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Sensitive detection of metalloproteins is very essential in human pathologies. Hemoglobin (Hb) was

represented as a metal-containing protein to prepare protein imprinted polymers (PIPs) and used for

electrochemical biosensors. The PIPs were synthesized via electrochemically mediated atom transfer

radical polymerization (eATRP) with protein as, both, catalyst and template on the surface of 3D Au

nanodendrites. The nanodendrites modified with PIPs could determine Hb by differential pulse

voltammetry (DPV) method. A linear response from 1.0 � 10�13 to 1.0 � 10�1 mg mL�1 with a detection

limit of 3.2 � 10�14 mg mL�1 (S/N ¼ 3) for Hb was achieved from the results of the experiments.

Compared with other Hb sensors based on PIPs, the broader linear range and lower detection limit

suggested the promising prospect of the biosensor. In a word, this study significantly reports the

preparation of PIPs, catalysis of eATRP by proteins and the sensitive detection of metalloproteins.
1. Introduction

The metalloproteins, such as Fe-, Cu- and Ni-containing
proteins, play an important role as cofactors in biological
systems and are relevant in several pathophysiological
processes in carcinogenesis or neurodegenerative diseases
(such as Alzheimer's, Parkinson's and leukemia).1–3 Sensitive
detection of metalloproteins is very essential in human
pathologies. Various mass spectrometries and/or immunoas-
says are the common methods for detecting metalloproteins.4,5

However, mass spectrometry analyses are usually complicated
and time-consuming and require expensive experimental
equipment; at the same time, the antibody of the immunoassay
is difficult to purify and not easy to maintain the activity.6

Therefore, it is necessary to explore a simple method for the
detection of metalloproteins without an antibody.

Protein imprinted polymers (PIPs) are synthetic antibody
mimics capable of specic molecular recognition for the
template protein. Compared with the biological antibodies,
PIPs are more stable, easier to process and less expensive;7–10

thus they have versatile applications in biosensing,11 proteo-
mics,12 enrichment of protein13 and so on. Most imprinted
polymers are currently prepared using radical polymerization.14

Among these, “1iving”/controlled atom transfer radical poly-
merization (ATRP), which obtains narrow polydispersity index,
architectures, functionalities and well-dened composition,15–18
ring, Liaoning Normal University, Dalian
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can proceed in aqueous solution at ambient temperature, and
thus is very suitable for imprinting proteins.19,20 Unfortunately,
the catalysts of ATRP are usually low-valent transition metal
complexes, which are poisonous, expensive, sensitive to air and
oen leave residue in the end polymers (hard to get rid of).21 As
a result, several improved ATRPs have been developed to over-
come these drawbacks.

Nowadays, the improved ATRP can be broadly divided into
two types. One is changing the implementation of ATRP to
reduce the amount of catalysts, such as reverse ATRP (RATRP),
activators generated by electron transfer ATRP (AGET ATRP),
and electrochemically mediated ATRP (eATRP). Among these,
eATRP was one of the most powerful and versatile methods. As
the low-valent catalysts of ATRP are generated through elec-
trochemical reduction of high-valent transition metal, the
catalyst concentration can be decreased to only several parts per
million.22 The other type is replacing transition metal
complexes with green and nontoxic materials. For example,
Bruns et al. discovered that some metalloproteins, such as
horseradish peroxidase (HRP), laccase and hemoglobin (Hb),
are able to catalyze the ATRP of acrylate and acrylamide
monomers using sodium ascorbate as reducing agents.23–25

Our group combined the advantages of the two types and
developed the protein-catalyzed eATRP, in which polymeriza-
tion was conducted by metals in proteins (Hb–Fe(III) to Hb–
Fe(II)) aer the electrochemical reduction.11 The protein-cata-
lyzed eATRP needed neither transition metal complexes nor
reducing agents, which eliminated all the negative effects of
transition metal complexes and reducing agents on the poly-
mers and showed broad prospect in functional biomaterial
preparation particularly for PIPs. In spite of this, the reports
RSC Adv., 2017, 7, 28461–28468 | 28461

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra03772d&domain=pdf&date_stamp=2017-05-28
http://orcid.org/0000-0001-8728-3311
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03772d
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA007045


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/1
3/

20
25

 7
:5

9:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
about protein-catalyzed eATRP are very limited, and there were
some problems when protein-catalyzed eATRP was used for
PIPs. (1) The reduction of metal in protein was weak on the
cathode of eATRP. The cathode was the core of the eATRP
process, where the reduction place of high-valent metal was.
The cathodes that had been reported include Pt, gold, iron, and
nickel-chromium.26,27 These electrodes could act as a good
electron carrier for reduction of high-valent transition metal
complexes. Nevertheless, direct electron transfer of most redox
proteins (including metalloproteins) on them was a great
challenge due to the deeply buried redox-active center (such as
the metal) inside the proteins.28 (2) The substrates reported for
eATRP are usually planar; the imprinting receptors of PIPs on
the plane surface are very limited, which hampers the further
application of PIPs.

To solve those problems, in this study, Hb was used as both
the protein catalyst and the template for PIPs because of its
catalytic performance in ATRP and the important roles in clin-
ical detection. The poly(toluidine blue) (PTB) modied glassy
carbon electrode (GCE) coated with nano-Pt (GCE/PTB/nPt) was
selected from different materials to be the cathode for eATRP.
Gold nanodendrites (ND) were used as the substrate of PIPs to
increase the number of imprinting receptors because they had
hyperbranched three-dimensional (3D) architecture, substan-
tially enlarging the available surface area of the electrode.29,30

The ND modied with PIPs could be used as the electro-
chemical biosensor to determine Hb by differential pulse vol-
tammetry (DPV) method.
2. Materials and methods
2.1. Chemicals

Pt electrode (F¼ 2mm), GCE (F¼ 3 mm) and Au electrode (F¼
2 mm) were purchased from Chenhua Instruments Co.
(Shanghai, China). Cu and Zn disk electrodes (F ¼ 3 mm) were
supplied from Gauss Union Instruments Co. (Wuhan, China).
Graphite electrode (GE) was purchased from JiXing ShengAn
Company (Beijing, China). Acrylamide (AM, functional mono-
mer), N,N0-methylene bis-acrylamide (MBA, cross-linker), tolui-
dine blue (TB), ammonium persulfate, sodium dodecylsulfate
(SDS) and cupric sulfate (CuSO4$5H2O) were obtained from
Kemiou Chemical Co. (Tianjin, China). Chloroauric acid
(HAuCl4$4H2O) and chloroplatinic acid (HPtCl6$6H2O) were
purchased from Beijing Chemical Plant (Beijing, China).
Furthermore, 2-bromoisobutyryl bromide (BiBB, 98%) was from
Alfa Aesar Chemical Co. and 4-hydroxythiophenol (HTP) was
obtained from Acros Co. (Japan). Lysozyme (Lyz, MW 14.4 kDa),
bovine serum albumin (BSA, MW 66 kDa), human serum
albumin (HSA, MW 69 kDa) and Hb (MW 65 kDa) were supplied
by Solarbio Inc. (Beijing, China). Bovine blood sample was ob-
tained from Wafangdian farm in Dalian City, China. Phosphate
buffered solution (PBS, pH 7.0) was prepared using 0.02mol L�1

Na2HPO4 and 0.02 mol L�1 KH2PO4, and 0.02 mol L�1 acetate
buffer solution (ABS, pH 5.0) was prepared using acetic acid and
sodium acetate.
28462 | RSC Adv., 2017, 7, 28461–28468
All chemicals were of analytical reagent grade. All the water
used in experiments was the hyperpure water (resistivity > 18
MU cm).

2.2. Apparatus

Cyclic voltammograms (CV), eATRP and DPV were carried out
with a CHI660D electrochemical workstation (Chenhua,
Shanghai, China).

The electroreduction activities of different electrodes toward
Hb were studied by CV. The available electrodes were used as
the working electrode, and saturated calomel electrode (SCE)
and platinum wire were used as the reference and the counter
electrodes, respectively. CVs were recorded in the potential
range between�0.8 and 0.2 V in PBS containing 10mgmL�1 Hb
or not. The scan rate was 50 mV s�1.

The CV characterization was carried out in a three-electrode
system with Au or modied Au as the working electrode; SCE
and platinum wires were used as the reference and the counter
electrodes, respectively. CV characterization was performed in
PBS containing 5 mmol L�1 Fe(CN)6

3�/4� and 0.1 mol L�1 KCl at
a scan rate of 100 mV s�1. A sample interval of 0.001 V, quiet
time of 2 s and a sensitivity of 1 � 10�4 A/V were set as the
corresponding CV parameters.

The polymerization time was studied by CV, which was
performed in the same condition with CV characterization.

The surface of the modied electrode was characterized by
scanning electron microscopy (SEM) (SU8010, Hitachi, Japan)
and energy-dispersive X-ray spectroscopy (EDX) (SU8010, Hita-
chi, Japan).

The surface chemical composition of the polymer prepared
via eATRP was determined by X-ray photoelectron spectroscopy
(XPS) using a Thermo ESCALAB 250Xi spectrometer with
a monochromatic Al Ka radiation.

2.3. Preparation of GCE/PTB/nPt

GCE/PTB/nPt was prepared by a two-step process. First, the
electropolymerization of TB on GCE (GCE/TB) was performed by
CV. The clean GCE was used as the working electrode; SCE and
platinum wires were used as the reference and counter elec-
trodes, respectively. CVs were recorded in the potential range
from �0.8 to 1.3 V for 50 scan segments at a scan rate of 50 mV
s�1 in 10 mL ABS containing 5 � 10�5 mol L�1 TB. The other
parameters were the same as those for CV characterization.
Second, the nano-Pt was electrodeposited on GCE/TB by chro-
noamperometry at �0.7 V (vs. SCE) for 100 s in 0.01 mol L�1

HPtCl6$6H2O (in ABS) with a sample interval of 0.1 s and
a sensitivity of 1 � 10�3 A/V.

2.4. Preparation of 3D Au ND

The 3D Au NDs were fabricated by electrodeposition, which was
performed by chronoamperometry at �0.9 V (vs. SCE) on the
cleaned Au electrode in an aqueous electrolyte containing
CuSO4$5H2O (0.02 mol L�1) and HAuCl4$4H2O (0.8 mol L�1).
The electrodeposition process was maintained for 400 s at room
temperature with a sample interval of 0.1 s and a sensitivity of
1 � 10�3 A/V. Then, the electrode modied with deposits was
This journal is © The Royal Society of Chemistry 2017
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immersed in HNO3 solution (3 mol L�1) to remove the Cu layer.
The Au electrode modied with 3D Au ND was obtained (Au/
ND).
2.5. Preparation of PIPs

The PIPs were fabricated and are schemed in Fig. 1. In order to
nd a suitable material for the electrochemical reduction of Hb,
the cathode of eATRP and substrate of PIPs were achieved by two
different electrodes. As shown in Fig. 1, 3D gold ND was rst
prepared on the clean Au electrode (Au/ND). Then, the thiol
initiator was immobilized on the surface of Au/ND. The thiol
initiator was prepared and used according to our previously
published report.31 Aer the Au/ND, GCE/PTB/nPt, SCE and
platinum wires were inserted into PBS containing Hb (2.0 mg
mL�1), monomer (AM, 0.1 mol L�1) and cross-linker (MBA, 0.1
mol L�1); eATRP reaction could be carried out in PBS using
chronoamperometry. For a typical eATRP, the GCE/PTB/nPt was
used as working electrode (cathode), and SCE and platinumwires
were used as the reference and counter electrodes, respectively.
The Au/ND should be located as close as possible to the GCE/
PTB/nPT. When a proper potential (Eapp) was applied to GCE/
PTB/nPt, Hb–Fe(III) would be reduced to Hb–Fe(II) (catalyst for
ATRP) and trigger the polymerization on the surface of the Au/
ND.23 Except the Eapp, the other parameters included a sample
interval of 0.1 s and a sensitivity of 1 � 10�4 A/V.

Finally, Hb was removed from the polymer by soaking it in
a 10% (v/v) acetic acid solution containing 10% (w/v) SDS for 2
h. Aer being rinsed with PBS three times, the Au/ND modied
with PIPs (Au/ND/PIPs) was prepared. The non-imprinted
polymers (NIPs) were prepared on the surface of the Au/ND
electrode (Au/ND/NIPs) by the traditional free radical polymer-
ization method. In a typical procedure, ammonium persulfate
(0.9 mol L�1) was used as initiator to polymerize AM (0.1 mol
L�1) and MBA (0.1 mol L�1) at room temperature for 5 h.
Fig. 1 Synthesis scheme of PIPs on 3D Au ND via eATRP with GCE/PTB

This journal is © The Royal Society of Chemistry 2017
2.6. Determination of Hb by DPV

The performance of the Au/ND/PIPs was studied by the DPV
method. Prior to each test, the Au/ND/PIPs electrode was incu-
bated in Hb solution for 5 min at room temperature and washed
three times with PBS. The DPV was operated from �0.1 to 0.4 V
in PBS containing 5 mmol L�1 Fe(CN)6

3�/4�, against the SCE
reference electrode. An increment potential of 4 mV, amplitude
of 50 mV, a pulse width of 0.2 s and a pulse period of 0.5 s were
set as the corresponding DPV parameters.

The signal response of Au/ND/PIPs toward the Hb was
expressed asDI, whereDIwas the current reduction in response to
the additional amount of the Hb. For example, when the Au/ND/
PIPs electrode was prepared and incubated in the blank solution,
its peak current of DPV was I0; aer the electrode was incubated in
Hb solution, its peak current of DPV was I1, DI ¼ I � I1.
3. Results and discussion
3.1. Preparation of PIPs on 3D gold ND

The reduction of Fe(III) in Hb was the precondition and key
factor to the successful implementation of eATRP. In order to
select the proper cathode, the typical materials including noble
metal (Pt and Au), base metal (Ni and Zn), nonmetal (graphite
and GCE) and modied nonmetal (GCE/PTB and GCE/PTB/nPt)
were used to study their electroreduction toward Hb by cyclic
voltammetry (CV). As shown in Fig. 2, the CV of Pt (Fig. 2A) had
no reduction peak in the Hb solution, indicating that Pt was not
suitable for Hb catalyzed eATRP. The CV of Au (Fig. 2A)
exhibited an irreversible reduction peak at approximately
�0.409 V (Epc, vs. SCE) with the peak current of 1.808 mA. The
peak position was consistent with the characteristics of elec-
troactive center of heme Fe(III)/Fe(II) couples in the Hb mole-
cules,32,33 suggesting the good electrochemical reduction of Au
toward Hb. Moreover, neither Ni nor Zn, had a reduction peak
/nPt as cathode.

RSC Adv., 2017, 7, 28461–28468 | 28463
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Fig. 2 The CV curves of typical noble metal (A), base metal (B), nonmetal (C) and modified nonmetal (D) materials in Hb solution (10 mgmL�1 Hb
in PBS, pH 7.0) or blank (PBS, pH 7.0) between �0.8 and 0.2 V. The scan rate was 50 mV s�1.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/1
3/

20
25

 7
:5

9:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
in CV (Fig. 2B). The graphite electrode (GE) had no electro-
chemical reduction toward Hb, too, whereas GCE had a reduc-
tion peak at �0.406 V (Epc, vs. SCE) with the peak current of
1.819 mA (Fig. 2C). In order to further improve the electro-
chemical reduction activity, GCE was modied with PTB (GCE/
PTB) or PTB coated with nano-Pt (GCE/PTB/nPt). The CV of
GCE/PTB had no reduction peak (Fig. 2D). The CV of GCE/PTB/
nPt (Fig. 2D) showed an irreversible reduction peak at �0.388 V
(Epc, vs. SCE), which was a little more positive than that of Au
and GCE. The peak current of GCE/PTB/nPt in Hb was 9.711 mA,
which was much higher than that of Au and GCE. The more
positive Epc and higher peak current indicated that the Fe(III)
center of Hb was more easily reduced on GCE/PTB/nPt. The
reason for this may be that nPt played the role of an efficient
electron-conducting tunnel and had a high ratio of surface to
volume. Consequently, Hb attached to the nPt surface hadmore
spatial freedom in its orientation, which made it much easier
for the electroactive center of Hb to unfold.34,35 From Fig. 2, we
can observe that GCE/PTB/nPt had the best electroreduction
activity toward Hb, and thus was used as the cathode for eATRP.

The surface morphology of the GCE/PTB/nPt was observed
with scanning electron microscopy (SEM), and the results are
shown in Fig. S1(A).† Spherical structure of nano-Pt with
a diameter of �30 nm was visualized. Furthermore, energy-
dispersive X-ray (EDX) spectroscopy results of GCE/PTB/nPt
28464 | RSC Adv., 2017, 7, 28461–28468
showed the signicant presence of C and Pt, as presented in
Fig. S1(B).† The good electroreduction of GCE/PTB/nPt may be
due to the small size, high surface area and good biocompati-
bility of nPt.28,36

According to the literature,37 the applied potential (Eapp) of
eATRP was determined by the equation Eapp ¼ Epc � 120 mV;
hence, a potential of �0.51 V was applied to conduct the poly-
merization. The polymerization time was examined by CV,
which indicated the electron transfer ability of the polymer on
the Au/ND electrode. Fig. S2(A)† shows the variation between
anodic peak current of CV curves and the polymerization time.
As can be seen, peak current decreased sharply with the time
increasing from 0.17 to 3 h. When the polymerization time
increased further, the peak current of the CV curves changed
very slowly, and thus polymerization time was selected to be 3 h
(as indicated by the arrow). The Hb concentration was selected
by measuring the sensitivity (slope of calibration curve) of the
Au/ND/PIPs electrode. As shown in Fig. S2(B),† increasing the
concentration of Hb from 0.5 to 2.0 mg mL�1 improved the
sensitivity of the Au/ND/PIPs electrode. However, too much of
Hb (2.0 to 10.0 mgmL�1) caused the sensitivity to decrease. This
may be because when there were too many proteins, they would
possibly aggregate and result in nonideal imprinted cavities.38

From the results of Fig. S2(B),†Hb concentration for eATRP was
selected to be 2.0 mg mL�1.
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The XPS spectra of Au/ND/polymer.
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3.2. Characterization of PIPs

The modied electrodes were investigated by CV and are shown
in Fig. 3. As can be seen, the bare Au electrode showed the
characteristic quasi-reversible redox cycle. When the electrode
was modied with gold ND (Au/ND), an evident increase in the
anodic and cathodic peak current was obtained, showing that the
ND had good electron transfer ability. Aer the polymer formed
on the ND (Au/ND/polymer), a decrease in peak current was
observed. Thismay be attributed to the polymer lm, which acted
as the inert electron and mass transfer blocking layer to hinder
the diffusion of the electrochemical probe toward the electrode
surface.39 Aer the Hb was removed from the polymer (Au/ND/
PIPs), the current response of the CV increased, which suggested
that the imprinted cavities were formed in the PIPs and le
channels for the penetration of the probe to reach the electrode.40

XPS was used to investigate the chemical composition of Au/
ND/polymer (Fig. 4). The gure shows the characteristic peaks
of O 1s, N 1s, C 1s, Au 4f and Br 3d at 531.3, 399.6, 285.3, 84.2
and 70.1 eV, respectively.41,42 The active Br atoms were exposed
at the surface, implying the successful implementation of
ATRP.15,41,42 The inset of Fig. 4 showed the ne XPS of Fe 2p at
721.1 and 710.7 eV, corresponding to its spin doublet; because
Fe was fromHb, the spectra of Fe thus indicated the existence of
Hb in Au/ND/polymer.43

The surface morphology of the modied electrodes was
observed with SEM (Fig. 5). As can be seen, Au/ND (Fig. 5A), Au/
ND/polymer (Fig. 5B) and Au/ND/PIPs (Fig. 5C) had similar
dendritic structures at low magnication (top row in Fig. 5).
When they were at higher magnication (bottom row in Fig. 5),
the difference of surface morphology was clearly visualized. A
long main trunk with short side branches appeared on the
surface of Au/ND (Fig. 5D). The EDX spectroscopy conrmed that
they were only made of Au (Fig. S3†). When NDs were modied
with the polymer, the short side branches disappeared, and the
“thick trunk”was observed (Fig. 5E); this could be ascribed to the
Fig. 3 The CV characterization of the stepwise modified electrodes (1,
bare Au; 2, Au/ND; 3, Au/ND/polymer; 4, Au/ND/PIPs) in PBS (pH 7.0)
containing 5mmol L�1 Fe(CN)6

3�/4� and 0.1 mol L�1 KCl. The scan rate
of CV was 100 mV s�1.

This journal is © The Royal Society of Chemistry 2017
polymer formed on the ND, which covered and connected the
short side branches together. Aer the removal of protein,
a porous topology was shown on the surface of the polymer
(Fig. 5F), which may be attributed to the imprinted Hb structures
present on the PIPs.44

From the results of CV, XPS and SEM data, polymer and PIPs
were successfully synthesized on the ND via Hb catalyzed
eATRP.
3.3. Responses of the Au/ND/PIPs toward Hb

The proposed Au/ND/PIPs were used as electrochemical
biosensors and detected Hb by DPV measurement. Fig. 6A
demonstrated the DPV curves of the Au/ND/PIPs aer rebinding
with a series of concentrations of Hb. With the concentration of
Hb increasing, more imprinted cavities were rebound, and the
peak currents reduced accordingly.45 The relation of current
reduction (DI, signal response) with the Hb concentration
logarithm is shown in Fig. 6B. DI increased linearly with
increasing concentration of Hb from 1.0 � 10�13 to 1.0 � 10�1

mg mL�1. From the gure, the linear regression equation was
obtained as DI (mA) ¼ 0.280 log C (mg mL�1) + 5.399 (R2 ¼
0.992). The detection limit (LOD) was 3.2 � 10�14 mg mL�1 Hb
estimated at a signal-to-noise ratio of 3. In order to highlight the
advantages of the biosensor, the analytical properties of the Au/
ND/PIPs were compared with those of the similar sensors for
Hb. From Table S1,† it could be seen that the prepared PIPs had
lower detection limit and larger linear range.
3.4. Selectivity and application of the Au/ND/PIPs

The selectivity test of Au/ND/PIPs was carried out using Lyz, BSA
and HSA as comparative proteins. The signal response of each
protein on the Au/ND/PIPs and Au/ND/NIPs in the same
concentration (10�1 mg mL�1) was determined by DPV method.
As can be seen in Fig. 7, the DI value of the Au/ND/PIPs electrode
toward Hb was 5.10 mA, which was 5.80, 9.27 and 22.17 times
that toward Lyz, BSA and HSA, respectively. The results
RSC Adv., 2017, 7, 28461–28468 | 28465
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Fig. 5 SEM images of Au/ND (A, D), Au/ND/polymer (B, E) and Au/ND/PIPs (C, F) at different magnification.
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indicated good selectivity of Au/ND/PIPs for the determination
of Hb. This could be interpreted by the specic integration of
Hb into the imprinted cavities in the Au/ND/PIPs. The specic
interaction may involve two roles, including multiple weak
interactions (such as amino-containing, p–p bonds and van der
Waals forces) within the imprinted cavities with the template
proteins and the sterically complementary imprinted structure
just tting for the unique molecular structure of Hb.46 The two
roles would have strong binding force for template proteins and
steric effects hindering the adsorption of interfering protein.
Thus, Hb could enter the imprinted cavities appropriately,
which resulted in low diffusion of the probe and thus decreased
the peak current of DPV, whereas those interfering proteins
could not bind with the specic imprinted cavities.
Fig. 6 (A) The DPV curves of Au/ND/PIPs in PBS (pH 7.0) containing 5mm
curve 1 to curve 14 were 0, 10�13, 10�12, 10�11, 10�10, 10�9, 10�8, 10�7, 10
ND/PIPs.

28466 | RSC Adv., 2017, 7, 28461–28468
The selectivity was also evaluated by the imprinting factor
(k). The value of k was calculated using equation k ¼ DI(PIPs)/
DI(NIPs), where DI(NIPs) was the response of the Au/ND/NIPs for
protein and DI(PIPs) was that of Au/ND/PIPs for protein.47 As
shown in Fig. 7, the values of k were 1.96, 1.67, 1.77 and 11.09
for Lyz, BSA, HSA and Hb, respectively. The largest k value for
Hb suggested that Au/ND/PIPs possessed a capacity toward Hb
much higher than that of Au/ND/NIPs electrode. All the above
results indicated good selectivity of Au/ND/PIPs toward the
template protein.

The repeatability of the Au/ND/PIPs was examined by
measuring Hb (10�1 mg mL�1) three times with the same
electrode repeatedly. The results revealed that the electrode
possessed a relative standard deviation (RSD) of 4.49%,
ol L�1 Fe(CN)6
3�/4� after rebinding with Hb (concentrations of Hb from

�6, 10�5, 10�4, 10�3, 10�2, 10�1 mgmL�1). (B) The calibration plot of Au/

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 The selectivity of Au/ND/PIPs biosensor.
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suggesting that the Au/ND/PIPs had good repeatability. Three
Au/ND/PIPs were prepared under the same conditions and used
to detect 10�1 mg mL�1 Hb to determine the reproducibility.
The RSD was 4.32%, implying good reproducibility of Au/ND/
PIPs.

To evaluate the applicability of the Au/ND/PIPs, real sample
analysis was carried out using standard addition method. The
bovine blood sample was rst treated according to a literature
procedure and analyzed with a blood test meter.46 Then, the
samples were diluted and assayed using the Au/ND/PIPs
according to the proposed method. The results are listed in
Table S2,† which showed that the Au/ND/PIPs sensor was
capable of detecting Hb with a good recovery, indicating that
the proposed Au/ND/PIPs sensor can be used for the analysis of
real samples.
4. Conclusions

In this study, Hb imprinted polymers were successfully
prepared via Hb catalyzed eATRP on the surface of 3D Au
nanodendrites. The cathode of eATRP was prepared by depo-
sition of nano-Pt on the GCE modied with PTB. The potential,
time and Hb concentration for eATRP were determined to be
�0.51 V (vs. SCE), 3 h and 2.0 mg mL�1, respectively. The PIPs
prepared on nanodendrites could be used as a biosensor for
detecting Hb. The resultant sensor exhibited a linear response
from 1.0 � 10�13 to 1.0 � 10�1 mg mL�1 with a detection limit
of 3.2 � 10�14 mg mL�1. This study signicantly reports the
preparation of PIPs, protein-catalyzed eATRP and the sensitive
detection of metalloproteins.
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