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Abstract In this work, hyaluronan-silver nanoparticles
(HSNPs) were prepared by UV-initiated photoreduction,
and protein hemoglobin (Hb) was then alternately
assembled with the prepared negatively charged HSNPs
into layer-by-layer (LBL) films on solid surface. The
electrochemical behavior and electrocatalytic activities
toward oxygen and hydrogen peroxide of the resulting
films were studied. It was found that the HSNPs
greatly enhanced the electron transfer reactivity of Hb
as a bridge. The assembly films showed a pair of
nearly reversible redox peaks with a formal potential of
-0.32 V (vs. Ag/AgCl) for the heme Fe(IlI)/Fe(Il)
redox couple. The immobilized Hb in the films
maintained its biological activity, showing a surface-
controlled process with a heterogeneous electron trans-
fer rate constant (k) of 1.0 s ' and displaying the same
features of a peroxidase in the electrocatalytic reduction
of oxygen and hydrogen peroxide. This work provides a
novel model to fabricate LBL films with protein,
polysaccharide and nanoparticles, which may establish a
foundation for fabricating new type of biosensors based
on the direct electron transfer of redox proteins immobi-
lized in nanocomposite multilayer films with underlying
electrodes.
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Introduction

Much attention has been paid to the research on direct
electron transfer of redox proteins or enzymes with
electrodes recently because it can provide a model system
for understanding the complicated electron transfer mech-
anism in real biological systems and establish a foundation
for constructing the third-generation biosensor and bioelec-
tronics [1-3]. However, it is difficult for some redox
proteins to exchange electrons directly with bare solid
electrodes. In recent decades, the immobilization of
proteins into ultrathin films modified on electrode surface
has attracted more attentions because of its realization of
the direct electrochemistry of proteins [4—6]. Among the
methods of fabrication of these ultrathin films, layer-by-
layer (LBL) technique has been the most commonly used
because of its remarkable nano-scale control, simplicity,
and versatility in the assembly [7].

Hemoglobin (Hb), a typical multi-cofactor protein [8], is
considered to be an ideal model protein for the study of the
electron transfer of heme molecules because of its com-
mercial availability, moderate cost, well-known, and docu-
mented structure as well as enzyme-like oxidative and
reductive catalytic activity [9]. However, it has been found
that on conventional solid electrodes, the fast electron
transfer between Hb and the electrode is not possible
because the redox center of proteins is embedded in
polypeptide chain structures and the proteins are easily
absorbed on the electrode surface [10]. Varied support
materials such as clay [11], ion liquid films [12], and
nanomaterial [13] are used to promote the electron transfer
and maintain the enzymatic activity. Among these materi-
als, silver nanoparticles have gained considerable attentions
due to their easy syntheses, large specific area, conductiv-
ity, antibacterial properties, and high catalytic activity [14—
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16]. They can provide a microenvironment similar to that of
the redox proteins in native systems and therefore are
widely used in constructing electrochemical biosensors. For
example, Gu et al. [17] fabricated Hb-colloidal silver
nanoparticles (CSNs)-chitosan film on the glassy carbon
electrode (GCE) and explored its potential application on
electrochemical biosensing. Sun and co-workers [18]
constructed a biosensor by entrapping Hb/CSNs in titania
sol-gel matrix on GCE by a vapor deposition method.

Hyaluronan (HA) is a natural linear, unbranched poly-
anion which is composed of a repeating disaccharide
consisting of N-acetyl-D-glucosamine and D-glucuronic acid
alternately linked by 3 1-4 and 3 1-3 glycosidic bond. HA
is the important component of the extracellular matrix and
pericellular matrix and has the multiple physiological
function and excellent physicochemical properties [19—
21]. Due to these properties, HA has been extensively used
in LBL assemblies, mostly together with poly(allylamine)
[22], polylysine [23] forming self-assembled films mainly
used in drug delivery. Liu and Hu [24] reported the
formation of [HA/Mb], film on pyrolytic graphite and
explored the electrochemistry of the protein in the assembly
films. Brett et al. [25] systemically studied the electro-
chemical properties of the HA/Mb assembly films on the
gold electrode.

For the biosensors used in detection in vivo, properties
such as biocompatibility, antibacterial properties, and
stability are essential [26-28]. Therefore, the assembly
multilayer films combining the biocompatibility of HA,
antibacterial property of silver nanoparticle alone with
enzyme-like catalytic activity of Hb may be of potential
applications in biosensing in vitro and in vivo. To our
knowledge there are few work done for the construction
and investigation on the electrocatalytic activities of HA-
silver nanoparticle—Hb assembly multilayer films on the
glass carbon electrode. In the present work, the HA-silver
nanoparticles (HSNPs) were prepared by UV-initiated
photoreduction and alternately assembled with Hb into
LBL films on the glass carbon electrode. The electro-
catalytic properties of the ultrathin films were investigated
and discussed.

Scheme 1 Schematic of the
HA-silver nanoparticles
(HISNPs) and hemoglobin (Hb) PEI

Experimental
Reagents and materials

Bovine Hb (M, 68 kDa) was obtained from Boao
Biotechnology Co., Ltd (Shanghai, China). HA (M,
1,500 kDa) was supplied from Shandong Freda Biopharm
Co., Ltd (China). Polyethyleneimine (PEI, 50%; M, 70 000)
was obtained from Aladdin Reagent Co., Ltd (China). Buffer
used in this work was 0.05 M acetate (pH=5), and 0.1 M
sodium dihydrogen phosphate (pH 5-11), whose pH values
were adjusted with HNO5 or NaOH solutions. Silver nitrate
(AgNO;) was supplied by Sinopharm Chemical Reagent Co.,
Ltd (China). Water was purified by successive ion exchange
and distillation. All the other chemicals are of reagent grade.

HA-silver nanoparticles preparation

Silver nanoparticles were prepared according to the method
described by Li et al. [29] with minor modification. Briefly,
AgNO;3 (0.6 mL and 100 mM), HA (2 mL and 10 mg/mL),
and ultrapure water (7.4 mL) were mixed in a bottle for a
final concentration of 6 mM AgNOz;+2 mg/mL HA. The
solution was then irradiated with UV light (wavelength at
365 nm) by ultraviolet lamp (12 W, ZF7, Shanghai Yuying
Industrial Co., China), for 10 h. After that, the solution was
centrifuged at 12,000 rpm for 30 min and then the sediment
obtained from removal of the supernatant was repeatedly
purified three times by resuspending the sediment in water
and recentrifuging it. The nanoparticles were finally collected
by lyophilization.

Film assembly

The assembly process of the multilayer composite films on
solid substrates was schematically shown in Scheme 1. For
electrochemical study, GCE (3 mm in diameter) was used
as the working electrode. Prior to use, GCE was polished
carefully with 1.0, 0.3, and 0.05 pum alumina slurry,
respectively. After rinsing thoroughly with twice-distilled
water, it was sonicated in absolute ethanol and twice-distilled
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water for about 1 min, respectively. A precursor monolayer of
positively charged PEI was adsorbed by immersing the GCE
into 3 mg/mL PEI in 0.05 M acetate solutions+0.2 M NaNO;
at pH 5.0 solution for 20 min. After that, the electrode was
carefully washed and dried in a N, stream. The GCE/PEI
electrode was then alternately immersed into the HA-silver
nanoparticle (1 mg/ml HA, 3 mM silver nanoparticles) in
0.05 M acetate solutions+0.2 M NaNOs at pH 5.0 solution
and Hb in 0.05 M acetate solutions (1 mg/mL, containing
0.2 M NaNOj at pH 5.0) for 20 min with intermediate water
washing and N, drying. The build-up process was carried out
until a desired number (n) of bilayers denoted as [HAS/Hb],,
was deposited on the electrode substrates. The assembly
films of HA and Hb, denoted as [HA/HD],, were also
constructed on the GCE by the same method.

For ultraviolet—visible (UV—vis) spectroscopic study, a
quartz slide (1x4 cm and 1 mm thick) was firstly immersed
into a freshly prepared “piranha solution” (3:7 volume ratio of
30% H,0, and 98% H,SO,4) for 20 min, rinsed carefully
with water, and then dried with a nitrogen stream. This made
the slide surface become positive. The [HAS/Hb], films
were assembled on the quartz slides with the same procedure
as that of the CGE. For comparison, the assembly films of
[HA/HD],,, were also constructed by the same method.

Measurements and apparatus

Electrochemical measurements were performed with a CHI
604B electrochemical workstation (CH Instruments Co., USA)
using the modified GCE as the working electrode, a platinum
wire as the counter and a Ag/AgCl electrode as reference

Fig. 1 a UV-vis absorption
spectrum, b TEM image of
HSNPs, ¢ SEM image of
[HA/Hb]¢ film, and d SEM
image of [HAS/Hb]s film
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electrode. Before electrochemical measurements, 0.1 M, pH=
7 PBS solutions were purged with purified nitrogen for at least
15 min. A nitrogen atmosphere was then kept in the cell by
continuously bubbling N, during the whole experiment. The
UV-vis spectra were recorded on an UV-2450 spectropho-
tometer (Shimadzu, Japan). The average size and morphology
of HSNPs were observed by a JEM-2010HR transmission
electronmicroscope (TEM). Scanning electron microscopy
(SEM) photographs of various assembly ultrathin films were
recorded with a Hitachi 8100 instrument at 200 kV. Prior to
SEM analysis, the films on quartz slide were coated by thin
gold films with an E-1045 ion sputter (Hitachi, Japan).
All experiments were performed at ambient temperature
(20«2 °C). Zeta potential of the HSNPs was measured by a
Malvern Nano ZS90 (Malvern Instruments, UK).

Results and discussion

Characterization of HSNPs and morphology of HSNPs—Hb
multilayer films

HSNPs were successfully prepared in situ through UV-
initiated photoreduction verified by UV—vis adsorption
spectrum and TEM images as shown in Fig. la, b.
Figure la shows the UV-vis absorption of the silver
particles, which was characterized by the absorption at
447 nm in the visible region. Both the particle size and
shape have been further observed by TEM shown in
Fig. 1b. It could be observed that the particles were well
dispersed with spherical shapes of 30-60 nm. The zeta
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potential of the resulting silver nanoparticles was found to
be —40.47 mV that indicated the HSNPs carried negative
surface charges. While HSNPs stabilized by HA carried
negative surface charges, Hb, with an isoelectric point at
pH 7.0-7.4 [30, 31], had considerable positive surface
charges at pH 5.0. Thus, LBL films of HA/Hb and HSPNs/Hb
at pH 5.0 can be assembled on different substrates through
electrostatic interaction between them. The surface morphol-
ogies of [HA/Hb]s and [HAS/Hb], with Hb as the outermost
layer were shown in Fig. 1c, d, respectively. In comparison
with Fig. lc, a large number of silver nanoparticles were
observed distributing uniformly on the surface of [HAS/Hb]g
(Fig. 1d). The sizes of the nanoparticles were ca. tens of
nanometers, which were in the same order as observed
in TEM (Fig. 1b). The HSNPs around the Hb or
connected with Hb should provide a microenvironment
similar to that of the redox proteins in native systems, and
were beneficial to the direct electron transfer of Hb [18].
In addition, the surface morphology of the [HAS/Hb]¢
film (Fig. 1d), presented porous structures, similar to that
of CSNs-chitosan film [17]. These unique porous struc-
tures might facilitate access of substrates to the bound
proteins [17].

Characterization of the LBL assembly HSNPs—Hb
multilayer

Hb has a strong Soret absorption band for its heme groups
at about 410 nm [32], and HSNPs have a comparative
strong absorption at about 447 nm (Fig. 1a). Therefore UV—
vis spectroscopy could be used to monitor the growth of
LBL films on quartz slides with a precursor of PEI on the
surface. Figure 2a and b present the UV—vis spectroscopy
of different bilayers of [HA/Hb], and [HAS/HDb],,, respec-
tively. The UV-vis spectra at consecutive cycles of the
adsorption of HA/Hb and HAS/Hb bilayer on quartz slides
showed that the Soret absorption band at 411 nm increased
with the number of bilayers. The difference of the two films
was that in the UV—vis spectroscopy of the [HAS/Hb],
(Fig. 2b), there was apparent absorption at 447 nm

Fig. 2 UV-vis spectra of

corresponding to the absorption of HSNPs which has been
shown in Fig. la. This confirmed the successful assembly
of [HAS/Hb],, films on quartz slides. The similar positions
of Soret band of Hb in [HAS/HD], films and in the Hb
solution also indicated that the Hb in the LBL films
essentially retained its native structure.

Cyclic voltammetry (CV) was also used to monitor the
fabrication of [HAS/Hb], films on GCE (Fig. 3). After
alternate absorption of HSNPs and Hb and the formation of
the first bilayer, a pair of nearly reversible reduction—oxidation
peaks was observed at about —0.32 V vs. Ag/AgCl,
characteristic of the Hb heme Fe (III)/Fe(Il) redox
couple [33]. With the increase of the number of bilayers,
both reduction and oxidation peaks increased. For n close
to 6, the peak currents kept nearly constant and did not
increase further, indicating that Hb molecules assembled
in the bilayers with » larger than 6 were no longer
electrochemically accessible which has also been found by
He and Hu [32].

Direct electrochemical behavior of Hb on [HAS/Hb]¢
films/GCE

Cyclic voltammograms of differnt films-modified GCE
were recorded in 0.1 M PBS at pH 7.0. As shown in
Fig. 4, while no CV peaks were observed on a bare GC
electrode (curve a), for [HAS/HDb]¢ films (curve c), a couple
of stable and well-defined redox peaks at —0.28 and
—0.35 V, respectively, was observed. The potential separa-
tion AE, was about 70 mV, which is the characteristic of
heme Felll/Fell redox couple of the protein [17, 18, 34].
When Hb was immobilized in [HA/Hb]¢ film in the absence
of silver nanoparticles, the CV showed a comparatively
small response of Hb (curve b), indicating that [HAS/Hb]¢
film containing silver nanoparticles (curve ¢) was much
more favorable to the direct electron transfer of Hb. In fact,
HSNPs could reduce the insulating property of the protein
shell for the direct electron transfer and play the role of an
efficient electron-conducting tunnel [35]. Furthermore, the
strong adsorption of silver nanoparticles to Hb might

[HA/HD], () and [HAS/Hb], @ 015 b »
(b) films grown on the 411 h
quartz/PEI surface with different
numbers of bilayers (n). a PEI 447
layer (a); PEVHA bilayer (b); g 010 g 010 a
[HA/Hb), (n=1-6) (c-h); b PEI  § g \
layer (a); PEVHAS bilayer (b); s 5 §
Q
[HAS/Hb], (n=1-6) (c—h) 2 05 £ 051 e —
\
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Fig. 3 Cyclic voltammograms of [HAS/Hb], films assembled on
GCE in 0.1 M at pH 7.0 PBS at 50 mV/s. (a—e bare GC, bilayer 1,
bilayer 2, bilayer 4, and bilayer 6)

reduce the denaturation of Hb on GCE and caused adsorbed
protein to possess a favorable orientation for the direct
electron transfer between Hb and GCE [36].

Figure 5 presents the cyclic voltammograms of the
[HAS/Hb]s films/GCE at different scan rates. The redox
peak currents increased linearly with the scan rate between
50 and 300 mV/s (Fig. 5 inset), as expected for a thin-layer
electrochemical behavior. In addition, the cathodic peak
currents were almost the same as the corresponding anodic
peak currents accompanied slightly enlarged peak-to-peak
separation (AE,). These results are characteristic of quasi-
reversible, surface-confined electrochemical behavior in
which all electroactive proteins in the films reduce to
ferrous hemoglobin Hb—Fe(Il) on the forward cathodic
scan, and the Hb—Fe(Il) produced is reoxidized to Hb—Fe
(IIT) on the reverse scan [18].

Based on the Faraday’s law [37], the electroactive Hb
amount (mol/cm?) on the electrode surface, I", could be
expressed as

I'" = Q/(nFA) (1)

where Q is the quantity of charge (C) that can be obtained
through the integration of the CV reduction peak, n is the
charge transfer number, F' is Faraday’s constant, and 4 the
geometrical surface area of electrode. The value of I™ in our
work was calculated to be 5.23x 107" mol/cm?®. This value
is larger than that of the Hb in the agarose hydrogel
and room temperature ionic liquid composite films
(2.30x107"" mol/cm?) [38], in the (Fe;04/chitosan—phytic
acid), film (4.24x107"" mol/cm?) [39], and much larger
than that of theoretical monolayer coverage of the Hb (1.89 %
107" mol/cm?) [40], indicating that Hb saturated adsorbed
onto the assembly films with multilayer coverage [41].

According to Laviron equation [42], the peak current (in

HA), I,, could be expressed as follows:

W2F*AT v nF Ov
I = = 2
? 4RT 4RT @

where v is the scan rate, R gas constant, and T the
temperature. From the slope of the /;, vs. v, n was calculated
to be 1.06. Therefore, the redox of Hb in the assembly films
is a single electron transfer reaction.

When nAE,<0.2 V, the electron transfer rate constant
(ks) of the Hb in [HAS/Hb]¢ film could be estimated by the
following equation [43]:

RT
loghk, = ol 1— 1—0)l — log——
oghks = alog(l —a)+ (1 — a)loga — log Y

_a(l —a)nF AE,

2.3RT 3)

Taking the electron transfer coefficient « of 0.5, a scan
rate of 100 mV/s, and the AE,, of 70 mV, the rate constant
could be estimated to be 1.0 s™'. This value is in the
controlled range of surface-controlled quasi-reversible
process, and it is larger than those reported for Hb
immobilized on polymer-MWNT-modified GCE (0.4 s ")
[44], indicating a fairly fast electron transfer between the
immobilized Hb and GCE.

Figure 6 shows cyclic voltammograms of [HAS/Hb]s/GCE
at different pH values. An increase in solution pH value
caused a negative shift in potentials for both reduction
and oxidation peaks for the modified electrode (Fig. 6a).
In addition, as shown in Fig. 6b, the formal potential
shifted negative linearly with the increase of pH from 5.0
to 10.8. The reason might be the change in the protonation
of a water molecule at the sixth coordination position in
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Potential /V vs Ag/AgCl

Fig. 4 Cyclic voltammograms of a bare GCE, b [HA/Hb]s-modified
GCE, ¢ [HAS/Hb]s-modified GCE in 0.1 M at pH 7.0 PBS. Scan rate,
50 mV/s
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Fig. 5 Cyclic voltammograms 10 -
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the heme iron and also protonation of the protolytic
groups around the heme with changing pH [45]. The slop
of the plot was —41.56 mV/pH, smaller than the expected
theoretical value of 57.6 mV/pH for a single-proton
coupled to one-electron transfer for each heme group of
Hb during the reversible electrode reaction [46]. The fact
may be due to the effect of the protonization of ligands to
the heme iron and amino acids around the heme [47]. In
addition, the negative shift in formal potential may also
reflect the change in the hydrophobic-hydrophilic nature
of the microenvironment in films [48].

Electrocatalysis of HA-silver nanoparticle-Hb
films-modified GC electrode

As reported, heme proteins are able to catalyze the
reduction of various substances including O,, H,O,, NO,

Fig. 6 a Cyclic voltammograms

T
-0.4 -0.6

0.2
Potential /V vs Ag/AgCI

and so on [49, 50]. Here, we choose O, and H,O, as
substrates to study the electrochemical catalytic activity of
Hb in [HAS/Hb] films.

The electrocatalytic property of the [HAS/Hb]s film
toward oxygen was investigated by CV shown in Fig. 7.
When a certain amount of air was injected into oxygen-free
at pH 7.0 PBS solution using a syringe, a significant
increase in reduction peak was observed at about —0.4 V.
On the other hand, the oxidation peak of Hb Felll/Fell
redox couple nearly disappeared. An increase in the amount
of air in solution resulted in the increase of the reduction
peak current. These behaviors implied that Hb immobilized
on the assembly ultrathin film had a satisfactorily catalytic
activity toward O,.

Electrochemical catalytic reductions of hydrogen perox-
ide using [HAS/Hb]s films/GCE are shown in Fig. 8a.
When H,0, was added into pH 7.0 buffers, an increase in

of [HAS/Hb]¢/GCE at a scan a ;. b -0.201
rate of 50 mV/s in PBS with 0.25 1
different pH values of 5.0, 6.0, §
7.0, and 8.0. b The linear plot of < £ 0307
the formal potentials vs. pH g % -0.35
3 € -0401 *
s
-0.45 A
-3 -0.50

0.0

Potential /V vs Ag/AgCI
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Fig. 7 Cyclic voltammograms of [HAS/Hb]¢/GCE in 0.1 M at pH 7.0
PBS containing a 0-, b 5-, ¢ 10-, d 30-, and e 50-ml air. Scan rate,
50 mV/s

the reduction peak at about —0.4 V for [HAS/Hb]¢ films
was observed with the decrease of the oxidation peak.
These results further confirmed that our [HAS/Hb]g film
was a friendly platform for the immobilization of Hb and
had a good electrocatalysis to H,O,. Figure 8b shows the
relationship between the electrocatalytic current and the
concentration of H,O,. The electrocatalytic current was
obtained by deducting anionic peak current of the PBS
without hydrogen peroxide from the anionic peak current
of the PBS containing the certain concentration of
hydrogen peroxide [51]. A linear dependence of the
electrocatalytic current on the concentration of H,O, was
observed in the range of 0.7 to 75 uM with a correlation
coefficient of 0.9985 (Fig. 8b). At higher H,O, concen-
trations, the CV responses showed a level-off tendency
and then fell down. This is characteristic of the enzyme
catalyzed reaction [51]. A linear regression equation was
obtained as Iy (pA) = 0.031 Cu,o, (M) + 0.02, with a
correlation coefficient of 0.991.

The characteristics of sensitivity and response time of
biosensor are important for its applications [52, 53]. Here
these properties were investigated through the amperomet-
ric response of the [HAS/Hb] ¢ films/GCE to H,0O, at
applied potential —0.4 V as shown in Fig. 9. The stepped
increase of H,O, concentration in buffers caused the
corresponding growth of reduction currents for [HAS/Hb],
films, and the 95% of the steady-state current was achieved
in less than 4 s. The obtained calibration curve demonstrat-
ed a linear range of 6-90 uM with LOD (Limit of
Detection) of 0.6 uM (S/N=3) and correlation coefficient
of 0.995. The response slop is 7.9 pA mM ', which is
larger than those obtained for Hb incorporated in polytetra-
fluoroethylene film cast on GCE (6.6 pA mM ') [54] and
for Hb immobilized on CSNs-chitosan film-modified GCE
(1.85 uA mM™") [17], indicating a reasonably high
sensitivity of the constructed biosensor.

The selectivity of this biosensor was evaluated by
H,0O, determinations in the presence of some potentially
coexisting compounds of H,O, in biological systems. In
our experiment, some interfering substances including
glucose, uric acid, dopamine, and several cations such as
Cu®", Mg®*, and Zn*" were tested. When the tolerance limit
was defined as the concentration ratio of additive/H,O, causing
less than 5.0% relative error, it was found that for the
determination of 50 uM H,0,, 20-fold of Cu**, Mg**, Zn*",
glucose, uric acid, and dopamine, did not cause significant
interferences. The Hb in the assembly films can exhibit
selectivity to detect H,O,.

The reproducibility of the response of the enzyme
electrode was investigated in 0.1 M at pH 7.0 PBS solution
containing 50 uM H,0O,. The relative standard deviation
determined with the same enzyme electrode was found to
be 1.17% (experimental number, 5). The stability of the
biosensor under storage in PBS at 4 °C was also
investigated by measuring the biosensor response to
50 uM of H,O, in 0.1 M at pH 7.0 PBS solution. In
comparison to the initial film-modified electrode, the
electrode exhibited no changes in CV peak potential and

Fig. 8 a Cyclic voltammograms a b
of [HAS/Hb]¢/GCE in 0.1 M at 61
pH 7.0 PBS containing a 0, b 5, 51 2.5 .,
¢ 10, d 20, e 40, and f 80 uM 41 .
H,0,. Scan rate, 100 mV/s. b < 37 2.0
Plot of catalytic peak current E 21 <\_EL 154 A
versus concentration of H,O, in 2 14 =
0.1 M at pH 7.0 PBS. Scan rate, 3 o < 1.0+
100 mV/s -1
0.5
-2 g
-3 T T T T T 0.0 T T T T T
0.2 00 -02 -04 -06 -08 0 20 40 60 80 100
Potential /V vs Ag/AgClI H,0, / [um]
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Fig. 9 Amperometric 119 oo
current-time curve at the 1 o8]
constant potential of —0.4 V vs. 1.0 . 0.7
Ag/AgCl in pH 7.0 PBS with 1 = 0.64
successive additions of 6 uM 0.9+ E 05
H,0, for [HAS/Hb]¢/GCE. 053 o
Inset, amperometric response 7 02
curve for H,O, 0.7 8:} .

Current /uA

20 40 60 80 100 120,

HoO0s / (umj

only a slight decrease in peak current (within 10%) in
30 days, showing a good stability.

The H,0, detection performances of the proposed
biosensor were compared with those of other enzymatic
biosensors based on different matrices and the results were
shown in Table 1. It can be seen that the [HAS/Hb]s/GCE
offered reasonable linear range for H,O, detection, com-
paratively high sensitivity and good stability. These
indicated that the proposed biosensor was a good platform
for the detection of H,O,

Conclusions

In this work, Hb was successfully immobilized on GCE
through layer-by-layer assembly of Hb and HSNPs. The

T T T T 1
200 400 600 800 1000

t/s

presence of HSNPs provided the Hb molecules effective
adsorption sites on which their active centers could be
easily accessed so that the direct electron transfer of Hb
was significantly promoted. Hb in the [HAS/Hb]e films
fabricated on GCE retained its original structure and
showed good direct electrochemistry and electrocatalytic
reactivity toward oxygen and hydrogen peroxide. This
work provides a novel model to fabricate LBL films with
protein, polysaccharide and nanoparticles. The direct
electron transfer and electrocatalytic activity of redox
enzymes can be promoted in this kind of nanocomposite
multilayer films. The unique properties, non-toxicity of
the formed HSNPs combined with the biocompatibility
and multiple physiological function of HA may make the
constructed biosensor more suitable to be applied in vivo
detection.

Table 1 Comparison of performances of proposal biosensor for H,O, detection with those of other enzymatic biosensors

Electrode Respond time (s) Linear range (M) Stability® Reference
Hb/graphene—chitosan film/GCE Within 5 6.5-230 80.1% for 14 days [55]
Hb/poly(e-caprolactone) film/GCE NA 2-30 90% for 14 days [56]
Hb—CSNs—chitosan/GCE Within 4 0.75-216 95% for 15 days [17]
Mb—-CGNs—Nafion/GCE Within 5 1.5-90 93% for 50 days [2]
Hb/titania sol-gel film/GCE Within 5 0.5-54 89% for 80 days [57]
HRP/polyion complex membrane GCE Within 15 0.5-10 80% for 30 days [58]
Hb/[HAS/Hb]¢/GCE Within 4 6-90 90% for 30 days This paper

CSNs colloid silver nanoparticle, CGNs colloid gold nanoparticles, Mb myoglobin, HRP horseradish peroxidase

#The stability was evaluated by the percent of retaining its initial current response of the biosensor stored in PBS at 4 °C for some days
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