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ABSTRACT

Novel ferrocene functionalized hydroxypropyl cellulose (HPC-Fc) were prepared by azide-alkyne cycload-
dition and characterized. HPC-Fc exhibits an excellent reversible redox activity and could establish
amazing electron transfer ability between enzyme and electrode. HPC-Fc and horseradish peroxidase
(HRP) were coated on a platinized carbon electrode to prepare an amperometric biosensor for hydrogen
peroxide (H,0,) detection. The amperometric response was measured as a function of H,0, concen-
tration at a fixed potential of 0.35V in 100 mM phosphate buffer solution (pH 7.0). The novel biosensor
exhibits a fast linear response toward H, 0, in the range of 0.1-8 M with sensitivity of 4.21 nA/wM. More-
over, the enzyme assays measured by the spectrophotometer method confirm that abundant hydroxyl
groups of HPC backbones are conductive for HRP to maintaining or even enhancing their activity. The
redox active HPC-Fc with the unique properties of both ferrocene and cellulose is a good candidate for
biosensor applications.

Horseradish peroxidase

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose is the most abundant polysaccharides in nature and
have been used for thousands years mainly in paper and textile
areas (Klemm, Heublein, Fink, & Bohn, 2005). With the increasing
demand for eco-friendly and biocompatible materials, cellulosic
functional materials with fascinating structures and properties
have attracted increasing attentions (Kang, Liu, & Huang, 2013). The
hydroxyl groups on cellulose chains offer versatile approaches for
the modification of cellulose by either derivation or graft copoly-
merization to fabricate cellulose functional materials for many
purposes, such as tuning the hydrophilic/hydrophobic properties
of cellulose (Wang et al., 2011), introducing reactive entities for
post-modification strategies (Li et al., 2013), or attaching specific
functional groups to permanently modify other cellulose properties
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(Kangetal.,2012). Typical chemical reactions such as esterification,
etherification or silyation reactions have been widely investigated
(Klemm et al., 2005; Tingaut, Hauert, & Zimmermann, 2011).

Click reaction is attractive for the synthesis of functional mate-
rials due to its unique features of mild reaction conditions, high
efficiency, chemoselectivity, simplicity and extraordinary relia-
bility (Espeel & Du Prez, 2015). Cellulosic functional materials
with various functional units including oligosaccharides (Negishi,
Mashiko, Yamashita, Otsuka, & Hasegawa, 2011), reduced graphene
oxide (Kabiri & Namazi, 2014), and o/f-cyclodextrins (Ritter,
Knudsen, Mondrzik, Branscheid, & Kolb, 2012), etc. have been
synthesized via click reactions. These new cellulosic functional
materials have been widely used in the fields of photoactive mate-
rials (Huang et al., 2013), antioxidant agents (Trombino et al., 2008)
and memory devices (Karakawa et al., 2007) etc. However, the
applications of cellulose derivatives in the development of enzyme-
based biosensors are still limited (Kang et al., 2012).

Redox-active moieties such as quinone derivatives (Ong, Yang,
Cruciano, & McCarley, 2008), ferrocene and its derivatives (Senel,
Cevik, & Abasiyanik, 2010), and osmium complex (Kang et al.,
2012) are generally used in biosensors to establish efficient elec-
tron transfer between electrodes and the target solution species for
the detection of H, O, (Senel et al., 2010), glucose (Kang et al., 2012)
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etc. Among these redox-active moieties, ferrocene has been widely
studied in bioelectrochemical systems due to its fast electron trans-
fer, low oxidation potential, and two stable redox states (Eyley
et al,, 2012; Senel et al., 2010). The development of a redox-active
polymer as the mediator in biosensors is essential since leaking
of the mediator is suppressed and current densities and analyte
sensitivities are higher than that of small redox molecules (Sirkar
& Pishko, 1998). Moreover, the properties of the modified elec-
trodes are analyzed by the coverage (concentration) of redox active
centers, charge transport and propagation, as well as diffusion
and permeation of soluble species through the decorated polymer
layer which is greatly affected by the structures of the redox-
active polymers (Patrick, Linford, & Hooper, 1987). Specially, the
hydrophilicity of redox active polymers is helpful to contact with
water-soluble enzymes and preserve their native catalytic struc-
ture (Garcia, Peniche-Covas, Chico, Simpson, & Villalonga, 2007;
Yang, Zhou, & Sun, 2007), which is one of the most important
parameters to achieve analytical devices with higher and faster
responses when coupled with oxidoreductase (Dursun et al., 2012;
Kang et al., 2012). Cellulose and its hydrophilic derivatives are such
promising matrix for the preparation of biosensors (Kang et al.,
2012).

In this paper, a series of redox-active cellulose derivatives, fer-
rocene functionalized HPC (HPC-Fc) were firstly synthesized by
click chemistry and characterized. The electrochemical properties
of HPC-Fc were investigated via cyclic voltammetry. Furthermore,
an amperometric biosensor for the detection of H,0, was fabri-
cated by co-immobilizing of HRP and HPC-Fc on the electrode. The
performance of the proposed biosensor towards the quantification
of H,0, was also investigated. The cellulose-based redox polymers
with the unique redox activity of ferrocene and the hydrophilicity
of biocompatible cellulose have the promising applications in the
designation of bioelectrochemical devices.

2. Experimental
2.1. Materials

Hydroxypropyl cellulose (HPC, Sigma-Aldrich) was dried
48 h under vacuum at 50°C before use. The molar degree of
substitution of hydroxypropyl groups (the number of hydrox-
ypropyl groups per glucose ring) is 3.56. The molecular weight
and its distribution of HPC measured by GPC using THF as
the eluent are My =45 100g/mol and M, /M;=2.15, respec-
tively. 2-Bromoisobutyryl bromide (98%, Sigma-Aldrich), sodium
azide (NaNs3, 99.5%, Tianyu Chemical Co. Lt., Zhejiang, China),
N,N',N',N",N""-pentamethyldiethylenetriamine (PMDETA, Sigma-
Aldirch, 98%), ethynylferrocene (J&K, 97%), H,O, (Sigma-Aldrich,
30wt% in water), horseradish peroxidase (HRP, >200U/mg,
Aladdin), and pyrogallol (>98%, Sigma-Aldrich) were used as
received. CuBr (Sigma-Aldrich, 98%) was stirred in glacial acetic
acid at room temperature to remove Cu?*, followed by washing
with acetone, and then dried under vacuum at room temperature
overnight. Tetrahydrofuran (THF), CH,Cl,, CHCl3, pyridine, N,N-
dimethylformamide (DMF), diethyl ether were supplied by Beijing
Chemical Works and purified by standard methods before use. The
inorganic salts (A.R. grade) were supplied by Sinopharm Chemical
Reagent Beijing Co., Ltd and used as received. The water was Milli-Q
water.

2.2. Synthesis of ferrocene-functionalized hydropropy!l cellulose
(HPC-Fc)

The synthesis route of HPC-Fc is shown in Scheme 1. Bro-
moisobutyl hydropropyl cellulose (HPC-Br) was firstly synthesized

according to previous works (Ma et al., 2010; Xu et al., 2009). The
synthetic process of HPC-Br is described in details in ESI.

The preparation of azide functionalized hydropropyl cellulose
(HPC-N3) was performed through azidation of HPC-Br according
to literatures (Eyley et al., 2012). Briefly, HPC-Br (DSg; =0.26, 1.0 g,
0.54 mmol Br) was dissolved in 100 mL DMF and then NaN3 (39 mg,
0.59 mmol) was added. The reaction mixture was stirred at 30°C
for 48 h and then dialyzed against deionized water for one week
to remove solvent and unreacted NaNs3. The resulted solution was
lyophilized to obtain HPC-N3 (1.01 g, yield: 97%). The degree of
substitution of aizde groups can be controlled by the amount of
NaN3 added in the reaction mixture and DSg; of HPC-Br. In this
work, excess NaN3 was used to ensure the complete substitution
of bromide atoms with azide groups.

The synthesis of HPC-Fc was performed typically as follows
(Eyley et al., 2012; Ritter et al., 2012). HPC-N3 (DSn3=0.25,0.5¢g,
0.31 mmol) and ethynylferrocene (72 mg, 0.34 mmol) were dis-
solved in a Schlenk flask with 50 mL degassed DMF. Then 11 mg
(0.08 mmol) of CuBr and 20 L (0.096 mmol) of PMDETA were
added. The flask was sealed, and the reaction mixture was degassed
by three cycles of freezing-pumping-thawing. Then the flask was
immersed into an oil bath keeping at 80°C to carry out the reac-
tion for 24 h. The reaction mixture was diluted with THF and then
passed through a basic alumina column to remove the copper com-
plex. The solution was concentrated and then precipitated in excess
diethyl ether to obtain HPC-Fc (0.49 g, yield: 96.7%) after drying in
vacuum at 40°C.

2.3. Modification of electrode

Prior to the modification of the platinized carbon working
electrode, the bare electrode (® 3 mm) was firstly polished with
alumina powder (0.1 and 0.05wm, respectively) on chamois
leather, followed by sonication, rinse with water and then ethanol.
For modification of the electrode, 5 L of HPC-Fc solution (2 mg/mL
in CHCl3) was dropped on the glassy carbon electrode and then
dried at room temperature for 6 h. For the preparation of biosensor
with HPC-Fc and HRP enzyme, 5 pL of HPC-Fc in CHCl3 (2 mg/mL)
was dropped onto the glassy carbon electrode and dried in air. And
then 5 pL of HRP solution (5 mg/mL in 100 mM, pH 7.0 PBS) was
further dropped onto the electrode coated by HPC-Fc and left in air
for 4h to dry. The modified electrode was washed with PBS and
stored at 4°C.

2.4. Characterization

TH NMR measurements were carried out on a Bruker Advance
400 MHz NMR spectrometer in CDCl3 solution with tetramethyl-
silane as an internal standard. FTIR spectra were recorded on
a Bruker-Equinox 55 FT-TR spectrometer with the resolution of
4cm~! by KBr pallet technique. The molecular weight and its
distribution of polymers were measured on gel permeation chro-
matography (GPC, Waters 410). Mono-dispersed polystyrene was
used as the standard and THF was used as the eluent at the flow
rate of 1 mL/min. The content of Fe in HPC-Fc was determined
by inductively coupled plasma atomic emission spectroscopy (ICP-
AES, Varian 710-ES, U.S.).

UV-vis spectra were recorded on a UV-vis spectrophotome-
ter (Shimadzu, UV-1901). The concentration of HPC-Fc was kept
at 5mg/mL in CHCl3.

Electrochemical properties were carried out on a CHI660D elec-
trochemical workstation (Chenhua Inst. Corp., Shanghai, China).
A conventional three-electrode system composed of a platinized
carbon electrode as working electrode, a Pt wire as counter
electrode and Ag/AgCl-saturated KCl as the reference electrode
was used in the electrochemical measurements. The supporting
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Scheme 1. Synthetic route of HPC-Fc,

electrolyte, 100 mM, pH 7.0 phosphate buffer solution (PBS) was
maintained under argon atmosphere during each measurement.
Cyclic voltammetry (CV) experiments were carried out at ambi-
ent temperature with certain scan rate in the potential range of
0-0.6 V. Amperometric measurements were carried out at room
temperature in stirred solution by applying the desired potential
and allowing the steady-state current to be reached. Once pre-
pared, the HPC-Fc/HRP electrode was immersed in 20 mL PBS and
the amperometric responses to hydrogen peroxide were recorded
upon successive addition of certain amount of hydrogen peroxide
solution into the PBS. Three measurements were carried out, by
which the average value and error bar for each data point were esti-
mated. Electrochemical impedance spectroscopy (EIS) experiments
were performed at an open circuit potential of 500 mV within the
frequency range of 10-1-10° Hz in 0.1 M KCI solution containing
5.0 mM K3Fe(CN)g/K4Fe(CN)g (molarration 1:1) as the redox probe.

Enzyme assays were performed on a UV-vis spectrophotometer
(Shimadzu, UV-1901) to determine the activity of HRP after mix-
ing with HPC or HPC-Fc by spectrophotometric method (Sirkar &
Pishko, 1998). The absorbance at 420 nm were used to determine
the concentration of the substrate (H,0;) catalyzed by HRP. The
specific operations are as follows: Pyrogallol and HRP (HPC/HRP
or HPC-Fc/HRP) in PBS were firstly mixed in a quartz cuvette, and
then the substrate was added into the mixture. The production of
the colored assay product was monitored as a function of time at
420 nm and activity was determined from the linear slope of the
absorbance-time plot. Three measurements were carried out, by
which the average data and errors were estimated.

3. Results and discussion
3.1. Synthesis of HPC-Fc

The synthesis route of HPC-Fc is shown in Scheme 1. 'H NMR
(Fig. 1a) and FTIR (Fig. 1b) spectra confirm the successful synthe-
sis of HPC-Br, and the details have been discussed in previous
works (Ma et al., 2010). The degree of substitution of bromide
groups (DSg;, numbers of bromine atoms per glucose ring) can

be estimated by comparing the integral areas of the proton sig-
nal at around 6=1.1 ppm for the methyl group in HPC to that of
methyl group in the 2-bromoisobutyl groups of HPC-Br at around
6=1.92 ppm (Fig. 1a, '), which can be controlled by adjusting the
feeding mole ratio of 2-bromoisobutyl bromide to HPC. The reaction
conditions and DSg; of the resultant HPC-Br are listed in Table 1.

HPC-N3 was obtained by the azidation of HPC-Br performed
with azide sodium. Both TH NMR (Fig. 1a) and FTIR (Fig. 1b) spectra
confirm that bromine atoms of HPC-Br are completely replaced by
azide groups. On the '"H NMR spectrum of HPC-Nj5 (Fig. 1a), the char-
acteristic proton peaks of methyl groups in 2-azidoisobutyl groups
shift from §=1.92 ppm to 6=1.46 ppm (Fig. 1a, a”). The degree of
substitution of azide groups (DSy3) can be calculated by comparing
the integral area of the methyl proton of HPC at around § =1.1 ppm
to that of the peak at §=1.46 ppm attributed to the methyl pro-
ton of 2-azidoisobutyl groups. The value is almost similar to that
of DSg;. On the FTIR spectra of HPC-N3 (Fig. 1b), the characteris-
tic band at 2111 cm™! is attributed to the stretching vibration of
the —N=N=N groups which confirms the substitution of bromide
atoms with azide groups. DSy3 of the obtained HPC-N3 depends on
DSg; of the starting HPC-Br and the amount of azide sodium added
to perform the azidation of HPC-Br. The reaction conditions and
DSn3 of the corresponding HPC-N3 are listed in Table 1.

The alkyne-azide click chemistry of HPC-N3 was successfully
carried out with ethynylferrocene catalyzed by CuBr/PMDETA in
DMF to yield HPC-Fc. The ethynylferrocene was added in a slight
excess to ensure the complete reaction of azide groups in HPC-
N3 by the click reaction. The chemical structure of HPC-Fc was
characterized by "H NMR (Fig. 1a) and FTIR spectra (Fig. 1b). The
characteristic resonances peaks at §=4.06, 4.29 and 4.73 ppm are
attributed to the nine protons of ferrocenyl, which are marked
clearly on the "H NMR spectrum of HPC-Fc (Fig. 1a). The peak at
8=1.46 ppm attributed to the methyl proton of 2-azidoisobutyl
groups disappears and a new characteristic peak of the corre-
sponding methyl proton appears at §=1.96 ppm compared with
the 'H NMR spectrum of HPC-N3 (Fig. 1a). After the click chem-
istry, the characteristic band of azide groups at 2111 cm™! on the
FTIR spectrum of HPC-N3 disappeared with the appearance of the
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Fig. 1. '"H NMR (a) and FTIR (b) spectra of HPC, HPC-Br, HPC-N3, and HPC-Fc.

characteristic band of ferrocene rings at 3096 cm~! on the FTIR
spectrum of HPC-Fc. HPC-Fc was further characterized by UV-vis
absorption spectra (see ESI, Fig. S1). Compared to the UV-vis spec-
tra of HPC-Br and HPC-N3, a peak at 445 nm corresponding to the
characteristic peak of the neutral ferrocene state appears on the
spectrum of HPC-Fc (see ESI, Fig. S1). The content of Fe in HPC-Fc
was determined by ICP-AES, which depend on the DSy3 of HPC-
N3 and the amount of ethynylferrocene added to perform the click
reaction. The molecular weight and distribution of HPC-Fc were
estimated by GPC. The results show that the molecular weight of
HPC-Fc increases with the content of Fe and its distribution can
be comparable with that of HPC. The ICP-AES and GPC results are
shown in Table 1.

The degree of substitution of the ferrocenyl groups (DSg.) was
estimated by '"H NMR spectra by

MSHp x 3
X

p (1)

where Z:AFC is the sum of the integral areas corresponding to the
nine protons of ferrocenyl groups at §=4.06, 4.29, and 4.73 ppm
and Appc_methyi 1S the integral areas of the methyl protons of HPC at
8=1.1 ppmasindicated on the 'H NMR spectrum of HPC-Fc (Fig. 1a).
MSyp, the molar degree of substitution of hydroxypropyl groups per
glucose ring on HPC backbone, is 3.56. DSg: of HPC-Fc is determined
by DSg; of HPC-Br and DSy3 of HPC-N3. DSg¢ can also be estimated
by the results of ICP-AES and UV-vis spectra analysis (Yang et al.,
2007). DSg. of HPC-Fc has the similar values through three different

measurement methods. The details of the synthesis conditions and
the resulted HPC-Fc are listed in Table 1.

3.2. Redox activity (electrochemical property) of HPC-Fc

The electrochemical properties of the redox HPC-Fc were firstly
studied through cyclic voltammetry in a PBS after casted onto a
glassy carbon electrode. Fig. 2a shows the CVs of HPC-Fc 5 at
different potential scan rates. A pair of symmetrical redox peaks
corresponding to the oxidation potential (Epa) and reduction poten-
tial (Epc) are observed (Fig. 2a). Obviously, this is a one-electron
redox reaction of HPC-Fc*/HPC-Fc, indicating that all electroactive
ferrocenyl moieties of HPC-Fc possess the same redox potential.
The Epa and Epc at the potential scan rate of 100 mV/s are 0.381V
and 0.336V, respectively. With the potential scan rates increasing,
the CV peak currents of the HPC-Fc modified electrode increased in
the scan rates of 10-500 mV/s accompanied by the slightly increase
of the peak to peak separation (AE, =Epa — Epc). However, all the
AE, at the potential scan rates of <500mV/s are no more than
59/nmV (n=1,the number of electrons acts characteristic of the fer-
rocene electrochemistry), indicating that the HPC-Fc was efficiently
connected to the GCE for fast and reversible electron transfer. The
CV peak currents (Ip) increase linearly with the square root of the
potential scan rate (v1/2) (Fig. 2b). The above results suggest that the
electrochemical behavior of HPC-Fc is diffusion controlled quasi-
reversible process according with the electron transport model of
Randles-Sevcik (Eq. (2)).

Table 1

Synthesis conditions and the corresponding HPC-Fc.?
Run [BiB]:[—OH]" DSg; [—Br]:[NaNs]¢ DSns [—Ns]:[ethybyl]¢ DSkc© Fe cont. (%) M,, (g/mol)2 My M2

TH NMR UV-vis ICP

1 1:35 0.03 1:1.1 0.04 1:1.1 - 0.04 0.04 0.61 47 200 32
2 1:24 0.06 1. 0.07 1:1.1 - 0.07 0.08 1.14 48 500 3.0
3 1:11 0.17 1:1.1 0.16 1:1.1 0.17 0.16 0.18 2.36 51400 2.7
4 1:8 0.19 1:1.1 0.20 1:1.1 0.20 0.21 0.19 2.48 53 000 29
5 1:6 0.26 1:1.1 0.25 1:1.1 0.23 0.24 0.25 3.12 55 000 24
3 In the following context, HPC-Fc is presented as HPC-Fcy, and the subscript “xx” represents the degree of substitution of ferrocene moieties (DSgc).
b The mole ratio of 2-bromoisobutyryl bromide (BriB) to hydroxyl group of HPC for synthesis of HPC-Br.
¢ The mole ratio of bromoisobutyryl groups of HPC-Br to NaN3 used to synthesize HPC-N3.
4 The mole ratio of azide groups of HPC-Nj to ethynylferrocene for the click reaction.
€ DS calculated from the results of 'H NMR, ICP, UV-vis.
f Iron content in the HPC-Fc is determined by ICP-AES.
4

Determined by GPC.
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The diffusion coefficient of charge transfer (D) was determined
by the following equation (Sirkar & Pishko, 1998),

)1/2

I = 0.4463(nF)*/>AC* x (Dcts/RT (2)

where I, is the peak current, n is the number of electrons, F is Fara-
day’s constant, D is the diffusion coefficient of charge transfer, C*
is the concentration of ferrocene redox centers in the film, v is the
scan rate, R is the universal gas constant, A is the electrode area in
cm? and T is temperature. The D¢ !/2C" of the HPC-Fcg 55 was esti-
mated at the level of 10~1% mol/cm? s'/2, which is similar to other
redox polymers (Sirkar & Pishko, 1998). Electron-transfer under dif-
fusion control suggests that three-dimensional charge propagation
in the HPC-Fc is through electron-hopping between neighboring
ferrocene redox sites in a concentration gradient.

Table 2 lists the half-wave potential [E? =(Epa *+Epc)/2], peak to
peak separation (AEp =Epa — Epc), ratios of anodic to cathodic peak
currents (Ipa/lpc) and C'Det!/2 for HPC-Fc with different substitu-
tion degree of ferrocenyls. The electrochemical properties of the
HPC-Fc modified electrode are affected by the ferrocenyl function-
alizationlevel, i.e., degree of distribution of ferrocenyl groups (DSg.)
(Table 2). As shown in Table 2 and Fig. S2 (in ESI), both the oxi-
dation and the reduction peaks shift anodically, whereas a slight
positive shift of the formal potential (E?) is observed for HPC-Fc
with higher DSg., which may be due to the different environments
of the redox-active groups ferrocenyl on the electrodes. In addition,
the slope of the linear correlation between I, and v'/2 is found to
be increasing with the increase of concentration of ferrocene redox
centers in the film, which suggests that C'D¢!/? calculated by the
Randles-Sevcik equation is also affected by DSgc. The parameters
given in Table 2 show that the HPC-Fc modified electrode possess
quasi-reversible electrochemical characteristics.

3.3. Application for H,0, detection

HPC-Fc was further used as a matrix for the non-covalent immo-
bilization of HRP on a bare platinized carbon working electrode to
prepare an amperometric biosensor for hydrogen peroxide (H,0;)
detection. The preparation process of enzyme electrodes was moni-
tored by CV and EIS (see ESI, Figs. S3 and S4, respectively). Compared
with CV curves of the bare GCE and HPC modified electrode with
no peaks (see ESI, Fig. S3), typical symmetrical redox-response
peaks of ferrocenyl groups are observed on the CV curves of HPC-Fc
and HPC-Fc/HRP electrodes. However, peak current of the HPC-
Fc/HRP enzyme electrode are obviously smaller than that of HPC-Fc

electrode, which may be due to the hindrance of HRP to the electron
transfer.

The interface properties of the modified electrodes were fur-
ther investigated by EIS. (Liang, Fan, Wang, & Qiu, 2009) Fig. S4
shows the EIS results of bare GCE, HPC/GCE, HPC-Fc/GCE and HPC-
Fc/HRP/GCE in the presence of redox probe Fe(CN)g3~/4~ (see ESI).
It can be seen that the Nyquist plot (Z” versus Z') of bare GCE is an
almost straight line, indicating a diffusion limited process. How-
ever, clear semicircle portions can be observed on Nyquist plots
of the modified electrodes. Semicircle diameter is in the order of
HPC/GCE > HPC-Fc/HRP/GCE > HPC-Fc/GCE, indicating the decrease
in electron transfer resistance. The electron transfer resistance of
the HPC-Fc modified electrode obviously decreased by compari-
son with that of the HPC modified electrode, which is due to the
improvement in the conductivity by the coating of HPC-Fc. An
increase in the electron transfer resistance was observed after the
immobilization of HRP on the electrode, indicating that HRP acts
as a barrier for the electron transfer. The changes of EIS during the
modified process of the electrode indicate that HPC-Fc and HRP are
successfully coated on electrodes and the smaller electron transfer
resistance contributes to electrochemical detection. These results
are consistent with the CV results.

Fig. 3Ais CV curves of HPC/HRP, and HPC-Fc/HRP enzyme elec-
trode in 100 mM, pH 7.0 PBS in the absence and presence of H,0,
at the scan rate of 100mV/s. As shown in Fig. 3A-a, HPC-Fc/HRP
enzyme electrode shows the typical redox-response peaks of the
redox-active ferrocenyl groups in the absence of H,0,. When H,0,
is added into the solution, an obvious increase in the reduction
current was observed, accompanied by a dramatic decrease in
the anodic peak current (Fig. 3A-b). The electrocatalytic behav-
ior of HPC-Fc/HRP enzyme electrode in the reduction of hydrogen
peroxide is similar to that in literature (Garcia et al., 2007). This
result proves that the electron-transfer between the enzyme and
electrodes is mediated by the ferrocene redox centers on the
HPC backbone. The reaction mechanism of the typical enzyme-
dependent electrocatalytic processes for the determination of H 0,
can be explained by the following equations (Eqs. (3)-(6)) (Eyley
et al., 2012),

H,0, + HRP — H,0 + HRP(I) 3)
HRP(I) + HPC-Fc — HRP(II) + HPC-Fc* (4)
HRP(II) + HPC-Fc — HRP + HPC-Fc* (5)
HPC-Fc" 4 2e~ — HPC-Fc (6)
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Table 2
Electrochemical properties of HPC-Fc with different DS of ferrocenyl groups.

Samples Oxidation peak Ep, (V)? Reduction peak Epc (V) AE, (V)=Epa — Epc® Ipallpc® E?(V)=(Epa +Epc)[2° C'Det'? x 10'° (mol/cm? s/2)P
HPC-Fco 04 0.338 0.272 0.066 0.97 0.305 -

HPC-Fcg 7 0.343 0.281 0.062 1.11 0.312 1.27

HPC-Fco 16 0.369 0.324 0.045 1.27 0.347 4.09

HPC-Fco 20 0.385 0.330 0.055 1.19 0.358 5.96

HPC-Fcg 25 0.381 0.336 0.045 135 0.359 417

a All the results of cyclic voltammograms listed in the table are performed at a scan rate of 100 mV/s.

b Calculated from the respective Randles-Sevcik equation.

H, 0, is firstly reduced to water while HRP is oxidized to HRP (I)
(EqQ. (3)). In the following, HRP is recovered by the HPC-Fc mediator
through two separate steps (Egs. (4) and (5)), which means that
HRP(]) is first oxidized to HRP(II) and then HRP(II) is reduced back
to HRP, with the mediator HPC-Fc oxidized to HPC-Fc*. Finally, HPC-
Fc* is reduced to HPC-Fc in the neutral state at the electrode as the
mediator, producing an increase of its reduction current (Eq. (6)).

Based on the excellent bioelectrocatalytic response to the reduc-
tion of HyO,, the HPC-Fc/HRP enzyme electrode can be used as
an amperometric biosensor to detect H,0,. The amperometric
response of the modified electrode to successive addition of H,0,
was evaluated by applying a fixed potential of +0.35V because of
higher electroanalytic response and a lower noise/signal ratio at
this working potential. Fig. 3B illustrates a typical current-time
plot for the HPC-Fc/HRP enzyme electrode on stepwise addition
of Hy,0,. The results indicate that the biosensor is sensitive to
the concentration of H,O, and the reduction current obviously
increases with the concentration of H,O, rising, which follows
the Michaelis—-Menten kinetics (Garcia et al., 2007). The calibra-
tion curve of the response current of the enzyme electrode versus
H,0, concentration is shown in Fig. 3C. A well-defined linear rela-
tion of reduction currents and the concentration of H,O, has been
observedintherange from 0.1 to 8 wMand then a plateau is reached
gradually at higher H,O, concentration. The HPC-Fc/HRP electrode
has a good detection limit of 0.1 M with a short response time and
a high sensitivity of 4.21 nA/M which is calculated from the linear
region of the calibration curve. And the Michaelis—Menten constant
(Kp) calculated by analyzing the slope and intercept for the plot
of the reciprocals of the anodic current vs. H,O, concentration is
1.05mM in this work, and the details are shown in ESL

The stability and reproducibility of the HPC-Fc/HRP enzyme
electrode can be estimated by measuring the amperometric
response to a certain amount of H,0,. The enzyme electrodes show
acceptable stability and reproducibility for the detection of H,0,. It

was found that the amperometric response to H,O, decreased only
10% after the enzyme electrode was tested for the first 18 times
continuously, and 70% of the initial response was maintained with
subsequent use (see ESI, Fig. S5a). For estimation of the stability,
the enzyme electrode was stored at 4°C in a refrigerator and the
properties of the electrode were checked from time to time. The
results indicate that the enzyme electrode is quite stable during
the storage. About 90% of the responsive properties remained 2
weeks storage (see ESI, Fig. S5b). The reproducibility of one sin-
gle enzyme electrode was evaluated with the variation coefficients
of <2% and 2.3% for 5 successive assays at H,0, concentration of
5uM and 7 uM, respectively. What's more, three electrodes were
fabricated independently under the same condition and used for
amperometric measurement at the H,O, concentration of 5 M.
The enzyme electrodes show a relative standard deviation of ~4.8%
for the response to the same concentration of H,0,, displaying an
acceptable reproducibility.

Compared with previous HRP enzyme electrodes with ferrocene
or its derivatives as electron transfer mediators for the bioelectro-
analytic determination of H,0,, the performance of the biosensor
in this work is excellent and the results are listed in Table 3. HPC-
Fc/HRP enzyme electrode exhibits high sensitivity, low detection
limit, fast response time, small Ky, good stability and reproducibil-
ity, suggesting that the enzyme electrode exhibits high affinity
to H,0, and the catalytic activity of HRP is retained probably by
the non-covalent approach and the hydrophilic microenvironment
around the immobilized HRP provided by the HPC backbones.

The above results confirm that HPC-Fc can be effectively
employed as an excellent mediator for the fabrication of H;0,
biosensors with excellent performance, which can be explained
from following two aspects: (1) the electron-transfer process
between HRP and the electrode mediated by ferrocene redox sites
attached to the HPC backbones for the reduction of H, 0, is actually
efficient; (2) the HPC backbone with amounts of hydroxyl groups
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Fig. 3. (A) Cyclic voltammograms of HPC-Fc/HRP electrode at 100 mV/s in 100 mM PBS at pH 7.0, in the absence (a) and presence (b) of H,0,. (B) Current-time curve obtained
at a HPC-Fcg 25/HRP film electrode upon successive addition of H, O, solution to 100 mM PBS (pH 7.0) with an applied potential of 0.35 V. (C) Calibrated curve of the biosensor

with successive addition of H,05.
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Table 3
Comparison of the performance of the H,0, biosensor based on HRP.
Electrode RT (s) Linear range Detection limit Sensitivity Refs.
GCE/P(GMA-co-VFc) 4 2.0-30mM 2.6 uM 0.74nA/mM Eyley et al. (2012)
GCE/CHIT-Fc - 0.035-2mM 15.0 uM 28.4 pA/mM Garcia et al. (2007)
GCE/P(m-AAMFc) - 0.08-15 uM 0.08 uM 34nA/pM Mulchandani and Pan (1999)
FMC-BSA/MWNTs/ormosil 5 0.02-4.0 mM 5.0 uM 0.042 pA/mM Tripathi, Kandimalla, and Ju (2006)
3-CD-Au/HRP-ADA 6 12-450 uM 5.0 uM 1.02mA/M cm? Camacho et al. (2007)
GCE/P(GMA-co-VFc) 4 2.0-30mM 2.6 uM 10.42 nA/mM cm? Senel et al. (2010)
Au/HRP-AuNP 15 0.02-13.7mM 3.0 M 40.1 mA/M cm? Chico et al. (2009)
Au/PolyAuNP/HRP - 0.005-1.1mM 2.0puM 498 pA/M cm? Villalonga, Diez, Yanez-Sedeno, and Pingarron (2011)
GCE/HRP/sol-gel MWNTs - 0.07-3 mM 14 uM - Xu, Li, Zhou, and Zhang (2014)
p-CD-Au/HRP-ADA/HRP 10s 0.1-3.9mM 2.0 M 720 wA/M cm? Camacho et al. (2008)
GCE/HPC-Fc - 0.1-8 uM 0.1 M 4.21nA/pM This work
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confers a highly hydrophilic microenvironment to enzyme to pre-
serve their catalytic properties and favor to their re-use (Dursun
etal., 2012), which is evidenced by the enzyme activity of the HPC-
Fc/HRP composites as shown in Fig. 4. Compared with the blank
HRP of 100%, the enzyme activity of HRP is enhanced to about 200%
when mixing with HPC as it provides the hydrophilic microenviron-
ment for enzyme entrapment. Despite the result that the enzyme
activity slightly decreases to approximately 180% after mixing with
the ferrocene modified HPC derivative (HPC-Fc), the activity is still
higher than that of pure HRP.

4. Conclusion

Novel ferrocene functionalized hydroxypropyl cellulose (HPC-
Fc) was synthesized successfully by azide-alkyne cycloaddition.
Results show that HPC-Fc with excellent reversible redox
activity can be used as an attractive biopolymer mediator. Co-
immobilization of HRP and the redox active polymer (HPC-Fc)
on the electrode can be effectively employed for the fabrication
of hydrogen peroxide detection sensor. The biosensor exhibits a
good linear electroanalytic response toward H,0, in the range of
0.1-8 wM and a high sensitivity for H,O, of about 4.21 nA/uM.
Moreover, abundant hydroxyl groups of the HPC backbones with
a suitable hydrophilic microenvironment contribute to enzyme
activity and their re-use. Therefore, it is believed that the redox
polymer based on HPC has promising perspectives for the construc-
tion of other enzyme biosensor or bioelectronic devices.
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