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High potential and fast electron transfer of a cathode mediator are significant factors for improving the

performance of biofuel cells. This paper reports the first synthesis of a cathode redox polymer that is a

coordination complex of poly (acrylic acid-vinylpyridine-acryl amide) (PAA-PVP-PAA) and [Os(4,4'-

dicarboxylic acid-2,2'-bipyridine)2Cl2]
/+ (Eo = 0.48 V versus Ag/AgCl). Bilirubin oxidase can be easily

incorporated into this polymer matrix, which carried out the four-electron oxygen under typical physiological

conditions (pH 7.2, 0.14 M NaCl, and 37 oC). This new polymer showed an approximately 0.1 V higher redox

potential than existing cathode mediators such as PAA-PVI-[Os(dCl-bpy)2Cl]+/2+. In addition, we suggest

increasing the polymer solubility with two hydrophilic groups present in the polymer skeleton to further

improve fast electron transfer within the active sites of the enzyme. The maximum power density achieved was

60% higher than that of PAA-PVI-[Os(dCl-bpy)2Cl]+/2+. Furthermore, high current density and electrode

stability were confirmed for this osmium polymer, which makes it a promising candidate for high-efficiency

biofuel cells.
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Introduction 

Given recent advancements in medical science and

technology, many low-cost medical devices are now available

to treat diseases and alleviate health-related complications.

To monitor and assess the health of an individual, a medical

device sometimes needs to be implanted inside the body;

such devices need to be sophisticated, miniaturized, and

integrated.1 These miniature devices require the use of

various types of small batteries that are composed of either

highly reactive lithium or corrosive alkaline electrolytes. In

light of this problem, these batteries are difficult to manufacture

and are expensive, as they require protective casings and

extra packaging to prevent them from causing any damage

to physiology.1-5

Such disadvantages can be overcome by using a biofuel

cell, which is simple, inexpensive, and comprised of a small

power source positioned within a biological fluid, thereby

making the cell a highly promising technology.6 Such cells

can generate power by converting chemical energy directly

into electrical energy using electrochemical principles, and

can be practically used in various devices. 

Despite the similarity in working principles, the most

important difference between biofuel cells and other fuel

cells is the fuel. Other fuel cells use alkaline material, molten

carbonate, phosphoric acid, proton exchange membranes, or

solid oxide as fuel sources, whereas a biofuel cell uses

enzymes produced by microorganisms that can degrade

suitable substrates to generate the required fuel.7,8 

Unlike fuel cells, biofuel cells have a very simple

structure1 (Scheme 1(a)). Fuel cells usually consist of two

half-cell electrodes, an anode and a cathode, and the

electrolytes in each half cell are separated by a membrane to

avoid mixing, while the ions can still diffuse through. On the

other hand, biofuel cells do not require membranes and are

designed to have controlled selectivity for a specific enzyme

in order to allow the reactions to run independently. In our

biofuel cells, the two electrodes, coated with different cross-

linked electrostatic adducts of enzymes and redox polymers,

reside in the same compartment.

Cathode enzymes; such as laccase, ascorbate oxidase,

bilirubin oxidase, and copper-containing oxidases; catalyze

the formation of water by four-electron oxygen reduction.9-13

In the past, most biofuel cells used laccase as the cathode

enzyme, but a very weak current density was obtained with

it under physiological conditions due to a partial loss in

enzyme activity caused by neutral pH and the presence of

halide ions.14,15 In contrast, bilirubin oxidase provides

noticeable stability and high activity under typical physiological

conditions,15-20 even in the presence of halide ions.20 The

enzymes are generally immobilized on the electrode surfaces,

and given their efficiently catalytic activity. The enzymes

also help transfer the electrons to the electrodes; however,

since the active sites are located too far from the surfaces of

the proteins, direct electron transfer between the electrode

surface and the enzyme does not occur.21-26 To address this

issue, redox mediators, which act as a reversible redox

species and carry electrons between the active site of the

enzyme and the electrode surface, are used, thereby increasing

the overall electron transfer rate. Mediators are broadly

grouped as either metal-based or organic-based, but may

also be categorized as immobilized or free mediators in

solution.2,27

While 2,2'-azinobis-(2-ethylbenzothiazoline-6-sulfate) (ABST)
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is the most common cathode mediator used in biofuel cells

for electron transfer to the cathodes, lately a number of

metal-based mediators have been developed.28 Recent

studies have shown that osmium complexes are highly stable

during redox reactions, and theoretically can exist in various

forms, though potentially requiring some adjustment.2,29-31

Additionally, osmium complexes can be dispersed within a

polymer matrix to form a redox polymer and can be used as

either a mediator or an immobilized enzyme.27,32,33 A

commonly used redox osmium polymer in biofuel cells is

poly(N-vinylimidazole[Os-4,4'-dichloro-2,2'-bipyridine]2Cl]-

co-arylamide) (PAA-PVI-[Os(dCl-bpy)2Cl]+/2+).20 

With our objective of achieving high performance in a

cathode system, we propose to synthesize a new cathode

polymer having a high redox standard potential and increased

mobility in the cross-linked electrostatic adducts. Firstly, the

newly synthesized redox osmium polymer, PAA-PVP-PAA-

[Os(dca-bpy)2Cl]+/2+, increased the redox potential by approxi-

mately +100 mV when compared to PAA-PVI-[Os(dCl-

bpy)2Cl]+/2+, due to the presence of an electron withdrawing

carboxylic acid group. Increased redox potential increases

the cell performace. Secondly, the rate of collision would be

increased with the solvation of the redox centers. In other

words, the greater the mobility of the redox polymer, the

faster the electron transfer. Also, high levels of enzymatic

reactions were observed, possibly due to the increased

solubility of the polymer, which contained tethered-acid and

amide backbones. This confirmed that the new cathode

polymer is suitable for achieving high performance and high

efficiency in biofuel cells under typical physiological condi-

tions.

Experimental

Reagents. A carbon electrode was screen-printed on

overhead projector (OHP) film (Electrodag 423SS, Acheson,

USA) using a screen printing machine (BS-860AP, Bando,

Korea). Bilirubin oxidase from Myrothecium verrucaria

(10.5 U/mg), potassium hexachloroosmate(IV), 4,4'-carboxylic

acid-2,2'-bipyridine, acrylic acid, 4-vinylpyridin, acrylamide,

N,N,N',N'-tetramethylethylenediamine, ammonium persulfate,

poly(ethylene glycol) diglycidyl ether (PEGDGE), sodium

hydrosulfite, and ethanol were purchased from Aldrich

(Milwaukee, WI, USA). Phosphate-buffered saline (PBS,

4.3 mM NaH2PO4, 15.1 mM Na2HPO4, and 140 mM NaCl)

and all other solutions were prepared using deionized Milli-

Q water (Millipore, Bedford, MA, USA). All chemicals used

were of analytical grade.

Preparation of Poly(acrylicacid-vinylpyridine-acrylamide)

(PAA-PVP-PAA). The copolymer was prepared following a

standard reported method with minor modification.34 0.94 mL

acrylic acid (13.8 mmol), 0.5 mL 4-vinylpyridine (4.6 mmol),

and 50 mL ethanol/water (v:v = 1:1) solution containing

1.634 g acrylamide (23.0 mmol) were placed in a 100 mL

flask at 70 oC containing a stirring bar. A 10 mL aqueous

solution containing 0.06 mL N,N,N',N'-tetramethylethylene

diamine was then added, followed by the addition of a

freshly prepared solution of well dried ammonium persulfate

(0.06 g dissolved in 10 mL water). The polymerization

reaction was allowed to proceed for 30 minutes in a tightly

closed vessel with vigorous stirring. The polymer was

isolated by the dropwise addition of the reaction mixture into

1.0 L methanol. Figure 1(a) shows the copolymer of acrylic

Scheme 1. (a) Schematic layout of a biofuel cell, (b) photograph of a miniature cell. 
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acid, 4-vinylpyridine, and acrylamide thus obtained.

Preparation of PAA-PVP-PAA-[Os(4,4'-dicarboxylic

acid-2,2'-bipyridine)2Cl] (PAA-PVP-PAA-[Os(dca-bpy)2

Cl]). [Os(dca-bpy)2Cl2] was prepared by adapting a previ-

ously reported method.35 (NH4)2OsCl6 (50 mg) and 4,4'-

dicarboxylic acid-2,2'-bipyridine (55.6 mg, 2 equiv.) in 20

mL anhydrous ethylene glycol were heated to reflux for 30

min. After bringing the solution to room temperature, an

aqueous sodium hydrosulfite (20 mL, 10 mM) solution was

further added and after cooling in an ice bath, the mixture

yielded red-purple crystals of [Os(dca-bpy)2Cl2]. The product

was filtered and washed with ice water (Figure 1(b)). As a

next step in the synthesis of PAA-PVP-PAA-[Os(dca-

bpy)2Cl]+/2+, [Os(dca-bpy)2Cl2]
/+ and PAA-PVP-PAA were

dissolved in 20 mL ethylene glycol and heated to reflux at

160 oC for 30 min. The final product was isolated and purified

using aluminum oxide-packed column chromatography (50 -

200 μm) (Figure 1(c)).

Preparation of Catalytic Electrodes. Aqueous solutions

of PAA-PVP-PAA-[Os(dca-bpy)2Cl]+/2+ (10 mg/mL), BOD

(40 mg/mL), and PEGDGE (5 mg/mL) were mixed at the

ratio of 4:4:1 (v:v:v).36 A 5 μL aliquot of the mixture was

placed on a set of 10 screen-printed carbon electrodes. After

deposition and drying, the immobilized electrodes were

covered to avoid dust and allowed to cure overnight

(>12 hours) before the electrodes were used.

Electrochemical Measurements. Electrochemical meas-

urements of the immobilized electrodes were carried out

using a CHI 660A electrochemical workstation (CH Instru-

ment, Austin, TX, USA), interfaced to a computer. The

electrochemical characteristics of immobilized-PAA-PVP-

PAA-[Os(dca-bpy)2Cl]+/2 were studied using 3.0 mm-diameter

screen-printed carbon electrodes (SPCEs) as the working

electrodes. An Ag/AgCl micro-reference electrode (3.0 M

KCl, Cypress, Lawrence, KS, USA) scrolled with a 0.5 mm

diameter platinum wire counter-electrode was used. Biofuel

Cell performance is characterized in terms of power density,

which depends upon the current density achieved at different

cell voltage (Figure 5). Power density is measured at current

density that compromises with the difference in potentials

for the onset of catalytic oxygen reduction at the cathode and

catalytic oxidation of glucose at the anode (0.60 V in Figure

3(b) and −0.20 V versus Ag/AgCl in Figure 4(b), respectively).

For the experiment of biofuel cell, the supporting electrolyte

(Scheme 1(b)) was used with a 5 mM glucose solution

dissolved in 0.1 M PBS (pH 7.2, 0.14 M NaCl), 37 oC in air.

Results and Discussion

Electrochemical Characteristics of the Immobilized

PAA-PVP-PAA-[Os(dca-bpy)2Cl]. Cyclic voltammetry of

the immobilized PAA-PVP-PAA-[Os(dca-bpy)2Cl]+/2+ in

0.1 M PBS buffer (pH 7.2) on the SPCEs with PAA-PVP-

PAA-[Os(dca-bpy)2Cl]+/2+ showed one pair of quasi-reversible

redox peaks at E1/2 = 0.48 V vs. Ag/AgCl, as shown in Figure

2. These results suggest that PAA-PVP-PAA-[Os(dca-

bpy)2Cl]+/2+ is a fast and reversible redox mediator and that it

can be a suitable cathode mediator in a biofuel cell. The

current density with PAA-PVP-PAA-[Os(dca-bpy)2Cl]+/2+

on the SPCEs is also shown in the inset of Figure 2 as a

function of the scan rate. The inset in Figure 2 shows that the

anodic peaks [(Ip)a] and the cathodic peaks [(Ip)c] of PAA-

PVP-PAA-[Os(dca-bpy)2Cl]+/2+ increased linearly with the

square root of the scan rate (ν1/2) in the range of 0.01-0.1 V s−1.

This result suggests that the electron transfer of immobilized

Osmium polymer on the electrode was controlled by the

linear diffusion.

Optimization of the Cathode. In order to optimize the

biofuel cell, the immobilized PAA-PVP-PAA-[Os(dca-

bpy)2Cl] +/2+ was immersed in a 0.1 M PBS buffer (pH 7.2).

Figure 1. Synthesis of the redox polymer PAA-PVP-PAA-[Os(dca-bpy)2Cl]+/2+.
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When the OCV was measured within in the different BOD

concentration, it was found that the voltage gradually

increased from 10 mg/mL to 40 mg/mL, but at 50 mg/mL,

the precipitation was obtained along with a voltage drop.

This precipitate is actually the by-product of the electrostatic

reaction between a cationic polymer and an anionic BOD.

Also, the OCV was measured at various pHs and temperatures.

Therefore, considering all of the above-mentioned results,

the optimum experimental conditions were set to pH 7.2 and

a temperature of 37 oC, reflecting the typical physiological

conditions.

Enzymatic Reaction of the Cathode. The SPCEs was

immobilized with a PAA-PVP-PAA-[Os(dca-bpy)2Cl]+/2+ and

BOD as cathode electrode. The resulting bioelectrocatalyst

was an electrostatic adduct of the BOD, which is a polyanion

at neutral pH, and the electron-conducting polymer, PAA-

PVP-PAA-[Os(dca-bpy)2Cl]+/2+, which is a polycation. Also,

the enzyme and the redox polymer were doubly cross-linked

by the PEGDGE, which formed the amide bonds between

the aldehyde moieties of the PEGDGE and the primary

amines of the redox polymer and enzymes.37 Figure 3 shows

catalytic linear sweeps of PAA-PVP-PAA-[Os(dca-bpy)2Cl]+/2+

both in the presence and absence of O2. The electrochemical

amplification was obtained by redox cycling, which was

related to the fast regeneration of the oxidized Os3+ metal

ions on the electrode after the enzymatic reduction of O2.

Biofuel Cell Test. Scheme 1(b) shows a membrane-less

miniature biofuel cell that was fabricated for the current

research operating under physiological conditions (pH 7.2,

containing 0.14 M NaCl in 0.1 M PBS at 37 oC). At the

anode, electrons are transferred from glucose to glucose

oxidase (GOx), from GOx to Os(III), and from Os(II) to the

electrode (Eq. (1)).

Anode: glucose → gluconolactone + 2H+ + 2e− (1)

The resulting anode catalyst, consisting of the cross-linked

adduct of PVI-[Os(dmo-bpy)2Cl]+/2+ and glucose oxidase

(GOx), was tested in this study (Figure 4).27,38-42 At the

cathode, the electrons were transferred from the electode

Os(III), Os(II) to bilirubin oxidase (extracted from Myrothecium

verrucaria) which catalyzed O2 to H2O (Eq. (2)):

bilirubin + 1/2 O2 → biliverdin + H2O (l) (2)

Existing PAA-PVI-[Os(dCl-bpy)2Cl]+/2+ and newly syn-

thesized PAA-PVP-PAA-[Os(dca-bpy)2Cl]+/2+ were compared

as the cathode mediators in the presence of oxygen. The

Figure 3. Linear sweep voltammograms of a BOD electrode
immobilized in PAA-PVP-PAA-[Os(dca-bpy)2Cl]+/2+ mediator
containing 0.1 M PBS solution. (a) (- -) without O2 and (b) (−)
with O2. The scan rate was 5 mV/s.

Figure 4. (a) Anode mediator: PVI-[Os(dmo-bpy)2Cl]+/2+. (b)
Linear sweep voltammograms of GOx electrode co-immobilized
by PVI-[Os(dmo-bpy)2Cl]+/2+ mediator with GOx on a SPCE
containing 0.1 M PBS. The scan rate was 5 mV/s. 

Figure 2. Cyclic voltammograms of the immobilized PAA-PVP-
PAA-[Os(dca-bpy)2Cl]+/2+ with BOD in 0.1 M PBS buffer (pH 7.2)
with 0.14 M NaCl on the SPCEs at different scan rates (0.01, 0.02,
0.04, 0.06, 0.08, 0.10 V/s). Inset: The variation of the peak current
density vs. the square root of the scan rate. R1 = 0.9927 (Ip, a: dot),
R2 = 0.9919 (Ip, c: square). 
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performance of the cell was measured using a 5 mM glucose

solution dissolved in 0.1 M phosphate buffered saline (pH

7.2, 0.14 M NaCl) on a miniature cell. In the biofuel cell,

when PAA-PVP-PAA-[Os(dca-bpy)2Cl]+/2+ was used as a

cathode mediator, the maximum power density was 19.5 μW/

cm2 at 0.41 V (47.6 μA/cm2). In comparison, the power

density of the existing cathode polymer, PAA-PVI-[Os(dCl-

bpy)2Cl]+/2+, was only 12.3 μW/cm2 at 0.27 V (45.3 μA/cm2)

(Figure 5).

The redox potential of PAA-PVP-PAA-[Os(dca-bpy)2Cl]+/2+

showed at 0.71 V versus SHE (Table 1). On the other hand,

PAA-PVI-[Os(dCl-bpy)2Cl]+/2+ exhibited 0.58 V at pH 7.4. It

can be inferred that PAA-PVP-PAA-[Os(dca-bpy)2Cl]+/2+has

a higher electrical potential at the electrode surface than

PAA-PVI-[Os(dCl-bpy)2Cl]+/2+, and our results demonstrate

its potential to enhance the performance of biofuel cells.

Also, high enzymatic reactions were observed, possibly due

to the increased solubility of the polymer. The maximum

power density in this work was increased by about 60% to

that of PAA-PVI-[Os(dCl-bpy)2Cl]+/2+.

Conclusion

In this study, we introduced a new kind of cathode redox

polymer, PAA-PVP-PAA-[Os(dca-bpy)2Cl]+/2+, for enhancing

the performance of biofuel cells. This cathode polymer had a

higher redox potential, and high enzymatic reactions were

observed, possibly due to the increased solubility of the

polymer. Furthermore, the long-term stability of electrode

was confirmed for the new osmium polymer, which makes it

a promising candidate for the high-efficiency in the biofuel

cells. Finally, the proposed biofuel cell, combining GOx at

the anode and a new BOD composite at the cathode under

the physiological conditions, was successfully fabricated

and tested in this work.
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