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1. Introduction

Electrode-supported

nanocomposites with
functionality are of interest
heterogeneous catalysis and electrochemical energy technology.
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Surface self-assembled hybrid nanocomposite with
electroactive nanoparticle and enzyme confined in a
polymer matrix for controlled electrocatalysis+

Nan Zhu, Jens Ulstrup and Qijin Chi*

The three-dimensional network of highly branched poly(ethyleneimine) (PEI) is designed
and synthesized on gold electrode surfaces. A self-assembled monolayer (SAM) of dithiobis
(succinimidyl propionate) (DTSP) on the gold electrode was first prepared, which is confirmed
by the reductive desorption of Au-S units. The PEI polymer was then covalently immobilized
onto the DTSP layer, leaving free primary amine groups acting as a 3D skeleton for high
loading of electroactive enzyme-size Prussian blue nanoparticles (PBNPs, 6 nm) via
electrostatic trapping. Atomic force microscopy was used to disclose the microscopic
structures of the different layers during the surface architecture formation. The resulting
surface-bound nanostructured composite shows high electrochemical activity arising from
confined PBNPs, and acts as an efficient electrocatalyst towards H,0O, reduction. Facile
electron communication is achieved as reflected by a large electron transfer (ET) rate
constant (k) of 200 s™', and the possible electron propagation mechanisms in the polymer
network are discussed. This surface/interfacial nanocomposite can be further used in the
accommodation of enzymes for electrochemical bio-catalysis. Glucose oxidase (GOD) was
used towards this end, in a proof-of-concept study. This enzyme can be co-trapped in the
PEI matrix and is interconnected with PBNPs, leading to highly efficient electrocatalyic
oxidation and detection of glucose.

electroactive NPs have been introduced as redox mediators for
ET and electrocatalysis.'*!°
SAMs of thiol-based molecules and metalloproteins

specific
in the fields of sensors,

Surface self-assembly chemistry has played a vital role in the
development of surface/interface derived nanostructures. For
example, a self-assembled monolayer (SAM) with a selectively
functional interface can provide a well-defined nanostructure
for controlling the orientation of proteins and nanoparticles
(NPs).' Such SAMs consisting of molecular nanoscale NPs
or/and metalloproteins have come to offer not only desirable
immobilization techniques, but also controlling interfacial
electron transfer (ET) routes.> Controlled interfacial ET based
on surface SAMs has been strikingly displayed for electroactive
metalloproteins including representatives of the three major
classes of ET proteins, i.e. heme proteins,™® blue copper
proteins,’ and iron-sulphur proteins® as well as several redox
metalloenzymes’.

Because of its excellent electrocatalytic properties and high
analytical sensitivity, Prussian blue (PB) has been thoroughly
studied as an ET mediator in amperometric electrocatalysis,®""
and its electrochromic, photophysical, and magnetic properties
addressed.'*'® In a more general perspective, owing to their
well-defined morphologies and controlled size, various

This journal is © The Royal Society of Chemistry 2015

assembled on electrode surfaces have also attracted growing
interest.' Well-defined SAM nanostructures can be combined
with electrochemically functional components, such as
electroactive NPs and redox enzymes, into new composites for
studying ET and electrocatalysis. Single-crystal electrodes with
atomically planar surfaces such as Au (111) can further assist
the control of molecular orientations for ET, improve the
electrocatalytic activity, reduce the background signals, and
facilitate high-resolution surface structural characterization.
Such well-defined electrodes have been substrates for
nanostructures addressed by in situ AFM and in situ scanning
tunneling microscopy (STM) for a variety of molecular and
biomolecular systems.>>!"?2

PBNPs can also be immobilized on electrode surfaces via
layer-by-layer SAMs, which provides a facile and versatile
approach to creating a microenvironment for high loads of
electrocatalytic centres as well as retaining their pristine
nanostructure.”*?* With their interconnected architecture and
large surface area, which provide efficient mass transport to
active sites, three-dimensional nanostructures self-assembled on
electrode surfaces have attracted increasing attention.?¢8
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Fig. 1. Schematic diagram of an overall procedure for the construction of gold electrode-supported 3D nanocomposites. Not drawn to the scale.

In this context, polymer functionalized electrode surfaces
have offered an effective platform for construction of
electrochemical sensors and biosensors. For example, Pingarron
and co-workers have recently demonstrated that
polyamidoamine based polymeric networks, which can
combine with metallic nanoparticles and/or reduced graphene
oxide (rGO), are very efficient matrices for immunization of
enzyme and high-performance electrochemical biosensing.?*>
In terms of combing PEI and PB, several previous reports®~’
have shown that PEI-PB hybrids can act as a biocompatible
network for confinement of enzymes and the resulting
biosensors displayed high sensitivity and stability. In particular,
Millner and co-workers showed that pre-impregnated PB screen
printed carbon electrodes modified with PEI provided a cost-
effective way for fabrication of lactate biosensors, which hold
promising applications in diagnostic tests for intra-abdominal
sepsis and anastomotic leak®.  However, although
electrodeposited PB films have been extensively studies since
1980s, the synthesis of PBNPs (50 nm) with defined and stable
structure was not reported until 2002. To date, most reports in
terms of PB material and PEI are about PB films and non-
covalently coated PEI matrices on glass carbon electrodes. This
study aims at synthesizing stable enzyme-size PBNPs
(approximately 6 nm) and confining PBNPs in a 3D PEI matrix
which is covalently bound to gold electrode surfaces.

In the present work, three-dimensional SAMs on single-
crystal Au(111) electrode were used as a platform to confine
PBNPs with a high loading for fast ET and electrocatalysis. The
SAM nanostructures on Au(l11) were characterized by
electrochemistry and in situ AFM, and the ET features of the
confined PBNPs are discussed. Dithiobis(succinimidyl
propionate) (DTSP) is known as Lomant’s reagent’® and used
as a protein or polymer cross-linking reagent by acylation of
free primary or secondary aliphatic amino groups. Its terminal
succinimidyl groups allow further covalent immobilization of
biomolecular surface amino groups.*” In this work a DTSP
SAM was formed onto gold surfaces through the thiol-gold
chemistry. This was followed by covalent binding of the
primary amine-rich polymer PEI immobilizing the latter on top
of the DTSP SAM. The covalent interaction between DTSP and

This journal is © The Royal Society of Chemistry 2015

PEI leaves a large number of free ammonium groups as a basis
for a 3D terminal skeleton with a stable environment for a final
step, in which high loads of PBNPs are electrostatically
encapsulated. Fig. 1 shows a schematic diagram for the overall
procedure for preparation of the 3D Au(111)-DTSP-PEI-PBNP
nanostructure.

The surface-bound nanostructures were characterized by
electrochemical reductive desorption of the Au-S units of the DTSP
linker-based composites®® and by AFM directly in the electrolyte
solutions. The resulting 3D electrochemical DTSP/PEI/PBNP
composite displays strong voltammetric PBNP signals and highly
efficient electrocatalytic activity both towards reduction of H,O,
directly and towards oxidation of glucose in combination with
immobilized glucose oxidase (GOD) on the surface of the 3D
nanostructures. This three-dimensional structure also provides a
simple and effective way to study the physicochemical nature
of ET and electrocatalysis.

2. Experimental section

2.1 Materials and reagents

Dithiobis(succinimidyl propionate) (DTSP), potassium
monohydrogen phosphate (K,HPO,, > 99.999%), N, N-
dimethylformamide (DMF), glucose oxidase (GOD, from
Aspergillus niger, EC 1.1.3.4. 100000-250000 units g™"), D-(+)-
glucose (> 99.5%), Nafion® (5%), KCl (= 99%), FeCl; (>
99.5%) and Fe(NO3); (= 99.5%) were all from Sigma-Aldrich.
Poly(ethyleneimine) (PEI) (MW = 750,000, 50% w/v in H,O)
was from Fluka. Potassium dihydrogen phosphate (KH,PO,, >
99.5%), K4[Fe(CN)¢] (= 99%), KOH (= 99.995%) and H,0,
(30%) were from Merck, and K;3[Fe(CN)¢] (= 99%) from
Riedel-de Haén. All other reagents used were at least of
analytical grade. 1 mM PEI was obtained by diluting the stock
solution with PBS buffer. Milli-Q water (18.2 MQ cm) was
used throughout.

2.2 Synthesis of PBNPs

PBNPs were prepared in three steps. In the first step, solid PB
pigment was synthesized as follows: Fe(NOs;); (30 ml 1.3 M)
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solution was gradually added to K4[Fe(CN)4] (60 ml 0.5 M) solution
under vigorous stirring. The mixture immediately changed color
from yellow to dark blue. When mixing was complete, the reaction
mixture was vigorously stirred for another 5 min. The resulting
mixture was then washed with Milli-Q water and centrifuged at 4°C
several times to remove the supernatant of unreacted reagents. The
precipitate was collected and dried in air overnight.

In the second step, the PB pigment was redispersed by adding
K4[Fe(CN)g]-3H,0 into the pigment-water suspension. To achieve
the water-soluble nanoparticles, solid PB pigment (0.4 g) was
suspended in 15 ml water, followed by adding freshly prepared
K4Fe(CN)g] solution (5 ml 45 mM). The suspension was dissolved
into a transparent dark blue solution after strong stirring for 4 h.

The third step was purification of the PBNP solution.
Purification was performed by using a Stirred Ultrafiltration
Cell and membrane to remove residual salts. The Stirred

Ultrafiltration Cell was assembled and the PBNP solution
added and diluted with Milli-Q water with the membrane 3000
according with the PBNP size. The process was repeated 3-5
times by adding fresh Milli-Q water until the filtrate was
colourless. The As-synthesized PBNPs were systematically
characterized, particularly with the HR-TEM image and size-
histogram

distribution provided in ESI Fig. SI.
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Fig. 2. (A) Linear scan voltammograms for reductive desorption of
Au(111)-DTSP: the first scan (solid line) and the second scan (dotted
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line). (B) Linear scan voltammograms for reductive desorption of
Au(111)-DTSP-PEI: the first scan (solid line) and the second scan
(dotted line). (C) Comparison of linear scan voltammograms of
reductive desorption of DTSP (blue line) and Au(111)-DTSP-PEI (red
line) electrodes. Electrolyte: 0.5 M KOH solution; scan rate: 20 mV s™".

2.3 Preparation of self-assembled 3D nanostructures on the
electrode surface

Single-crystal Au(111) electrodes, prepared as previously
described''® were used as working substrates in both
electrochemistry and in situ AFM. The Au(111) electrodes
were first annealed in a H, flame and then quenched in Milli-
Qwater saturated with H, gas. The quenched Au(111)
electrodes were immediately immersed into freshly prepared 5
mM DTSP DMF solutions and left overnight. After rinsing the
samples first with DMF, and then several times with Milli-Q
water, the gold electrodes were transferred into 1 mM PEI
solution overnight. The SAM/PEI modified electrodes were
transferred next into 5-6 nm PBNP solution at room
temperature to form the 3D nanostructure.

2.4 Electrochemical and in situ AFM measurements

A three-electrode Autolab Electrochemistry System (Eco
Chemie, The Netherlands) controlled by the general-purpose
electrochemical system software was used to record cyclic
voltammograms at room temperature (21+2 °C). Amperometric
i-t response curves were recorded using a CHI 760
electrochemical workstation. SAM/PEI modified Au(111)
electrodes were used as the working electrode (WE). The
counter electrode (CE) was a coiled platinum wire, and the
reference electrode (RE) a freshly prepared reversible hydrogen
electrode (RHE). All potentials are referred to the saturated
calomel electrode (SCE). The RHE potential was checked
against a SCE after each measurement. Purified argon (5 N,
Chrompack, Varian) was applied to purge dioxygen from
electrolyte solutions before the measurements, and a gas stream
maintained over the solution during the measurements.
Electrolyte solutions consisting of 10 mM phosphate buffer and
0.1 M KCl (pH 7.0) were used throughout for all
electrochemical measurements.

AFM imaging was carried out using a 5500 AFM System
(Agilent Technologies) equipped with in-house made
electrochemical cells. The tapping Mode was mostly used.
Identical liquid environment conditions were used for in situ
AFM and in electrochemistry.

3. Results and discussion

3.1 Preparation and characterization of surface polymeric
nanostructures

SAM nanostructures were tracked through each step during
the preparation process to define their properties. Voltammetry
of the electrochemical reductive desorption of n-alkanethiol
self-assembled monolayers (SAMs) from a metal surface in
strongly alkaline solution has been widely used to diagnose the
state of thiol-based SAMs and engineered SAMs, >4 gince the
first report by Porter and coworkers.**** The systematic studies
by Imabayashi et al. have revealed the quantative relationship
of the intermolecular interaction between adsorbed thiol species
of different alkyl chain lengths and the reductive desorption
peak potential (E;), indicating that E, of variable-length
alkanethiols is shifted negatively with increasing the alkyl chain
length by about 15 mV per methylene group.*’

J. Mater. Chem. B
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The reductive desorption of different SAM layers for the
thiol-bound Au(111)-DTSP and Au(111)-DTSP-PEI layers in
0.5 M KOH solution were addressed in this work and are
compared in Fig. 2. A reductive desorption peak was observed
around -0.7 V (vs. SCE) in the first scan for Au(111)-DTSP
(Fig. 2A). This accords well with previous reports.'**** No
reductive desorption peaks were detected in successive scans of
either Au(111)-DTSP or Au(111)-DTSP-PEI (Fig. 2B and 2C),
a clear indication of the irreversible nature of the reductive
desorption at negative potentials. The Au(111)-DTSP-PEI
system (Fig. 2B) displayed a reduction peak around -1.0 V (vs.
SCE) in the first scan. This is significantly shifted towards
negative potentials (about 30 mV) compared with the peak in
the absence of polymer (Fig. 2C). The covalent bond between
DTSP and PEI and the large molecular mass of PEI thus
invokes similar behavior as increased alkanethiol chain lengths.

During this desorption process, the Au-S surface coverage of
Au(111)-DTSP and Au(111)-DTSP-PEI was estimated as 2.1 x
10" and 1.3 x 10" mol ecm™ respectively. The high Au-S
coverage is associated with the high density of sulfur linking
groups in the DTSP primary linker. The average distance
between neighboring surface Au-S units in the DTSP adlayer
(assuming for simplicity a square lattice) estimated from the
reductive desorption peaks is thus 0.9 and 1.15 nm for Au(111)-
DTSP and Au(111)-DTSP-PEI, respectively. These values can
be compared with those for a (V3 x 4)R30° lattice of
cysteamine (from in situ STM, two molecules per unit cell),
viz. 5.7 x 107"° mol cm™ or an average intermolecular distance
of 0.56 nm.** The (33 x 6)R30° cysteine lattice gives 4.0 x 10°
' mol ecm™ or an average distance of 1.2 nm.'® The Au-S
surface densities of the Au(111)-DTSP adlayers are thus in
keeping with close to full monolayer packing of the Au-S
linking units of the primary DTSP linker.
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Fig. 3. (A) Comparison of CVs of Au(111)-DTSP-PEI-PBNPs (blue
line) and Au(111)-DTSP-PEI (black dotted line) in 0.1 M KCI. Scan
rate is 0.05 V s'. (B) Representative CVs of Au(111)-DTSP-PEI-
PBNPs in 0.1 M KC1 PBS solution (pH 7.0). Scan rates: 0.02, 0.05, 0.1,
0.2,0.5,0.7,1.0 Vs™.

3.2 Electron transfer behaviour of PBNPs confined in a polymer
matrix

Fig. 3A compares the cyclic voltammograms (CVs) of
Au(111)-DTSP-PEI-PBNPs and Au(111)-DTSP-PEI in the
potential range from -0.1 to 0.4 V. No redox peaks were
detected in the absence of PBNPs (black dotted line) but a
strong pair of peaks around 0.15 V appeared for the Au(111)-
DTSP-PEI-PBNP, caused by oxidation and reduction of the
PBNPs. The oxidation peak is clearly shifted positively and the
reduction peak negatively with increasing scan rates (Fig. 3B).
To quantify the ET feature, we have shown the relationship
between the peak current and scan rate (0%, x = 0.5, 0.6, 0.7,
0.8, 0.9, 1.0) by a series of plots (Fig. 4). The best linear fit is
obtained with x =0.8-0.9, indicative of close to thin-layer
voltammetric behavior, but the PBNPs diffusion within the
polymer matrix still plays a role in determining the overall ET
kinetics.*® The best fitted exponent value, between one half and
unity 0.5 <x <1, is likely to reflect thin-layer behaviour at low
scan rate (x = 1) and diffusion-like behaviour at high scan rate
(x = 0.5). We might expect that PBNPs would be more mobile
in a hydrated and branched polymer matrix, but the electrostatic
interaction appears to be strong enough to confine
nanoparticles. We shall discuss this further below.

The ET rate constant (k) was calculated as 200 £ 10 s’
(based on a one-ET process), according to the Laviron
method.**’ This value appears large. In view of the three-
dimensional high-density distribution of PBNPs in the PEI
matrix, the rate constant must, however, necessarily accord
with the notion of “apparent” and may involve both interfacial
electrochemical ET between PBNPs and Au(111) electrode,
and diffusion-like or percolative electron “hopping” between
PBNPs in the DTSP/PEI matrix.

The PBNP voltammetric data shown in Figs.3 and 4 also
offer a clue to the mechanism of interfacial electrochemical ET
of the PBNPs in the confined Au(111)/DTSP/PEI environment.
The following observations are notable:

(1) Only the PBNPs closest to the Au/polymer-matrix
interface contribute directly to the current but electron supply
from PBNPs in the whole matrix is obviously crucial. PBNP
dynamics is therefore paramount.

(2) Voltammetric charge supply could be either by “vehicular
diffusional motion of whole PBNPs or by ET (“hopping”)
between individual PBNPs. If the PBNP load is high, as in the
system presently addressed, these two mechanisms display
close to equivalent voltammetric behaviour by crude
correlations between the PBNP diffusion coefficient in the
matrix Dp.uix, and the rate constant for ET (hopping) between
pairs of PBNPs, kg1 in forms such as?

Dmatrix ~ N <5>2 kexch (1)

where <6> is the average diffusion jump length and N a
geometric factor that represents the nearest neighbour number
and orientation. For the ET mechanism to be effective, high
hopping site (PBNP) concentration or small ET distances are
required. Tunnelling and concentration factors are therefore of
minor importance and therefore omitted in the crude coarse-
grained form of eq.(1).

This journal is © The Royal Society of Chemistry 2015
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(3) Diffusion or diffusion-like behaviour is a rationale for the
PBNP voltammetric behaviour observed. The non-orthodox
correlation between the peak current density j, and scan rate, v,
VS. jp o€ vO® or v substantiates that the diffusion/ET is in a
confined matrix space in which the diffusion length is
comparable to the thickness of the DTSP/PEI adlayer. The j, o
V0809 correlation is thus likely to reflect Jp o< v** behaviour at
high scan rate where the diffusion profile does not reach the
outer DTSP/PEI edge, and j, oc v behaviour at low scan rate
where the profile reached the outer edge during each scan. The

numerical j, oc v* (0.5 < x < 1) reflects this transition. Other

400 ——————T——T—— 400 ——
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cases of confined space diffusion or electron hopping in
electrochemical systems are reported elsewhere®~2 Detailed
theoretical treatments of spatially confined diffusion in
electrochemical systems are also available®*.

3.3 AFM imaging of microscopic structures of 3D surface
nanocomposites

The microscopic structures of different steps in the
production of 3D SAM on ordered Au (111) electrodes were
characterized by in situ AFM, in the same 0.1 M KCIl PBS
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Fig. 4. A series of plots for uncovering the relationship between the peak currents (I, and I,c) and scan rate (v*, x = 0.5, 0.6, 0.7, 0.8, 0.9 1.0). The
best linear fit is obtained with x = 0.8-0.9.
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Fig. 5. In situ AFM images of SAM based nanostructures: (A) and (B) Au(111)-DTSP-PEI (D) and (E) Au(111)-DTSP-PEI-PBNPs, (G) and (H)
Au(111)-DTSP-PEI-PBNPs-GOD. (B), (E) and (H) are the 3D AFM images corresponding to (A), (D) and (G), respectively. (C), (F) and (I) are
the cross-section profiles of the lines marked in (A), (D) and (G), respectively. All the images were recorded in liquid 0.1 M KCI PBS solution as
used for electrochemical measurements. The scanned area of all the images is 1 x 1 pm?*

buffer solution as for the electrochemical measurements. Fig.
5A and 5B show AFM images of immobilized PEI on Au(111)-
DTSP in a randomly chosen area of 1 x 1 um? The surface
appears rough with three-dimensional nanostructures as seen
from the cross-sectional profile (Fig 5C), and indicative that
PEI covalently linked with DTSP on Au(111) offers a 3D
skeleton for PBNP immobilization. The majority of the
nanostructures observed when PBNPs were assembled on the
Au(111)-DTSP-PEI surface (Fig. 5D and SE), were single
nanoparticles with little agglomeration. Importantly, the PBNP
nanostructures seem to cover fully the PEI adlayer, with some
5-6 nm nanoparticles appearing outside and some inside the
adlayers (Fig 4E), which was higher than pure PEI (Fig 5C).
This high surface coverage of nanostructures offers highly
efficient electrocatalysis. Fig. 5G and 5SH show AFM images of
the sample after immobilizing glucose oxidase (GOD) on the
Au(111)-DTSP-PEI-PBNP surface. The small granular features
are attributed to adsorbed GOD molecules. Some overlayers of
enzyme are seen, although not covering uniformly the whole
surface.’® The crystallographic dimensions of a deglycosylated
GOD molecule is reported to be 6.0 nm x 5.2 nm x 7.7 nm.”’
The apparent AFM size of native GOD (Fig. SH and S5I)
appears to be larger than its physical sizes, especially in liquid
electrolyte environment partially due to the AFM convolution
effect.® Although this enzyme-electrode topography does not
tell us clear clues about enzyme activity towards glucose
oxidation, AFM imaging in the liquid environment clearly
reveals the presence of GOD confined stably in a surface

J. Mater. Chem. B

polymeric matrix and available for electrocatalysis assays as
described below.

3.4 Electrocatalysis and electrochemical bio-catalysis of surface
hybrid nanocomposites towards targeted molecules

PB as electrochemical mediator for analytical applications
has found wide use in the biosensor field in the past decades.''
We have addressed the three-dimensional SAM PBNP
nanostructures as catalytically efficient architectures towards
electrocatalytic reduction of H,O, and glucose as two broadly
important biological metabolites. A significant electrocatalytic
effect on 0.25 mM H,O, reduction in the Au(111)-DTSP-PEI-
PBNPs system is recorded in Fig. 6A (red line) compared with
the adlayer without PBNPs assembled on the surface (Fig. 6A
black line). Amperometric current (i)-time (t) responses of
Au(111)-DTSP-PEI-PBNPs to successive additions of H,O, at -
0.05V was also acquired (red line, Fig. 6B).

The response was rapid and 95% of the steady-state current
was reached within 5s. The current density for H,O, reduction
increases with increasing concentration. The calibration curve
for the 3D SAM nanostructure showed a good linear response
to the H,O, concentration in the 0.3-30 mM range with the
detection limit of 5 uM (Fig. 6C). The wide linear range
indicates that high loading of active PBNPs has been achieved
for the catalytic process. The H,O, response on Au(111)-DTSP-
PEI without PBNPs under the same conditions is displayed in
Fig. 6B (black line) and Fig. 6C (black line) for comparison and

This journal is © The Royal Society of Chemistry 2015
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shows only a very weak response compared with the Au(111)-
DTSP-PEI-PBNPs electrodes.
20—
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E/Vvs SCE

B 25mM

GOTmM
——T 7T 7T
800 1000 1200 1400 1600 1800 2000 2200
Time (s)

T
0 5 10 15 20 25 30
[H202] (mM)
Fig. 6. (A) A comparison of electrocatalytic activity of Au(111)-DTSP-
PEI-PBNPs (red curves) and Au(111)-DTSP-PEI (black curve)
electrodes in the presence of 0.25 mM H,O,. Scan rate 20 mV st (B)
Amperometric response curves of Au(111)-DTSP-PEI-PBNPs (red) and
without PBNPs (black) at an applied potential of -0.05 V vs SCE upon
successive injection of different concentrations of H,O, for each step
under constant stirring and Ar saturation. Concentration from 0.3 to 30
mM H,0,. (C) The relationship between catalytic current density and
concentration of H,O, for Au(111)-DTSP-PEI-PBNPs (red) and
without PBNPs (black). Electrolyte solution 0.1M KCI PBS (pH 7.0).

Electrocatalysis of glucose oxidation using this sensing
element can be achieved by measuring the current for the
reduction of hydrogen peroxide.”* Au(111)-DTSP-PEI-PBNPs-
GOD-Nafion was selected as working electrode for catalytic
oxidation of glucose. Electrocatalysis is clearly observed after
adding glucose in the electrolyte (Fig. 7A). Amperometric i-t

This journal is © The Royal Society of Chemistry 2014
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Fig. 7. (A) Comparison of electrocatalytic activity of Au(111)-DTSP-
PEI-PBNPs-GOD-Nafion in 10 mM glucose solution with GOD (red)
and without GOD (blue). Electrolyte solution 0.1M KCI PBS (pH 7.0),
Scan rate 20 mV s, (B) Amperometric response curve of Au(111)-
DTSP-PEI-PBNPs-GOD-Nafion (red) and without GOD (blue) at a
detection potential of -0.05 V vs. SCE upon successive injection of
different concentrations of glucose for each step under constant stirring.
Concentrations from 1 to 40 mM glucose. (C) Electrocatalytic activity
relationship between catalytic current density and concentration of
glucose for Au(111)-DTSP-PEI-PBNPs-GOD-Nafion (red) and without
GOD (blue).

responses of Au(111)-DTSP-PEI-PBNPs-GOD-Nafion to
successive additions of glucose at the fixed potential of -0.05V
(Fig. 7B, red line) show that the catalytic current density
increases with increasing glucose concentration. The calibration
curve for the 3D SAM nanostructures shows a good linear
response to the glucose concentration in the range of 1-40 mM
with the detection limit of 10 uM (Fig. 7C red line). This wide
linear range can potentially be used in many contexts. The
response without GOD was insignificant as demonstrated in
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Fig. 7B (blue line) and Fig. 7C (blue line). The amperometric
responses to H,O, reduction and glucose addition are both very
fast due to the interconnected 3D nanostructure. The high
surface area of the 3D nanostructure that is also permeable to
electrolyte thus appears to enhance significantly the sensing
capacity towards H,O, reduction and glucose oxidation
compared to the corresponding 2D assemblies®*¢!.

The electrochemical version of Michaelis—Menten equation (Eq.
2) was used to extract the kinetics characteristic of the
electrocatalytic process by fitting the experimental data.*?

kcat [ S] (2)

Jea =K 49

where j,, is the electrocatalytic current density, [S] is glucose
concentration, /" is the surface PBNP coverage (estimated by
electrochemical CVs), n the number of electrons transferred (here =
4), F the Faraday constant, K, the apparent Michaelis constant, and
k.. the apparent catalytic turnover rate.

Fig. 7c can be best fit by Eq. 1 as shown in Fig. S2 (the solid
curve) with the values of k,,, =21 £ 3 s and K, = 29 + 4 mM. The
apparent Ky is relatively large, close to that for free GOD in
homogeneous solutions. The k., is clearly smaller than the
uncatalyzed PBNP electron transfer (ET) rate constant (200 s'). This
must be attributed to different rate-determining steps. The
uncatalyzed interfacial electrochemical ET of the PBNPs only
involves the ET step itself, whereas the electrocatalytic efficiency is
determined by concerted effects of interfacial ET involving both the
PBNP/electrode contact and the PBNP/enzyme/glucose interaction.
If the latter step is rate determining the observed interfacial
electrochemical rate constant will be, expectedly quite different.
Overall, the results suggest that the 3D nanostructure SAM provided
a high surface coverage of redox mediator PBNPs for
electrocatalysis, resulting in good response to high concentration of
glucose with a relatively large value of K.

Finally, we have evaluated the stability of Au(111)-DTSP-PEI-
PBNPs-GOD-Nafion electrodes. The two batches of experiments
were carried out over a period of about two months, where the
electrodes were stored at 4°C either in the dry state or in phosphate
buffer (10 mM, pH 7.0). After 30 days, the electrocatalytic activity
of the electrodes retained approximately 87% when the electrodes
were kept in the dry state. The remained activity is less but still at
76%, when the electrodes were stored in buffer solutions. The
electrocatalytic activity decreased to about 63% and 51% after 50
days, respectively, for the dry-state and solution storage. The lower
stability in the solution storage mostly likely arises from the partial
leakage of glucose oxidase from the PEI matrix, due to non-covalent
but electrostatic confinement.

4. Conclusions

We have exploited surface self-assembly chemistry to
prepare  three-dimensional  interfacial = nanocomposites
consisting of polymer matrix, electroactive nanoparticles and
enzyme. Atomically planar single-crystal Au(111) electrodes
were used to ascertain well-defined electrochemical
microenvironments for the surface architecture and structural
characterization with in situ AFM. A monolayer of
dithiobis(succinimidyl propionate) (DTSP) on Au(111) was
prepared and utilized for covalent immobilization of the
primary amine-containing polymer Poly(ethyleneimine) (PEI).

J. Mater. Chem. B

The PEI matrix enables to confine PBNPs in high load as well
as offering a biologically friendly environment for further
accommodation of enzymes. The confined PBNPs exhibit high
electroactivity with a large interfacial ET rate (200 s™"), leading
to highly efficient electrocatalysis. Together with our previous
attempts of two-dimensional alkanethiol immobilized
PBNPs,%! the three-dimensional Au(111)/DTSP/PEI/PBNP
surface systems offer a new class of well characterized highly
efficient substrates for electrocatalytic reduction of H,O, alone
and in combination with GOD for glucose oxidation. The
method is therefore expected to be applicable to other redox
enzymes immobilized in similar ways. Owing to controlled
preparation of three-dimensional surface nanostructures, good
stability, and high reproducibility, PBNP-based
nanocomposites thus stand out as attractive interfacial materials
for fabrication of electrocatalytic sensing devices, and provides
a platform for probing ET features of electroactive NPs.

Finally, single-crystal gold electrodes were used in the
present work to facilitate the surface characterization of
nanostructures. However, the method is fully applicable to
poly-crystalline metallic electrodes or any other electrode
materials that enable thiol based self-assembly. For example,
from an application point of view, both thin gold film (coated
on glass or silicon wafer) electrodes and commercially
available low-cost printed gold disc electrodes would appear to
be highly suitable for the fabrication of practical sensing
devices.
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