization of TNW and chemic
immobilization of HRP through the insertion
amino groups.
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2.5. Adsorption isotherms

Time required to achieve adsorpti
equilibrium was assessed throuckinetic study.
For this, contact time between enzyme and sug
was varied from 1h to 24h (for n-specific
adsorption) and from 0.5 to 10h (for chemi
adsorption).

The amount of HRP adsorbedeach time
(Qe) was determined through the differen
between HRRoncentration in solution before a
after adsorption, as measured by the Brac
method (Bradford, 1976) according Equation
01:

- (Ci _Ce)w

Q. (01)

Where, G (mg L") is the equilibrium
concentration of HRP, ;@5 initial concentration ¢
HRP (mg L") and m(g) is amount of TNW
employed.

Adsorptions isotherms were obtained
varying the adsorbemtdsorbateatio at 25C in the
range from 1:5 to 1:0.03 (w/v

2.6. Immobilization efficiency

2.5.1. Enzyme activity and stability:
Specific  enzymatic activity (U/mg)  wze
determined as described in Item 2.3.1. The act
of the immobilized HRP stored in 0.1 M PBS
7.0 at 4 °C was monitored to evaluate its stak

2.5.2. FTIR analysis: FTIR spectra were
obtained for each step of immobilization strat
by spectrophotometry Perkin Elmer Spectrul
Spectrum 100 FTIR).

3.RESULTS AND DISCUSSION

3.1. TNW characterization

TNW specific surface arewas 118 rfig,
as obtained by the BET method. Figure 2 st
the SEM images of the TN. Average diameter
was around 50 nmXRD was performed to
structural charactemation of TNW, as shown i
Figure 3, wheresamples showed the formation
lamellar structure due tthe peak at 2 ~ 10°
(Morgado et. al 2007). Furthermore, the
conversion of Ti@ anatase phase to titanate \
confirmed by the disappearance/change in inte
of the characteristic peaks and the appearan
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peaks 2 = 24.3° 28.5° 38.&hd 4(5° that
correspond  basically  with unidimensional
trititanates (NgHqTi307) (Liu et. a, 2012; Han
et. al 2007; Morgadcet. al 2007. The peak at 2

= 24.3° has slightly offset from the pei25.3°
concerning the anatase phase.

Figure 2. Mlcrogho ogln NW with
magnification of (A)L0000X and (B) 200000:

- === Ti0, (anatase fase *)

Titanate nanowire
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Figure 3. X-ray diffraction patterns of the TN\
and the precursor T.

3.2. HRP characterization

HRP activity was tested in the pH rar
from 2.0 to 12.0 (Figure 4). Thieighestactivity
was observed at pH 7.0. HRP also keeps more
50% of its activity in the pH range from 4.0
10.0, as confirmed by other studi(Mohamedet
al., 2011; Chattopadhyay anda@umda, 2000),
which is very appropriate for industr requiring a
broad range of pH activityAt pH 7.0, enzyme
specific activity was 969.81+102.25 U/r

Figure 5 shows the increase in abs/min
function of H,O, oncentration. Data were wt
described by the Michaelldenten model usin
the StatisticA software, as shows the regress
coefficient (F) of 0,997. The reaction rate increa
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almost linearly up to a concentrat of 0.8 mM,
above which tends to stabilizFrom these data,
kinetic parameters of the catalytic reaction \
obtained (Table 1)The apparent ,, value was
0.769+ 0.247 mM and the literature reported
value of 0.35 mM (Triplett and Mellon, 199.
confirming that HO, is an excellent substrate f
HRP.

100 } { .
804 {

60 4

40 4

Relative specific activity (%)
o

20 o

pH value

Figure 4. pH optimum of HRP in 0.1 M PE at
room temperaturdzach poinrepresents the
average of three experimel
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Figure 5. Reaction veloity vs. concentration of
H,O,at room temperatur&itting with Michaelis-
Menten model is represented by solid. Erros
bars represent standart deviation for tt
independent adsption experiments

Table 1.Estimated kinetic parameters for HI

Parameters Value

V max (MM.Min "/100 pL of 0.11 +0.02
solution) e

K (mmol L™ 0.7 £0.25

3.3. Nonspecific adsorptior of
HRP

The effect of contact me on the
adsorption of HRP wabBvestigated to determir
the time required for achieving adsorption
equilibrium. The resultsare shownin Figure 6.
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Adsorption capacities increased sharup to 1 h
of contact. With further increase oftime, the
adsorption capacity approache a plateau.
Thereforewe chose the contact time 24 h in all
subsequent experiments to ensure adsor
equilibrium. Risio and Yan (2009) and Sihet al.
(2007) also found 24 h of contact time as enc
for HRP adsorption on different surfac
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Figure 6. Adsorption of HRP ontTNW samples
vs.Time at room temperatu

Figure 7 shows the napecific adsorptiol
isotherm for HRP on TNW. Data were well fitt
by the Langmuir-Freundlich model (LF),
exhibiting a high correlation coefficient * =
0,99946). This model is represented by |
Equation 02 (Umplebyet. al, 2001; Jeppu ai

Clement, 2012):

_ QK"
- 02
~T (K c,) (02)

Where, Q is the amount adsorbeat
equilibrium (mgHRP/MATNW); Q,, is the adsorbed
capacity of the system (mg of HFM*TNW); Ceq
is the aqueous phase concentration at equilib
(mg/L); K is the dfinity constant for adsorptio
(L/mg); n is the index of heterogene

The fitted values of Kand n are summarize
in Table 2. In the isotherm, thvalue of the
constant K is related to the affinity between
adsorbate and the adsorbent. In this case
obtained value indicates a loaffinity (Jeppu and
Clement, 2012)The plateauin adsorptin is reach
at 15.621 + 0.232 mgHRPATINW.

The 1/n parameter is thheterogeneity
index, which normallyvaries from 0 to 1. h
contrast, in this work we ohined the value of 1/
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> 1. In these cases, some authors attribute tt
the phenomenon known cooperative adsorption,
(Fair and Jamieson, 1980; Foo and Hameed, 2
leading to the formation of several lay

Specific enzymatic activity after n-
specific adsorption was determined. The vi
found, 27.47 + 5.44)/mg, represents a reduction
in activity superior to 97% compared to free c
(specific activity of 969.81+102.25 U/m¢
Ferapontova and Purganova (2002) reported &
70 of % in specific activity for HRP n«- specific
adsorption onto singleralled carbon rnotubes.
As a result of norspecific adsorption, the prote
molecule has a high degree of freedom
movement, both rotational and laterwhich can
lead to deactivatiorNakataet. al 1996).

HRP adsorved amount (ma/m®)

T T T T T T T
00 0.2 04 06 038 10 12 14 1,6
HRP equilibrium concentration (mg/mL)

Figure 7. Non-specificadsorption isotherm ¢
HRP at room temperatuend the fit b LF model.
(solid line).Erros bars represent stard deviation

for three independent adsorption experim

Table 2.Fitted values of Langmt-Freundlich
parameters for HRP napecific adsorptic onto

TNW.
N K
1n
- MGure/M’aw  L/MGhigp
Fstimaled 15,62+ 0.45 2.80:0.08 6.06£0.03

3.4.Chemical adsorption ofHRP

To immobilize HRP through covalent
binding TNW surface wasrst functionalized with
ATPMS. FTIR spectrum in Figur8 (curve b)
shows theappearance the bands1223 cnt and
1510 cn, suggestinghe presence the N, groups
(Sovicet. al, 2011, dverstein and Webster, 200(
Thedecrease of the bands at 3% 3000 cni and
1630 cnt (Figure 5,curvea) is due to the presence
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of superficialOH groups in TNW (Vianellet. al,
2000).After reaction with glutaraldehyc(Figure 8
curve c), it & observed the disappearance of
band at 1223 cih) the decrease of the band
1510 cnt and the presence of weak bands betv
1700 and 1500 cm(C=N base) (Silverstein ar
Webster, 2000).

1105
3500-3100 169 a0 *
- *

(e)

B L A

3500 - 3000 1700 - 1500

Absorbance

1630

()

(b) 1510 1223
* *

(a)

40I00 I 30I00 ' 20l00 ' i OIOO
Wavenumber (cm™)

Figure 8 —FTIR spectra of TNW moadifications |
immobilization strategy covalent: (a) TNW, (
TNW/ATPMS, (¢) TNW/ATPMS/GLUT, (d
TNW/ATPMS/GLUT/HRP and (e) differenc
between the TNW/ATPMS/GLUT/HRP al
TNW/ATPMS/GLUT.

Upon HRP adsorption, spectrum (Figu8
curve d) shows thpeaks at 1639, 1531310 and
1105 cnit are assigned to the grou—CONH —
(amide 1), —CN-stretching (amide 1ll), amide
and —CO- bond stretchespectivel (Monieret. al
2010). These peak=lated to the presence of 1
HRP protein (Fig. 8curve e) can be seen
subtracting curvéc) from curve (d)

After confirming theexistenc of covalent
attachment of HRP onto NTW surfi through
amine groups, he isotherm for HRP adsorptis
wasobtained for a contact time oth. This time is
substantially lower than the time used for -
specific adsorption (24h), as expected, sinc
consists of a chemical reaction between enz
and support, giving rise to covalent bot Figure
9 shows the experimental data and thby the LF
isotherm model with high correlation coefficie
(r* = 0.99841).The fitted values oK and n are
summarized in Table 3.

The plateau is reached at 7.56+ 2.037
mgHRP/MTNW for equilibrium concentratior
superior to 0.8 mg mk of HRP. In this caseit
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was also obtained the value of 1/n > 1, whic
attributed to cooperative adsorptic

HRP adsorved amount (mg/m?)

T T T T T T T
0,0 02 04 0.8 08 10 12 14
HRP equilibrium concentration (mg/mL)

Figure 9. Adsorption isotherm cdmmobilized
HRP onto functionalized TN\ for the equilibrium
time of 2h at room temperatL and data fitting by

LF model (solid line)Erros bars represent
standardieviation for three independe
adsorption experimen

Table 3.Fitted values of Langmt-Freundlich
parameters foHRP chemical adsorption on

NTW.
N K
1/n
MGure/Mraw  L/MQhgp
Estimated 758404  2.83:0.43 4.26:0.10
value

It can be observed that the K values for t
strategies (nospecific and covalent adsorptic
were very similar, indicating equivalent affinity
the enzyme for the substrate. The maxin
coverage degree (Qm) wisuperior for the non-
specific immobilization, probably due to m-
layer adsorption.

Chemical adsorption resulted in loss
about 680 in the enzyme activityThe final
activity was 344.27+3.90 U/m¢Caramaroni and
Fernandeg2004) also observed a loss of 60%
HRP activity after the immobilization. Gomeet.
al (2006) and Bayramoglu and Arica (20(
reported losses of 22% in HRP activity ug
immobilization. This reduction is much lower thi
that observed for nospecific dsorption. When
the protein is chemically adsorbed,
configuration is fixed on surface (Nakaet. al
1996).This remaining catalytic activity is still hic
and could be explored in the fabrication
biosensors, for instance.
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3.5. Enzyme activity sability

HRP stability was evaluated by monitoril
the activity as a functionf storage tim (Figure
10). It is evident that immobilization throug
covalent bindingesults in an increase in enzy
stability. For instance, after 160 days of store
the chemical immobilizatiomesults in about 20¢
of residual activity. On the other hand, in the ai
period, nonspecific adsorption leads to compl
loss of enzyme activity, as it is observed withe!
HRP.

15 ]t

R 5SS Covalent
N\

?80— §

z \

: o

g 404 \ N N

- N BB | \ \

Time (days)
Figure 10.Residual activity of adsorbed HF
molecules by immobilization strategies: -
specific adsorption and covaleThe samples
were stored in PBS (pH®).at 4°C.

4. CONCLUSION

Investigations performed in this stu
showed that titanateanowires can be successft
employed for adsorption of the enzyme
Horseradish Peroxidase (HRP) by cova
coupling (&tivation of amine groups throu
functionalization with  ATPMS). The
immobilization procedure described resulted
large amount of adsbed enzyme and low activi
losses.By fitting of the experimental adsorpti
isotherms with LangmuiFreundlich models it we
shown that suggests multilayer adsorptic
attributed to the phenomenon of coopera
adsorption. The enzyme is more suscejle to
adsorb when adsorbed enzyme molecules
already present at the surface.

HRP residual activity after covale
coupling was superior to 20% even after 160 d
while free HRP become completely inactive in
same periodThese results indicate tl covalent
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attachment of HRP to titanate nanowires surfau
a very promising support for several biochem
and biotechnological applicatio
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