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a  b  s  t  r  a  c  t

The  purpose  of  this  work  is  to study  the  adsorption  process  and surface  bio-activity  of  His-tagged
d-amino  acid  oxidase  (DAAO)  from  Rhodotorula  gracilis  (His6-RgDAAO)  as the  first  step  for  the  devel-
opment  of an  electrochemical  bio-functionalized  platform.  With  such  a purpose  this  work  comprises:  (a)
the His6-RgDAAO  bio-activity  in solution  determined  by  amperometry,  (b) the  adsorption  mechanism
of  His6-RgDAAO  on bare  gold  and  carboxylated  modified  substrates  in  the  absence  (substrate/COO−)
and  presence  of Ni(II)  (substrate/COO− + Ni(II))  determined  by  reflectometry,  and  (c)  the  bio-activity  of
the His6-RgDAAO  bio-functionalized  platforms  determined  by amperometry.  Comparing  the  adsorption
behavior  and  bio-activity  of  His6-RgDAAO  on these  different  solid  substrates  allows  understanding  the
contribution  of  the  diverse  interactions  responsible  for the  platform  performance.  His6-RgDAAO  enzy-
matic  performance  in  solution  is  highly  improved  when  compared  to the  previously  used  pig kidney  (pk)
DAAO.  His6-RgDAAO  exhibits  an  amperometrically  detectable  bio-activity  at  concentrations  as  low  as
those  expected  on a bio-functional  platform;  hence,  it is  a  viable  bio-recognition  element  of  d-amino  acids
to be coupled  to electrochemical  platforms.  Moreover,  His6-RgDAAO  bio-functionalized  platforms  exhibit

a higher  surface  activity  than  pkDAAO  physically  adsorbed  on gold.  The  platform  built  on Ni(II)  modi-
fied  substrates  present  enhanced  bio-activity  because  the surface  complexes  histidine–Ni(II)  provide
with  site-oriented,  native-like  enzymes.  The  adsorption  mechanism  responsible  of  the  excellent  perfor-
mance  of the  bio-functionalized  platform  takes  place  in two steps  involving  electrostatic  and  bio-affinity
interactions  whose  prevalence  depends  on  the degree  of surface  coverage.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Enzyme bio-functionalized platforms are of major importance
n biosensing, drug delivery, and decontamination systems as

ell as in various industrial processes from pharmaceutical and
ood processing to waste treatment [1–3]. The challenge behind
hese applications is to integrate the highly specific molecular
ecognition of native enzymes to the platform. Enzymes adsorb
o the majority of solid substrates, mainly through electrostatic
nd hydrophobic interactions [4–8]. Usually, hydrophobic inter-

ctions confer some degree of denaturalization to the adsorbed
nzymes; thus attempts have been proposed to induce favor-
ble electrostatic interactions. Since most of the used solids are

∗ Corresponding author. Tel.: +54 351 535 3866; fax: +54 351 433 4188.
E-mail addresses: giacomel@fcq.unc.edu.ar, carlaeg@gmail.com

C.E. Giacomelli).

ttp://dx.doi.org/10.1016/j.apsusc.2015.08.121
169-4332/© 2015 Elsevier B.V. All rights reserved.
negatively charged at pH conditions in which enzymes are active,
as well as many of the residues of the proteins (pH > IEp), different
strategies have been recently proposed to confer positive charge
to the solid substrates: pre-adsorption of metal ions [9], cationic
polymers [10] or cationized proteins [11,12]. On the other hand,
covalent bonds between the enzyme and the substrate also rep-
resent a way to minimize the protein denaturalization produced
by physical (mostly hydrophobic and electrostatic) interactions
[12]. However, covalent linkage requires the modification of one
or both parties which may  also affect the biological activity. In
many cases, these methods give rise to high enzyme loadings main-
taining the native structure and biological activity, even increasing
the response of the adsorbed enzymes compared to the activ-
ity in solution [13–15]. However, none of these methods can

control the orientation of the enzyme on the solid substrates,
the other key factor that determines the enzyme performance
in terms of active site accessibility. In this regard, the interac-
tion between His-tag (usually His6) proteins and surface metal

dx.doi.org/10.1016/j.apsusc.2015.08.121
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.08.121&domain=pdf
mailto:giacomel@fcq.unc.edu.ar
mailto:carlaeg@gmail.com
dx.doi.org/10.1016/j.apsusc.2015.08.121


6 rface S

s
c
g
t
t
b
o
p
[

m
a
B
f
N
o
(
o
a
H
c
fi
t
o
f

d
t
r
h
c
i
m
e
h
b
b
c
s
e
a
o
b
p
i
c
f
t
t
s
t
p

f
R
o
s
l
d
a
b
p
p
o
t
p

experiment, these strips were cleaned with boiling piranha solu-
tion (2:1 H2SO4:H2O2) and rinsed thoroughly with deionized water.
80 E. Herrera et al. / Applied Su

ites (Ni2+, Cu2+, Co2+, or Zn2+) generates high-affinity surface
helate complex of oriented enzymes [16,17]. His-tags can be
enetically introduced into recombinant enzymes at the N- or C-
erminal as well as in exposed loops of the protein without affecting
he biological activity [4,18]. Therefore, this bio-affinity reaction
etween the histidine residues of the protein and the cation
n the surface offers a gentle site oriented bio-functionalization
rocedure, providing important advantages over other strategies
16,17,19,20].

Bio-affinity interactions between a His-tag antigen and Ni(II)-
odified solid substrates (silica and gold) were proven to provide

 very good performance of the bio-functional platform [21,22].
io-affinity interactions result in site-oriented antigens on the sur-

ace with a strong coordinate bond between the His-tag at the
-terminal of the protein and the Ni(II) surface sites which can
nly be removed with high concentration of specific competitors
i.e. histidine or imidazole solutions). The assembly is the result
f two-stage competitive mechanism ruled by electrostatic inter-
ctions followed by the surface complex formation between the
is-tag and Ni(II) sites. This two-stages process is controlled by the
haracteristic filling (�f) and optimization (�op) times, related to the
rst electrostatic approach and the bio-affinity interactions, respec-
ively. The two time constants appear because of the small size
f the tag compared to the whole antigen that limits the complex
ormation.
d-Amino acid oxidase (DAAO, EC 1.4.3.3) catalyses the oxi-

ation of d-amino acids to the corresponding �-keto acids in
he presence of O2 to produce H2O2 and ammonia [23–28]. This
edox reaction coupled to a DAAO bio-functionalized platform
as been employed to detect d-amino acids with electrochemi-
al biosensors [27,28], to treat tumors with the H2O2 produced
n vivo from exogenous molecules [25] and to manufacture the

other nucleus of cephalosporin antibiotics [23]. Therefore, sev-
ral solid substrates together with DAAO from different sources
ave been proposed to improve the enzymatic response of the
io-functionalized platforms. Recently, we studied the surface
io-activity of DAAO from pig kidney (pkDAAO) on negatively
harged hydrophilic (silica) and hydrophobic (gold) solid sub-
trates [29]. Although pkDAAO adsorbs on both solid substrates
ven under unfavorable electrostatic conditions, the surface bio-
ctivity is highly dependent on the ratio between �f and �op. The
ptimization step is electrostatic in nature on silica and hydropho-
ically driven on gold. Accordingly, the bio-activity of the native
kDAAO is preserved at any degree of surface coverage on sil-
ca whereas on gold it is only retained at high degree of surfaces
overage. However, these pkDAAO bio-functionalized gold plat-
orms cannot be coupled to the commonly used amperometry
echnique because the analyte (d-alanine) interference increases
he detection limit of the method. Consequently, different enzyme
ources together with another adsorption strategy are required
o improve the catalytic performance of DAAO bio-functionalized
latforms.

This work is aimed at studying the adsorption process and sur-
ace bio-activity of His-tagged d-amino acid oxidase (DAAO) from
hodotorula gracilis (His6-RgDAAO) as the first step for the devel-
pment of an electrochemical bio-functionalized platform. With
uch a purpose the bio-recognition element was expressed fol-
owing the reported results by Pollegoni et al. [30,31] in order to
etermine the bio-activity of the native and adsorbed enzyme by
mperometry and the adsorption mechanism on bare gold and car-
oxylated modified substrates in the absence (substrate/COO−) and
resence of Ni(II) (substrate/COO− + Ni(II)) by reflectometry. Com-
aring the adsorption behavior and bio-activity of His6-RgDAAO
n these different solid substrates allows understanding the con-

ribution of the diverse interactions responsible for the platform
erformance.
cience 356 (2015) 679–686

2. Experimental

2.1. Materials

All reagents were of analytical grade and were used without
further purification: d-alanine (Fluka), H2O2, KMnO4 (Cicarelli),
KH2PO4, K2HPO4, K4P2O7, HClO4, NaOH, KClO4, and KOH
(Baker), Na2C2O4 (Riedel-de-Haën), KClO4 (Erba), plasmid pET-15b
(Novagen), isopropil-�-Dtiogalactósido (IPTG) (Biodynamics), and
Ni(II)-nitrilotriacetic acid (Ni-NTA) agarose (Invitrogen). Aqueous
solutions were prepared by using 18 M� cm−1 resistance water
(Milli-Q, Millipore; Billerica, MA). H2O2 concentration was  deter-
mined by titration with 0.1 M KMnO4 which was standardized
against Na2C2O4. 5 mM buffer solutions (PB) were prepared by dis-
solving the desired amount of KH2PO4, K2HPO4, K4P2O7 in water
and adjusting the pH with either 2 M KOH or 2 M HClO4 to reach pH
5.0, 7.0, or 8.5. The pH measurements were performed with a com-
bined glass electrode and a digital pH meter (Orion 420A+, Thermo;
Waltham, MA,  USA). Unless noted, all experiments were performed
at room temperature (26 ± 2 ◦C).

2.2. Cloning, expression, and purification of recombinant
His6-RgDAAO

The expression and purification of the recombinant RgDAAO
engineered with a His6-tag at the N-terminal of the enzyme
were performed following the reported results by Pollegoni et al.
[30–32]. The coding sequence of RgDAAO (EC 1.4.3.3, DAAO)
was ordered from Genscript, with its codon usage optimized for
Escherichia coli expression. The fragment was introduced by cloning
into pET15b (NOVAGEN) which drives the expression of fusion pro-
teins with a polihistidine tag at the N-terminus, to generate pJV398.
This plasmid was transformed into E. coli BL21 strain for subsequent
expression experiments. Escherichia coli cells were grown in LB
medium (10 g L−1 tryptone, 5 g L−1 yeast extract, and 10 g L−1 NaCl)
supplemented with 0.1% ampicillin and 0.5% glucose at 37 ◦C with
rotary shaking. When the cell optical density (OD = 600) reached
0.6, His6-RgDAAO expression was  induced with the addition of
1 mM IPTG for 3 h at 37 ◦C. The bacterial pellet was  resuspended
in lysis buffer (15% glycerol, 0.5 M NaCl, 20 mM Tris–HCl pH 7.5)
and the cells were lysed in an Emulsiflex High pressure homoge-
nizer (AVESTIN). The homogenate was centrifuged at 10,000 rpm
for 30 min. The supernatant containing recombinant His6-RgDAAO
was subject to purification by metal chelation chromatography
using Ni(II)-NTA Agarose matrix (QUIAGEN). The protein bound
to the resin was  rinsed several times with imidazole gradient
(20–200 mM).  The imidazole was  eliminated by gel filtration and
the protein was eluted with water and then lyophilized. Purity was
checked by SDS-PAGE followed by Coomasie staining.

2.3. Bio-functional platform

2.3.1. Solid substrates
As previously described [22], the surface properties of modified

silica and gold solid substrates were proven to be indistinguish-
able [22]. The adsorption experiments were performed with silicon
wafers (100 mm,  Silicon Valley Microelectronics Inc.; Santa Clara,
CA, USA) oxidized at 1000 ◦C for 1 h (thickness was  verified by
ellipsometry) in order to obtain a silica layer of about 100 nm
thick (essential for obtaining a high sensitivity in reflectometry
experiments [33]) and cut in strips (1 cm × 4 cm)  following the
crystallographic plane of silicon (1 0 0). Prior to each adsorption
(Caution! Piranha solution is a powerful oxidizing agent that reacts
violently with organic compounds; it should be handled with extreme
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are). Bio-activity in solution was determined using commercially
vailable gold electrodes (CHI Instruments, Inc.) with a 0.12 cm2

eometric surface area whereas the bio-functional platforms were
repared on gold strips (geometric surface area 1.5 cm2).

.3.2. Modified solid substrates
Thermally oxidized silicon wafers were modified with a gold

ayer (gold) prepared by sputtering (SPI #12162-AB) the metal
p to reaching a 10 nm layer (thickness was  verified by ellip-
ometry) [29] and it did not substantially modify the optical
ehavior of the 100 nm SiO2 layer [34]. Both oxidized silicon
afers and gold electrodes were modified following the previ-

usly described method [22] in order to have grafted carboxylate
roups (substrate/COO−) or partially coordinated Ni(II) surface
ites (substrate/COO− + Ni(II)). This substrates modification pro-
uced two types of films: (a) a COO− terminated self-assembled
onolayer that formed a high affinity surface chelation complex
ith Ni(II) and (b) a polymeric glutaraldehyde film that physically

ncorporated Ni(II). This glutaraldehyde film did not affect the sur-
ace properties nor interfere with the electrochemical response of
he substrate.

.3.3. Bio-functionalized platform
Gold, substrate/COO− and substrate/COO− + Ni(II) were

mmersed in 0.1 mg  mL−1 His6-RgDAAO solution at pH 8.5
uring 1.5 h. Afterwards, the platforms were rinsed with PB and
sed as the working electrode of the electrochemical cell in order
o amperometrically measure the H2O2 formation during the
nzymatic reaction.

.4. His6-RgDAAO bio-activity

Amperometry measurements were carried out in a potentiostat
HI101 (CH Instruments, Inc.) with a three electrodes cell (25.0 mL
or the bio-activity experiments with His6-RgDAAO in solution and
.5 mL  for the bio-activity experiments with the bio-functional
latforms) which containing a reference electrode (Ag/AgCl/KClsat)
nd platinum wire as counter electrode. The working electrode was
ither gold or the bio-functional platform (adsorbed His6-RgDAAO
n substrate/COO− or substrate/COO− + Ni(II)) to determine the
io-activity in solution or on the surface, respectively. Bio-activity
xperiments were carried out by using the batch amperometric
ethod to measure the H2O2 concentration produced by the enzy-
atic reaction, applying a potential (H2O2 oxidation) of 450 mV

pH 8.5), 550 mV  (pH 7.0), or 650 mV  (pH 5.0) [29].
The experiments performed to determine the bio-activity in

olution started with a stirred d-alanine solution (the enzyme
ubstrate) ranging between 0.1 mM and 3.0 mM prepared in PB
o record the baseline and the further addition of the enzyme at
ifferent concentrations (0.1–2.5 �g mL−1 range). In the presence
f His6-RgDAAO, the current intensity increased due to the H2O2
roduction which allows determining the initial enzymatic reac-
ion rate (Vo) in real-time experiments. Calibration curves (as an
xample see Fig. 1 in Supplementary information) were performed
n exactly the same electrochemical cell in the absence of His6-
gDAAO before and after each bio-activity experiment to check the
eproducibility and the electrode stability. The calibration curves
ere determined following the amperometric response on the bare

old electrode for successive additions of H2O2 (previously titrated
ith standardized KMnO4) to the electrochemical cell. Considering

hat the quantity of produced H2O2 during the enzymatic reaction

hanged in a wide concentration range (depending on the enzyme
oncentration and pH), the added volume and concentration of
2O2 were selected to be as close as possible to the enzymatic

eaction.
cience 356 (2015) 679–686 681

Surface bio-activity was measured by adding d-alanine (0.1 mM
and 3.0 mM)  to a stirred PB (pH 8.5) solution and allowing the tran-
sient current to reach a steady-state value. Due to the small amount
of the enzyme on the platforms, the addition of d-alanine during the
experiments caused a change in the current intensity. However, this
interference was constant for all the studied concentrations and
negligible at H2O2 concentrations higher than 1 �M. Nevertheless,
it was subtracted from the calibration curves to calculate the actual
H2O2 concentration produced during the enzymatic reaction. The
calibration curves and the analytical parameters to quantify H2O2
concentration are given as supplementary information. Calibration
curves were performed in exactly the same electrochemical cell in
the absence of d-alanine before and after each bio-activity exper-
iment to check the reproducibility and the electrode stability. The
calibration curves were determined following the amperometric
response on the bio-functional platform (adsorbed His6-RgDAAO
on substrate/COO− or substrate/COO− + Ni(II)) for successive addi-
tion of H2O2 (previously titrated with standardized KMnO4) to
the electrochemical cell. Due to the different working electrodes
(either gold or the bio-functional platforms) the sensitivity towards
H2O2 determination diminished (see supplementary information)
when using the modified substrates in the presence of the adsorbed
enzyme.

The experiments were performed in triplicate and the average
results plot as Vo vs. d-alanine concentration. The standard devia-
tions of these three measurements were used to calculate the error
bars. The enzyme kinetics curves at the different His6-RgDAAO con-
centrations (both in solution and on the surface) were fitted with
non-linear regression routines to calculate the relevant parameters.

To check the stability of the bio-functionalized platforms (pre-
pared as it was  indicated in Section 2.3.3), the H2O2 concentration
produced by the enzymatic reaction (0.1 mg  mL−1 His6-RgDAAO
initial concentration) in the presence of 1 mM d-alanine was deter-
mined before and after washing with unspecific (200 mM KNO3) or
specific (200 mM histidine) agents.

2.5. His6-RgDAAO adsorption mechanism

Real-time adsorption–desorption experiments were performed
in a reflectometer (AKZO Research Laboratories, Arnhem),
equipped with a stagnation point flow cell as described elsewhere
[35,36]. Briefly, from 0 s to 200 s, only PB was  introduced into the
cell and a stable baseline was obtained. Then (from 200 s to 2700 s),
the flow was  switched from PB to a His6-RgDAAO solution. Next
(between 2700 s and 3500 s), the flow was  switched back to the ini-
tial PB in order to analyze the desorption process by dilution. The
adsorption–desorption experiments were conducted with His6-
RgDAAO at different concentrations (ranging from 0.001 mg mL−1

to 0.100 mg  mL−1) at pH 8.5.
As described in [37], to calculate the sensitivity factor (Q-factor)

that provides the proportionality constant between the measured
signal and the adsorbed amount (� ), the substrate was modeled as
a Si substrate (refraction index of 3.80) with a 100 nm SiO2 layer
(refraction index of 1.46) and a 10 nm Au layer (refraction index
of 0.10) immersed in aqueous solution (refraction index of 1.333)
and the increment in the refraction index with the protein con-
centration (dn/dc) was considered to be 0.18 [38]. The calculated
Q-factors resulted in 30 ± 5 mg  m−2 and 110 ± 5 mg m−2 for silica
and gold substrates, respectively.

To study the different steps involved in the overall protein
adsorption process, the experimental kinetics curves were normal-
ized by the supply rate (t × Cp, see Supplementary information, Fig.

2) to account for the actual effect of the protein concentration on
the adsorption mechanism. Since these normalized kinetics curves
did not merge (especially at low protein concentrations) there were
two competitive processes occurring in the same time scale [39].
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onsidering that the protein transport toward the substrate was
ell controlled by the stagnation point flow of the reflectometer

etup, the transport constant (ktr = 5 × 10−6 m s−1) was  calculated
40] from the linear relationship between the supply rate and the
rotein concentration in solution. Further, the adsorption kinetic
onstants (kads = (3 ± 1) × 10−6 m s−1 for the three solid substrates)
ere calculated from the slope of the linear plot of the initial

dsorption rate (vads) as a function of the protein concentration
Supplementary information, Fig. 3).

. Results and discussion

.1. His6-RgDAAO bio-activity in solution

Fig. 1A compares the current intensity vs. time profiles due
o the H2O2 produced during the enzymatic reaction to oxidize
-alanine to the corresponding �-keto acids in the presence of
ither His6-RgDAAO or pkDAAO in solution. The ammonia pro-
uced during the enzymatic reaction did not interfere with the
lectrochemical determination. Two important features appeared
rom these results: (1) the current intensity was higher with the
ecombinant His6-RgDAAO, (2) H2O2 production with the recom-
inant enzyme was so high that the steady-state values between
uccessive additions of d-alanine were not reached in the course
f the experiment. In the first place, the enzymatic activity of His6-
gDAAO was 10 times higher than that of pkDAAO, indicating that

ower d-alanine concentrations can be determined with the recom-
inant enzyme. Secondly, the kinetic parameters to describe the
is6-RgDAAO behavior in solution could be determined from the

nitial enzymatic reaction rate (Vo) measured in real-time amper-
metry experiments.

Fig. 1B shows the current intensity vs. time profile at short
eaction times together with the linear fitting needed to calcu-
ate Vo for the enzymatic reaction of His6-RgDAAO in solution.
rom these measurements the classical Vo vs. d-alanine concen-
ration plots (Fig. 2A) were generated in order to determine the

inetic parameters that characterize His6-RgDAAO bio-activity in
olution. The maximum enzymatic reaction rate (Vmax) and the
ichaelis constant (KM) were calculated from non-linear regres-

ion of the experimental data measured at different His6-RgDAAO

ig. 1. Bio-activity of DAAO in PB at pH 8.5 as measured by amperometry: current
ntensity (i) vs. time (t) profile. (A) For successive addition (0.1 mmol) of d-alanine
indicated by the arrows) to either His6-RgDAAO or pkDAAO of the same concen-
ration (10.0 �g mL−1). (B) For the addition of 0.1 �g mL−1 His6-RgDAAO to 2.0 mM
-alanine solution. Applied potential: 450 mV vs. Ag/AgCl/KClsat. Working electrode:
are gold. Counter electrode: Pt wire.
cience 356 (2015) 679–686

concentrations. Fig. 2B shows Vmax and KM as a function of His6-
RgDAAO concentration at pH 8.5. As expected from the simple
Michaelis–Menten model [41], Vmax was  directly proportional
to the enzyme concentration and KM remained almost invari-
ant (within experimental error) with the enzyme concentration
(0.4 mM).  Under the same experimental conditions, the KM value
of pkDAAO was  higher (5 mM)  [29,42]. At pH 7.0 (data not shown),
KM values were of the same order (0.4 ± 0.2) while Vmax (9 ± 2)
was one order of magnitude lower when the same His6-RgDAAO
concentration (2.5 �g mL-1) was  used. Finally, at pH 5.0 (data not
shown) both KM (3 ± 1 mM)  and Vmax (1.4 ± 0.1 �M min−1) values
were different. This behavior agrees with reported results show-
ing that d-amino acids with deprotonated amino groups are the
best substrates for DAAO [4,43] and that pH 8.5 is optimum to
measure DAAO enzymatic activity. It is important to note that the
highly improved enzymatic performance of His6-RgDAAO (com-
pared to pkDAAO [29]) indicates that the recombinant enzyme is a
viable bio-recognition element of d-amino acids to be coupled to
electrochemical platforms.

3.2. His6-RgDAAO adsorption mechanism

Real-time adsorption–desorption kinetic profiles were mea-
sured by reflectometry at pH 8.5 on the three solid substrates
(Supplementary information, Fig. 2): gold, substrate/COO− and
substrate/COO− + Ni(II). The adsorption of His6-RgDAAO was
induced at pH 8.5 to favor surface bio-activity, promote the bio-
affinity interaction between the His-tag and the Ni(II) surface sites
while minimizing electrostatic interactions between the enzyme
and the bare sorbent substrate [21]. However, physical adsorption
could not be completely removed even under these unfavorable
conditions. Therefore, the experiments conducted on either gold
or substrate/COO− allowed determining the extent of the phys-
ical adsorption, mostly driven by electrostatic and hydrophobic
interactions. At pH 8.5, COO− surface groups were deprotonated
as well as the protein lateral chains, diminishing the possibility of
hydrogen bond formation.

The adsorption kinetic constants (Supplementary information,
Fig. 3) for the three substrates (kads = (3 ± 1) × 10−6 m s−1) were
not significantly different than ktr (5 × 10−6 m s−1) indicating that
the adsorption process of His6-RgDAAO was  transport-controlled
both in the absence (physical adsorption) and presence (bio-affinity
interactions) of Ni(II) sites. This behavior was  already measured
for physically adsorbed pkDAAO (kads = (2 ± 1) × 10−6 m s−1) [29]
and it has been attributed to the primary structure of the enzyme
with positively charged side chains even at pH 8.5. The transport-
controlled adsorption of DAAO indicated that the first contact
between the enzyme and the solid substrate was ruled by elec-
trostatic interactions, in line with the first stage of the adsorption
mechanism of the His-tag antigen on Ni(II) modified substrate [21].
Also in this case, there were two competitive processes occurring
in the same time scale indicating the presence of a second step
(following the first electrostatic interaction), related to either the
surface bio-affinity interaction or any other process. This optimiza-
tion process was  evaluated from the relationship between �f and
�op [21,29]. When the adsorption process is transport-controlled,
�f can be calculated as the ratio between the saturation adsorbed
amount and the initial adsorption rate (Supplementary informa-
tion, Figs. 4 and 5). On the other hand, �op (around 102 s) was
estimated by extrapolating to zero � sat (Supplementary informa-
tion, Fig. 5).

Fig. 3 shows the dependence of the ratio �f/�op on the degree

of surface coverage (expressed as the ratio between the satura-
tion adsorbed amount, � sat, and the maximum adsorbed amount,
� max) on the three solid substrates. The ratio between �f and
�op depended on the degree of surface coverage, approaching 1
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Fig. 2. (A) Initial enzymatic reaction rate (Vo) as a function of d-alanine concentration of the enzyme in solution at pH 8.5 and three His6-RgDAAO concentrations: (�)
0.1  �g mL−1, (©), 1.0 �g mL−1, and (�) 2.5 �g mL−1. Lines were calculated from non-linear regression fittings using the Michaelis–Menten equation. (B) Kinetic parameters
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f  His6-RgDAAO in solution: (left axis) Maximum enzymatic reaction rate (Vmax) an
t  pH 8.5 determined from the non-linear regression fittings. Error bars denote stan
lectrode: bare gold. Counter electrode: Pt wire.

t low surface coverage. At very low surface coverage, the opti-
ization process may  be faster than filling the surface (i.e. every

ttached enzyme optimized it interaction with the surface when
t had enough space). Neither the ratio �f/�op nor its dependence

ith the degree of surface coverage depended on the nature of the
olid substrate (i.e. bio-affinity interactions if any could not be con-
rmed by these experiments). Moreover, desorption experiments
upon adding buffer) did not show any dependence either (data
ot shown). Consequently, surface bio-activity experiments were
erformed before and after washing with different agents to get

 deeper insight into the interactions that were involved in the
dsorption mechanism.
Fig. 4 compares the enzymatic activity of the His6-RgDAAO plat-
orms before (indicated as 100%) and after washing with 200 mM
NO3 or 200 mM histidine solution (expressed as the remaining

ig. 3. The ratio between the filling (�f) and optimization (�op) times as a function
f  the degree of surface coverage (� sat/� max) of His6-RgDAAO adsorbed on (�) bare
old  and COO− modified substrates in the (©) absence (substrate/COO−) and (�)
resence (substrate/COO− + Ni(II)) of Ni(II) surface sites at pH 8.5. Error bars denote
tandard deviations of three repeats.
ht axis) Michaelis constant (KM) as a function of His6-RgDAAO concentration in PB
deviations of three repeats. Applied potential: 450 mV vs. Ag/AgCl/KClsat. Working

activity). The first one represents an unspecific agent that can
remove electrostatically adsorbed enzymes while the other one
directly competes with the His-tag protein for the Ni(II) surface
sites [21]. In the absence of Ni(II), the surface bio-activity dimin-
ished to the same extent with both washing agents (around 30%
on gold and 15% on substrate/COO−). As expected, the desorption
mechanism did not depend on the specificity of the washing toward
Ni(II)–histidine interactions. However, these experiments clearly
showed that the interaction of His6-RgDAAO with the sorbent sub-
strate was stronger in the presence of surface COO− because the
washing treatments removed only a small portion of the active
enzymes. On the other hand, there was a strong effect in the pres-
ence of Ni(II) surface sites: the surface bio-activity diminished

around 15% when using 200 mM KNO3 whereas more than 80%
was lost after using the competitive agent. Consequently, the sur-
face bio-activity of the bio-functionalized platforms in the presence
of Ni(II) was mainly provided from His6-RgDAAO attached to the

Fig. 4. Enzymatic activity (in the presence of 1.0 mM d-alanine) of His6-RgDAAO
adsorbed on bare gold, substrate/COO− and substrate/COO− + Ni(II) at pH 8.5 (solid,
100%) before and after washing with (open) 200 mM KNO3 or (pattern) 200 mM
histidine solutions. Ni(II) modified gold substrates are also included for comparison
purposes. Error bars denote standard deviations of three repeats.
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Fig. 5. Normalized enzymatic activity as a function of time (t) measured
with the bio-functional platforms (adsorbed His6-RgDAAO on substrate/COO− or
substrate/COO− + Ni(II)) at pH 8.5. Enzymatic activity was determined amperomet-
rically in the presence of 0.1 mM d-alanine and normalized by the mass of adsorbed
H
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Fig. 6. Initial enzymatic reaction rate (Vo) as a function of d-alanine concentra-
tion of the bio-functional platforms prepared on (�) substrate/COO− and (©)
substrate/COO− + Ni(II) at pH 8.5. Lines were calculated from non-linear regression
fittings using the Michaelis–Menten equation. Error bars denote standard deviations
of  three repeats. Applied potential: 450 mV vs. Ag/AgCl/KClsat. Working electrode:
bio-functional platform. Counter electrode: Pt wire.

Table 1
Maximum enzymatic reaction rate (Vmax), Michaelis constant (KM) and catalytic con-
stant (kcat) for the enzymatic reaction of His6-RgDAAO in solution and adsorbed on
COO− modified substrates in the absence and presence of Ni(II) surface sites at pH
8.5.

His6-RgDAAO KM (mM)  Vmax (�M min−1) kcat (min−1)

COO− modified substrate 0.5 ± 0.1 (1.2 ± 0.2) × 103 4 × 106
is6-RgDAAO on each substrate as measured by reflectometry. Applied Potential:
50 mV vs. Ag/AgCl/KClsat. Working electrode: bio-functional platforms. Counter
lectrode: Pt wire.

orbent substrate through bio-affinity interactions. As a proof of
oncept, Fig. 4 also includes the performance of a His6-RgDAAO
io-functionalized platforms prepared on gold substrate modified
ith Ni(II) by the direct dipping in a Ni(NO3)2 aqueous solution.

here was also a clear effect of the competitive agent on the surface
io-activity but it was to a lower extent (around 50% of the surface
io-activity remained after washing with the histidine solution).
s recently reported with different proteins and cations [9], metal
ctivated surfaces enhance the strength of the interaction by orders
f magnitude.

It is interesting to note that electrostatic interactions play a
ajor role in the adsorption mechanism of His6-RgDAAO on either

are or modified substrates. Moreover, they cannot be completely
emoved even after these washing treatments. The presence of
i(II) on gold favors these interactions resulting in a rather inef-
cient washing with KNO3 whereas COO− modified substrates,
hich are more hydrophobic than the bare gold [22], respond
eakly to both treatments. In view of these results, the optimiza-

ion step in the absence of Ni(II) surface sites may  be related to some
egree of spreading of the adsorbed enzymes. This effect may  be
ore evident at low degree of surface coverage when �f ∼ �op. On

he other hand, the optimization step is caused by the bio-affinity
nteraction between the His-tag of the enzyme and the Ni(II) sur-
ace sites. This step also depends on the degree of surface coverage:
t low degree of surface coverage, His6-RgDAAO molecules has

ime and space to achieve the proper orientation for the bio-affinity
nteraction (�f ∼ �op) whereas the orientation restriction caused by
he small size of the tag compared to the whole enzyme is more

arked (�f < �op) at high degree of surface coverage. Consequently,
n these cases the ratio �f/�op as a function of the degree of sur-
ace coverage does not depend on the interactions that control the
dsorption mechanism. Finally, these results also indicate that the
is6-RgDAAO bio-functionalized platform in the presence of Ni(II)

urface sites is stable against unspecific washings and re-usable
fter using competitive agents.

.3. His6-RgDAAO bio-activity of bio-functionalized platforms

Fig. 5 shows the normalized enzymatic activity of the bio-

unctional platforms at pH 8.5 as a function of time using just
ne d-alanine concentration (0.10 mM).  The activity was  deter-
ined from the H2O2 concentration produced by the enzymatic

eaction normalized by the mass of adsorbed His6-RgDAAO on
COO− modified substrate + Ni(II) 0.2 ± 0.1 (3.1 ± 0.5) × 103 7 × 106

Solution (0.1 �g mL−1) 0.2 ± 0.1 1.8 ± 0.1 2 × 104

substrate/COO− (0.20 �g) or substrate/COO− + Ni(II) (0.25 �g), as
measured by reflectometry. This figure clearly indicates the bet-
ter performance of the His6-RgDAAO bio-functionalized platform
in the presence of Ni(II) surface sites (i.e. when the bio-affinity
interaction became possible). Performing the same experiment as a
function of the enzyme substrate, allowed generating the classical
Vo vs. d-alanine concentration curves shown in Fig. 6. Table 1 com-
pares the Michaelis–Menten parameters as well as the turnover
rate (kcat) of the enzyme in solution (0.1 �g mL−1) to the His6-
RgDAAO bio-functionalized platforms in the absence and presence
of Ni(II) surface sites.

KM values indicated that the adsorbed enzyme on COO−

modified substrate had a lower affinity for d-alanine than the
native His6-RgDAAO. Consequently, the enzyme conformation was
partially perturbed during the optimization step altering its bio-
recognition capabilities. However, KM did not change (within
experimental error) when the bio-affinity interactions were fea-
sible, pointing to native-like molecules on the platform. On the
other hand, both Vmax and kcat showed a better catalytic effi-
ciency of the enzyme on both platforms than in solution. However,
the reasons behind these behaviors may  be different. With phys-
ically adsorbed enzymes, an increased catalytic activity has been
assigned to the exposure of the active site due to conformational
changes caused by the sorbent substrate [11,44]. Considering that
DAAO is a FAD-dependent flavoenzyme, the surface perturbation
may affect the protein conformation in the same direction as
observed with cytochrome c adsorbed on graphene oxide, which
also exhibits an exceptionally high activity because of the expo-
sure of the heme group [11]. On the other hand, some enzymes

confined on mesoporous materials by covalent or bio-affinity inter-
actions show similar or better catalytic behavior than in solution
together with an increased stability against pH and temperature
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45–48]. This improved enzymatic response has been assigned to
he chain compaction of entrapped enzymes. Further, the enhanced
tability has also been observed with RgDAAO with C-terminal
is-tags adsorbed on porous supports whereas the catalytic effi-
iency is lower than in solution due to multipoint attachment
24]. COO− terminated self-assembled monolayers [22] together
ith histidine–Ni(II) interactions may  also promote chain com-
action resulting in an ordered layer of oriented protein molecules.
herefore, the enhanced bio-activity observed with His6-RgDAAO
io-functionalized platforms in the presence of Ni(II) sites may  be
ue to ordered adsorbed enzymes that retain their native struc-
ure and maintain a proper orientation on the surface. Finally, it is
mportant to emphasize that His6-RgDAAO bio-functionalized plat-
orms exhibits a higher surface activity than pkDAAO physically
dsorbed on gold [29]. This behavior is due to the better perfor-
ance of the first enzyme as recognition element as well as the

mproved quality of the bio-functionalization strategy based on
he bio-affinity interactions between Ni(II) surface sites and the
istidine residues of the protein.

. Conclusions

His6-RgDAAO bio-functionalized platforms built on solid sub-
trates modified with carboxylate terminated self-assembled
onolayers in the presence of Ni(II) surface sites present enhanced

io-activity because the surface complexes histidine–Ni(II) provide
ith site-oriented, native-like enzymes. The adsorption mech-

nism responsible of the excellent performance of the bio-
unctionalized platform takes place in two steps involving electro-
tatic and bio-affinity interactions whose prevalence depends on
he degree of surface coverage.

The assembled bio-functionalized platform can be prepared on
at substrates or (nano)particles to be used in biosensing, drug
elivery, and decontamination systems using different His-tagged
roteins due to its highly bio-activity, stability, and re-usability
roperties.
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