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Single layer Prussian blue grid as a versatile enzyme trap for low-potential
biosensors†
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A single layer Prussian blue (PB) grid was constructed on a Pt substrate using a self-assembly approach

with nanosphere lithography in order to create a matrix for the uniform and ordered immobilization of

proteins. Enzymes were captured in the cavities of the PB grid with the aid of an alkoxy silane linker,

which enabled strong interaction between the silane’s alkoxy groups and Pt. Using a low applied

potential of �0.1 V vs. Ag/AgCl the as-prepared biosensors exhibited excellent performance in the

detection of glucose, lactate and glutamate, indicating the versatile application of this specific PB

architecture in the area of biosensors.
Introduction

Biosensors have excellent prospects in areas such as health

protection,1,2 medicine3 and food safety,4–6 and can realize

accurate target detection in a complex system. Oxidase based

electrodes, a widely applicable category, normally require oper-

ation under a high detection potential.7,8 However, such

a potential will cause signal interference due to oxidation of co-

existing substances, such as ascorbic acid (AA) and uric acid

(UA).9 Accordingly, it is vital and meaningful to select a suitable

electrode material for reduction of the detection potential, while

satisfying performance requirements.

Prussian blue (PB), an electrocatalytic hexacyanoferrate, is well

known for its low application potential for hydrogen peroxide

detection.10–12 Frequently, immobilization of enzymes (oxidases)

on PBmodified electrodes requires cross-linking agents which can

create conditions that lower enzyme activity and impede electron

transfer to a PB modified surface.13–16 Furthermore, common

cross-linking methods may not enable uniform distribution of the

enzyme. These can cause an obvious decline in PB catalytic

performance following enzyme loading.17,18

In order to eliminate such deficiencies, a novel PB architecture,

which can realize the selective and organized immobilization of

enzymes, is proposed. We hypothesized that if a PB film could be

constructed to form continuous cavities which act as sites to lock

the enzyme in their spaces, the biomolecules would be
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surrounded by PB ‘‘walls’’ and immobilized in a regular fashion.

However, such a design cannot be readily achieved by sponta-

neous crystallization of PB due to its rapid formation rate.

Therefore, we successfully created a PB nanogrid (self-assembly

method) with uniform nano-pores on a platinum (Pt) surface

using polystyrene (PS) beads as the shaping template. This

patterned surface can provide a large number of ‘‘enzyme traps’’

for capturing the oxidase. The protein was immobilized via silane

attachment which facilitated selective binding in the nanopores

surrounded by a PB mesh. Using such an architecture, with an

applied potential of �0.1 V vs. Ag/AgCl, key analytes such as

glucose, lactate and glutamate can be detected.
Experimental

Reagents and apparatus

Polystyrene latex microspheres (PS, 500 nm, 2.5 wt%) were

purchased from Alfa-Aesar company. K4[Fe(CN)6]$3H2O

(Sigma-Aldrich), FeCl3$6aH2O (Sigma-Aldrich), (3-glycidyloxy-

propyl) trimethoxysilane (Sigma-Aldrich), sodium n-dodecyl

sulfate (Alfa-Aesar), L-glutamic acid monosodium salt mono-

hydrate (Alfa-Aesar), sodium L-lactate (Alfa-Aesar), glucose

(Sinopharm Chemical Reagent Co., Ltd, China) and 30 wt%

H2O2 (Sinopharm Chemical Reagent Co., Ltd, China) were of

analytical grade purity and used without further purification.

The WesternBright enhanced chemiluminescence (ECL) HRP

substrate was purchased from Advansta Inc. 5 mg glucose

oxidase (GOD, EC 1.1.3.4, 168 800 units per g, from Aspergillus

niger, Sigma-Aldrich) was dispersed in 1500 mL of 0.05 phos-

phate buffer solution with 0.1 M KCl (PBS, pH ¼ 6.5) and was

sufficient for preparation of three electrodes. 2.5 mg lactate

oxidase (LOD, EC 1.13.12.4, 20 units per mg, from Pediococcus

sp., Sigma-Aldrich) was dispersed in 500 mL PBS and separated

into 25 separate vials (2 units per 20 mL). 1 unit glutamate
This journal is ª The Royal Society of Chemistry 2012
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oxidase (GMOD, EC 1.4.3.11, 5 units per mg, from Streptomyces

sp., Sigma-Aldrich) was mixed into 200 mL PBS and was suffi-

cient for preparation of two electrodes. 5 mg peroxidase (EC

1.11.1.7, 250 units per mg, from horseradish, Biosharp) was

dispersed in 1500 mL PBS for preparation of three electrodes. All

solutions were prepared with deionized water.

The electrochemical properties were studied using an electro-

chemical workstation (CHI 660C, (Shanghai Chenhua, China)).

All cyclic voltammetry (CV) experiments were operated in PBS

at 25 �C. A Pt wire and Ag/AgCl were used as the counter and

reference electrodes, respectively. The scan rate was 50 mV s�1.

The images were collected in contact mode. Scanning electron

microscopy employed a JEOL JSM-6390LV with a SC7620 Mini

Sputter Coater from Quorum Technologies and EDX for

elemental identification. Fluorescence characterization was

investigated by microscope BX51 (Olympus, Japan).
Preparation of a PB monolayer grid

Prior to film growth, each Pt disk electrode (geometric area,

0.0314 cm2) was polished with 1.0, 0.3, and 0.05 micron size

alumina powder, and then the electrode was sonicated in

deionized water for 30 min. Finally, the cleaned electrode was

dried in an oven at 60 �C prior to use.

After the above pre-treatment step, firstly, one or two drops of

PS beads were added on the electrode surface in order to cover

the whole Pt area. The electrode was held stationary for 1 min in

order to enable dispersion of the beads on the Pt surface.

Secondly, the substrate was slowly immersed into deionized

water and one or two droplets of 2% sodium n-dodecyl sulfate

were dropped into this water in order to change the surface

tension. At this stage the PS beads were dispersed and the

monolayer suspended on the water. Subsequently, the prepared

monolayer of PS modified electrode was lifted out of the trough

and dried in the oven at 60 �C for 90 min in order to fix the beads

to the surface.

When the deposition of the PS monolayer was complete, the

electrode was modified with PB using a self-assembly approach.

Two solutions were prepared for the deposition of PB films:

solution 1 (S1): 0.01 M K4[Fe(CN)6] + 0.1 M KCl + 0.1 M HCl

and solution 2 (S2): 0.01M FeCl3 + 0.1MKCl + 0.1MHCl. The

electrode was dipped into the solutions in the following order: (1)

S1 for 60 s; (2) deionized water for 15 s� 3 times for cleaning; (3)

S2 for 60 s; and (4) deionized water for 15 s � 3 times. The above

steps can be repeated in order to control the amount of PB on the

electrode surface. The self-assembly time and operation were

controlled accurately using a Dip-Robot (DR-3, Riegler &

Kirstein GmbH, Germany) for the whole process. After the film

was prepared, the electrode was washed and dried in the oven at

60 �C for 30 min. Finally, the prepared electrode was immersed in

toluene for 24 h to remove the PS template and obtain a mono-

layer of PB grid.
Fig. 1 The preparation process of a PB grid based biosensor. (a–c)

illustrate the formation scheme of the PB single layer grid; (d and e)

exhibit the enzyme loading approach. SEM images show the evolution of

the prepared electrode surface. The scale bar for SEM images is 1 mm.
Enzyme loading

The prepared electrode was immersed into 69% HNO3 for 5 min

to hydroxylate the exposed Pt. Then the electrode was cleaned

and dipped into 2% (3-glycidyloxypropyl) trimethoxysilane (GS)

at 37 �C for 1 h. The excess liquid was removed from the
This journal is ª The Royal Society of Chemistry 2012
electrode surface and allowed to dry at 60 �C for 30 min. Finally,

the electrode was immersed into the enzyme solution in order to

allow enzyme binding (GOD for 3 h, LOD and GMOD over-

night). Finally the electrode was washed using deionised water

and stored in 4 �C.
DFT simulation

The entire simulative process was set at the level of DFT by the

Cambridge sequential total energy package (CASTEP). The

Perdew–Burke–Ernzerhof functional (PBE) of gradient-cor-

rected functional was chosen as the exchange–correlation func-

tional. Ultrasoft pseudopotentials were chosen to allow the

calculation to run with the lowest possible cutoff energy for the

basis set. The electronic wavefunctions at each k-point were

expanded in a plane-wave basis set up to 340 eV. The Mon-

khorst–Pack k-points for the accuracy of the Brillouin zone

sampling were set at a fine level. The SCF tolerance reached 1 �
10�6 eV per atom. Before the interaction calculation of the silane

coupling agent with PB and Pt, the geometries of PB and Pt unit

cells were first optimized to the ideal state. Then the (001) crystal

planes of PB and Pt were chosen as the combination samples. A

10 �A vacuum slab was placed between the two same planes to

create the space for silane location. Finally, the CASTEP

procedure was run in order to investigate the quantum properties

for adsorption of silane on PB and Pt.
Results and discussion

Formation evolution of the PB grid

The preparation route can be divided into two steps: PB grid

construction (Fig. 1(a) and (c)) and enzyme immobilization

(Fig. 1(d) and (e)). In order to realize a nanostructured catalytic

film of PB, a monolayer of PS beads served as the shaping

template. This enabled a PB film to be achieved which was stable

under the conditions employed for bead removal. Following the

formation of a PS monolayer on the Pt surface (SEM image in

Fig. 1(a)), we selected the self-assembly approach to pack PB

around the PS template surface on account of its facile and exact

control for film thickness and surface concentration.19,20
J. Mater. Chem., 2012, 22, 14874–14879 | 14875
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In terms of self-assembly, the number of deposition cycles

during assembly is often correlated with film morphology.

Therefore, samples of electrodes with different cycles, from 20 to

50 cycles, were prepared in order to verify the optimal conditions

for grid formation. According to the cyclic voltammetry (CV)

results in Fig. 2(a), we note that the current peak value, which

represents PB concentration on the electrode surface, exhibits the

expected increase according to the number of deposition cycles.

PB surface concentrations can be calculated using the following

equation based on the data from cyclic voltammetry studies:

G ¼ Q

nFA
(1)

where Q is the total charge of a single peak, n is the average

electron transfer, F is the Faraday constant, and A is the elec-

trode area. The surface coverages of PB films prepared by 40 and

50 self-assembled cycles were calculated to be 2.62 and 4.37 nmol

cm�2, respectively. This quantity is only 1/4 of that realized

without using a template as shown in our previous research.21

The evolution of film growth can be illustrated by morphology

change with increasing number of cycles (insets of Fig. 2).

Initially, only a few PB crystals were formed which filled the

lower gaps created by the beads. In this case, following removal

of the template, only some round and discontinuous traces

remained on the Pt surface. As the loading increased, the

deposited film joins together because there was sufficient PB to

partially cover the spheres. Under optimum conditions a regular,

clearly defined PB grid with 500 nm holes can be formed on the

whole surface (Fig. S1†). Comparing the film morphologies

prepared by 40 and 50 cycles, we found that there were no

obvious differences between them. Therefore, considering econ-

omization of time and solvents, we employed 40 cycles as the

optimal preparation condition.
Enzyme capture and its mechanism

The elemental composition of the as-prepared PB grid was then

investigated using EDX analysis. We chose a large Pt foil
Fig. 2 CV diagrams of prepared electrodes with different deposition

cycles (C) (20, 30, 40 and 50). Insets show the morphology evolution of

the PB film with the deposition cycles from 20 to 50. The scale bar of

SEM images is 1 mm.

14876 | J. Mater. Chem., 2012, 22, 14874–14879
(7� 4 mm2) electrode onto which the film was formed in order to

create some defect areas for comparative purposes. According to

the results of Fig. 3, we can see that the support surface and holes

are both constituted by Pt, and the area covered by PB does not

exhibit the Pt element. This illustrates that the PB grid can expose

nanoholes in the support electrode surface. If the enzyme cross-

linker selected combines with Pt rather than with PB, then the

nano-holes of the PB grid will serve as enzyme capture sites.

Silane is reported as an excellent enzyme adhesive which avoids

the decrease in enzyme activity,22 and has the ability to bond with

an activated Pt surface.23,24

In order to demonstrate this assumption, DFT simulation was

introduced in order to investigate two adsorption behaviors:

silane with Pt and silane with PB. We selected (3-glycidyloxy-

propyl) trimethoxysilane (GS) as a model for which the enzyme

immobilization process is shown in Fig. S2†. Fig. 4 shows the

simulated results of electron cloud maps, the yellow solid in

Fig. 4(a) and green solid in Fig. 4(b). An electron cloud describes

the electron distribution that is due to formation of all the bonds

in a system. If there is a strong interaction between two atoms,

their own electron clouds will overlap. From the images, only one

O atom belonging to the hydroxyl groups of GS can bond with

an Fe atom of PB, but all three O atoms can produce interactions

with Pt atoms. This is because, in the PB unit cell, the distance

between two neighboring Fe atoms is 5.07 �A, too far for an O

atom to affect the electron orbit of another Fe atom. The bonds

of O1–Pt, O2–Pt, O3–Pt and O1–Fe exhibited ionic interactions,

according to the bond population analysis (S3). More bond

formation can tend to generate a more stable structure. The

adsorption energies of a single GS molecule on PB and the Pt

surface were calculated to be �2.8802 and �3.9718 eV, respec-

tively. This illustrates that the combination of GS and Pt will

release more energy to reach a more stable state. In terms of

quantum theory, molecules will always pursue the location which

can cause the highest adsorption energy in order to reduce the

whole system energy.25,26Therefore, GS will tend to choose the Pt

surface as the host. According to the morphological comparison

of the prepared PB grid with and without GOD loading (SEM

images in Fig. 1(c) and (e)), obviously, after linking with oxidase,

all the holes were filled but the PB grid was still easily distin-

guished. The EDX report (Fig. S4†) shows that the film surface

contained P elements from GOD. In order to further demon-

strate enzyme location, an enhanced chemiluminescence (ECL)

reagent was used to label horseradish peroxidase (Fig. 4(c) and

(d)) which was coupled to the patterned surface in the same
Fig. 3 (a) and (b) are EDX and SEM images of a partially broken PB

grid film. The red dots in (a) represent the existence of the Pt element. The

scale bar is 1 mm.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 The simulative images of electron density isosurface: (a) GS

adsorbed onto the PB (110) plane and (b) GS adsorbed onto the Pt (110)

plane. (c) and (d) are the images of the PB film combined with peroxidase

under UV light and white light, respectively. The scale bar is 2 mm.

Fig. 5 (a) Linear fitting diagram for the current response of prepared

Pu
bl

is
he

d 
on

 1
1 

Ju
ne

 2
01

2.
 D

ow
nl

oa
de

d 
by

 N
an

jin
g 

U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 2
9/

09
/2

01
3 

10
:0

8:
22

. 

View Article Online
fashion. Under the UV lamp, the labeled enzyme irradiated

bright green light and the protein realized a uniform distribution.

Moreover, by comparison, there was no fluorescent signal on the

PB covered regions indicating less enzyme and so, based on the

designed architecture, enzymes can be preferentially and regu-

larly positioned into the as-built cavities.

glucose, lactate and glutamate biosensors, respectively. The detection

potential was set to�0.1 V (Ag/AgCl). (b) The anti-interference results of

the glucose biosensor. (c) The detection mechanism of the prepared PB

grid based biosensor.

Performance of prepared biosensors

In order to extend this work beyond the scope of glucose

detection, lactate oxidase and glutamate oxidase together with

glucose oxidase were respectively loaded in the same fashion. The

detection potential was set to �0.1 V, much lower than many

reported biosensors. Fig. 5(a) shows the fitted performance of the

fabricated biosensors. The sensitivities of three prepared

biosensors were calculated to be 30.63, 4.50 and 12.36 mA mM

cm�2 for glucose, lactate and glutamate, respectively. According

to Table 1 for glucose biosensors, we can find that the sensitivity

of the prepared electrode is very high. It should be noted that,

compared with our previous work,21 although the sensitivity

shown here for glucose is half the value obtained previously, the

surface coverage of PB is 4 times less than that of our former

work (10.82 and 15.44 nmol cm�2). This indicates the efficiency

enhancement which arises as a result of the use of the PB grid

structure. In order to illustrate the enzyme activity, we have

calculated the apparent Michaelis–Menten constant KM
45 (S5)

which is a measure of substrate affinity and represents the
This journal is ª The Royal Society of Chemistry 2012
substrate concentration at which the reaction rate is at half-

maximum. The fittedKM value was 5.28 mMwhich is the same as

or lower than traditional enzyme loading methods.46 Moreover,

also using the self-assembly approach to deposit 40 cycles of PB

but applying the glutaraldehyde cross-linking method for

enzyme immobilization, a KM of 6.3 mM was obtained.18 This

can demonstrate that our enzyme loading technology in this

work is effective and advanced. We can find that the prime

advantage of our prepared lactate biosensor is its low operation

potential. Meanwhile, the sensitivity is also good, although not

the highest. Normally, as reported, the operation potential of the

lactate biosensor is greater than 0.3 V vs. Ag/AgCl which can

cause direct oxidation of other species. Due to the high cost of

glutamate oxidase, there are not many reports on glutamate

detection using the oxidase enzyme system. However, glutamate

detection is important as an indirect measure of a range of
J. Mater. Chem., 2012, 22, 14874–14879 | 14877
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Table 1 Performance comparison of glucose, lactate and glutamate
biosensors in the literature

Biosensor Modification
Potential (V
vs. Ag/AgCl)

Sensitivity
(mA mM cm�2) Reference

Glucose PB/GS �0.1 30.63 This work
PB/PDDA/Glu �0.05 80 21
AuNPs/
MWCNTs/PVA

�0.4 16.6 27

Colloidal
Au/CPE

�0.5 8.4 28

Nafion/AuNPs 0.27 6.5 29
GCNT/GAD �0.44 2.47 30
TU 0.3 5.73 31
PB/POAP 0.6 44 32
PB/sol–gel 0 26.6 33

Lactate PB/GS �0.1 4.5 This work
MnO2/
NanoCoPc

0.5 3.98 34

DTSP/Au 0.3 (vs. SSCE) 3.85 35
Mucin/
Albumin/Glu

0.65 11.18 36

Hydrogel 0.4 326 37
PAMPS/PEG 0.4 0.151 38
SNMB 0 (vs. SCE) 1.01 39

Glutamate PB/GS �0.1 12.36 This work
CHIT-GDI 0.6 100 40
PPy/MWCNT 1.1 384 41
Glu/Glycine 0.7 46.8 42
PtNP/NAEs 0.65 10.76 43
Glu/Nafion 0.4 26 44
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enzyme biomarkers relevant to liver disease in particular.

Compared with the above literature, the detection potential of

glutamate is high (even >1 V) though the sensitivity is excellent.

Depending on the application of the device, the analytical

performance shown by our device will be sufficient in relation to

selective glutamate quantitation at low operating potential. This

sensitivity is attributed to the oxidase loading method and the

film architecture. As illustrated in Fig. 5(c), when H2O2 is

generated by the oxidase reaction, it can directly interact with the

surrounding PB film and be reduced, generating the analytical

signal. Compared with other cross-linking technologies, such as

glutaraldehyde immobilization, using silane to selectively expose

the oxidase which is embraced by a PB ‘‘nanonet’’ structure can

enable the H2O2 produced via the enzyme reaction to be effi-

ciently detected.

As analytical tools, biosensor accuracy is an important index

due to the common complexity of blood and tissue samples.

The high operational potential (in many cases >0.3 V vs. Ag/

AgCl) of many such systems limits their application in physi-

ological media.47 One advantage of PB as an electron mediator

is the maintenance of analytical performance at low opera-

tional potential. In order to test the anti-interference ability

a glucose oxidase modified film was formed and 0.2 mM

glucose was first added into the phosphate buffer solution

(PBS), followed by 0.2 mM AA and UA injected at the same

time interval in turns. As shown in Fig. 5(b), almost no current

change occurred due to the selectivity of the sensor. This was

mainly because of the low operation potential for the as-

prepared biosensor which avoids the oxidation of UA and AA.

Moreover, the response time was very fast (within 4 s)

following substrate addition.
14878 | J. Mater. Chem., 2012, 22, 14874–14879
Conclusion

In summary, we have designed a single layer PB grid as a highly

efficient enzyme attachment catalytic layer. Assisted by silane

cross-linking technology, proteins may be selectively captured

into the nano-cavities created by the formation of a monolayer of

polystyrene beads (500 nm) enabling close contact with the

electron transfer mediator PB which was deposited using a self-

assembly approach. Using amperometry at Eapp¼�0.1 V vs.Ag/

AgCl this modified electrode architecture can be generally

applied for glucose, lactate and glutamate detection. In

perspective, this unique catalytic surface can be applied in

morphological control of crystal growth, selective capture of

organic substances and a range of quantitative analyses.
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