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A compact antibiotic delivery system based on enzymatic biofuel
cells was prepared, in which ampicillin was released when
discharged in the presence of glucose and O2. The release of
ampicillin was effective in inhibiting the growth of bacterium
Escherichia coli as confirmed by ex situ and in situ release studies
in culture media.
Microbial infection is the most commonly encountered
complication of both medical implants1 and of skin wound
healing and results in infectious disease associated morbidity
and mortality. Antibiotic treatment is the standard therapeutic
method for treating these bacterial infections. However, the
over and untargeted delivery of antibiotics may lead to
antibiotic resistance2, highlighting the importance of ondemand controlled release of antibiotics. Precise control of the
amount and timing of drug dosage can also prevent toxic side
effects3. The introduction of antimicrobial delivery systems
holds promise for improved delivery and optimal clinical
outcomes4.
Self-powered drug delivery devices are of interest in
triggering localised drug release, eliminating the requirement
for external electrical input. For example, Cui et al. fabricated a
microrod consisting of a zinc core as the consuming anode and
an outer layer comprised of a conductive polymer (CP),
poly(3,4-ethylenedioxythiophene) (PEDOT) loaded with the
anionic model drug, sulforhodamine B5. The galvanic battery
enabled reduction of PEDOT results in expulsion of the
incorporated model drug which acts as a counter ion in the
oxidised PEDOT layer. In a similar approach, a galvanic cell
comprising a zinc anode and a cathode based on another
commonly used CP, polypyrrole (PPy) loaded with the anionic
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Scheme 1. Schematic illustration of the controlled Amp release using an EBFC.

dye, phenol red, has been described for self-powered drug
delivery. An enzymatic biofuel cell (EBFC) is an electrochemical
device utilising immobilised enzymes as catalysts for the
conversion of chemical energy in the biofuel into electricity6, 7,
8. Glucose/O and lactate/O EBFCs are promising implantable
2
2
and wearable power sources, respectively, due to the presence
of relatively high concentrations of endogenous glucose in
blood (ca. 5 mM9) and lactate in tear (2-5 mM10) and sweat (20.4
mM under quiescent conditions11). In principle, EBFC can avoid
the drain issue of zinc in galvanic batteries 12. Such EBFCs have
been demonstrated to be a versatile platform for self-powered
drug release12, 13, 14. Our recent work described a membraneless glucose/O2 EBFC with an additional PEDOT/ibuprofen layer
deposited onto an oxygen-reducing biocathode12. Switchable
release of ibuprofen was obtained by opening and closing the
circuit in the presence of glucose and dioxygen.
An EBFC with additional antimicrobial function is appealing,
in particular for wearable and implantable applications. Herein,
we report a one-compartment glucose/O 2 EBFC using enzyme
modified nanoporous gold (NPG, thickness 100 nm, pore size ca.
30 nm, roughness factor 7–8) leaf electrodes15, 16, 17 undergoing
mediated electron transfer (MET) (Fig. S1, ESI†). [Os(2,2′bipyridine)2(polyvinylimidazole)10Cl]+/2+ (Os(bpy)2PVI) redox
polymer mixed with a poly(ethylene glycol)diglycidyl ether
(PEGDGE) crosslinker and either glucose oxidase (GOx) or
bilirubin oxidase (BOx), was drop-cast onto NPG as the
bioanode and biocathode12, respectively (Fig. S2).
Subsequently, PEDOT with Amp as an anionic co-dopant (Fig.
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Fig. 1. Cyclic voltammograms of the NPG/Os(bpy)2PVI-GOx bioanode (A) and
NPG/Os(bpy)2PVI-BOx/PEDOT-Amp biocathode (B) in 0.1 M pH 7.0 PBS at a scan rate
of 5 mV s-1. (C) Power and current density profiles of the EBFC consisting of a
NPG/Os(bpy)2PVI-GOx bioanode and a NPG/Os(bpy)2PVI-BOx/PEDOT-Amp biocathode
in air-equilibrated solution containing of 10 mM glucose.

S1) was electropolymerised on the NPG/Os(bpy)2PVI-BOx
cathode. Amp is a well-studied and widely used potent
antibiotic used in the treatment of a spectrum of bacterial
infections18. Controlled release of Amp was achieved by
discharging the EBFC, while paused when the EBFC was opencircuit. The antimicrobial EBFC inhibited the growth of Gramnegative bacterium Escherichia coli when delivering electricity
(Scheme 1). Previous reports12, 13 demonstrated EBFC-enabled
controlled release of analgesics and model compounds without
showing therapeutic function, in this report, we describe the
controlled release of Amp and successfully demonstrate the
antimicrobial effect of the released Amp. In contrast, the EBFC
exhibited no antimicrobial effect on E. coli at open circuit. To
the best of our knowledge, this is the first report on an
antimicrobial EBFC. Such devices have the potential to
simultaneously generate electricity from physiological fluids
and address microbial infection for medical implants and skin
wound healing, expanding the scope of EBFC to pharmaceutical
applications.
The electrochemical performance of the electrodes was
studied separately in three-electrode cells using cyclic
voltammetry at a relatively slow scan rate of 5 mV s -1. Fig. 1A
shows the cyclic voltammograms (CVs) of NPG/Os(bpy) 2PVIGOx in 0.1 M pH 7.0 phosphate buffer (PBS). In the absence of
glucose (Fig. 1A, black line), a pair of well-defined redox peaks
corresponding to the conversion of Os 2+/3+ was observed, with
a peak potential separation (ΔEp) of 48 mV and a midpoint redox
potential (E1/2) of +180 mV vs. SCE, very close to the formal
redox potential (Eo)19. This response indicates that Os(bpy)2PVI
underwent a fast and reversible electron transfer (ET) process
on the surface of NPG, as required for an ET mediator6. In the
presence of 10 mM glucose, a sigmoidal response with
negligible cathodic currents (Fig. 1A, red line) was observed,
indicative of the catalytic oxidation of glucose. The onset
potential for glucose oxidation, obtained by comparing the CVs
in the presence and absence of glucose 6, was ca. +0.013 V vs.
SCE. The maximum catalytic current density (j max), with the
contribution from electrode capacitances omitted, was
143.97.5 µA cm-2 at +220 mV vs. SCE.
The NPG/Os(bpy)2PVI-BOx/PEDOT-Amp biocathode also
exhibited a pair of well-defined redox peaks corresponding to
the oxidation and reduction of the Os2+/3+ redox couple in N2
bubbled PBS (Fig. 1B, black line). It is notable that the
NPG/Os(bpy)2PVI-BOx/PEDOT-Amp electrode displayed an
increased electrochemical double layer capacitance when
compared with the response obtained with NPG/Os(bpy)2PVI-

Scheme 2. Potential spectrum in the reactions of the present EBFC and PEDOT.

BOx, an increase arising from the contribution of the
pseudocapacitance of PEDOT12, 15. While details of the
mechanism are not fully established, such an observation
demonstrates that electron transfer (ET) occurs between Os
redox polymer and PEDOT layer during operation. As depicted
in Scheme 2 (redox potentials and the potential range for
PEDOT reduction are taken from literature reports20,21), the
potential range for PEDOT reduction overlaps with the redox
potential range of Os(bpy)2PVI, indicating that ET between the
layers is feasible. A jmax for the oxygen reduction reaction (ORR)
of 5.90.2 µA cm-2 at +65 mV vs. SCE and an ORR onset potential
of +0.408 V vs. SCE in air-equilibrated PBS were obtained (Fig.
1B, red line). The jmax of NPG/Os(bpy)2PVI-BOx/PEDOT-Amp was
lower than that of NPG/Os(bpy)2PVI-BOx without a PEDOT layer
(50.84.9 µA cm -2, Fig. S3B), which is likely due to the presence
of the second PEDOT-Amp layer acting as an additional diffusion
barrier for the supply of O212. The presence of Amp showed no
discernible inhibition of the activity of either GOx or of BOx, as
the addition of 0.2 mM Amp in solution did not alter the
response (Fig. S3). Fourier transform infrared (FTIR) analysis of
the two polymer layers on a gold foil substrate showed the
appearance of peaks at 1766 and 1605 cm-1, assigned to the C=O
stretch vibration22 of Amp and the C-C stretch of the thiophene
ring of PEDOT23, respectively (Fig. S4). Scanning electron
microscopy (SEM) shows the randomly distributed porous
structure of NPG, with an average pore size of 30 mM along with
the coating layers formed on the pore walls (Fig. S5 A-C).
Transmission electron microscopy (TEM) confirmed the
formation of the polymer layers on NPG skeleton (Fig. S5 D-F).
The film thickness of the coating layer Os(bpy)2PVI-BOx/PEDOTAmp was 7.81.2 nm (Fig. S5F), larger than that of Os(bpy)2PVIBOx (3.00.8 nm, Fig. S5E). No clear boundary between the two
polymer layers was observed and some pores of NPG were likely
blocked due to the formation of the outer PEDOT-Amp layer
(Fig. S5F). These observations together confirmed the
successful construction of Os(bpy)2PVI-BOx/PEDOT-Amp onto
NPG.
A membrane-less glucose/O2 EBFC was subsequently
assembled using the NPG/Os(bpy)2PVI-GOx bioanode and
NPG/Os(bpy)2PVI-BOx/PEDOT-Amp biocathode (Scheme 1),
with the performance of the EBFC evaluated by linear sweep
voltammetry (LSV) at a scan rate of 1 mV s -1 6. In order to
achieve as high an open circuit voltage (OCV) of the EBFC as
possible with relatively small loss of potential at the bioanode
and biocathode (Fig. S6), respectively6, 20, 24, it is normally
necessary to employ two different redox mediators with
different Eo values that are close to those of redox centres of
GOx and BOx. However, it is still possible to obtain a reasonable
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Fig. 2. (A) Cumulative amount of Amp released during the EBFC working at 0.15 V
(red line) and at open-circuit mode (spontaneous release) (black line); solution: airequilibrated 0.1 M pH 7.0 PBS containing 10 mM glucose. (B) Cumulative amount of
Amp released during the EBFC working at an “on-off” sequence: “on” indicates the
EBFC working at 0.15 V; “off” indicates the EBFC working at open-circuit mode (blue
line); solution: air-equilibrated 0.1 M pH 7.0 PBS containing 10 mM glucose.

OCV using the same mediator at the bioanode and
biocathode12, 25, 26. This is possible as the bioelectrochemical
reactions on both electrodes result in different concentration
ratios of Os2+/3+ at the bioelectrodes, resulting in a Nernstian
potential difference from Eo 20. In practice, the measured OCV is
determined by the difference between the onset potentials of
the biocathode and bioanode6 (Scheme 2). In this case, the EBFC
displayed an OCV of 0.403 V, a maximum current density of 13.5
µA cm -2, and a maximum power density (P max) of 1.38 µW cm -2
at 0.146 V in air-equilibrated PBS with 10 mM glucose (Fig. 1C).
As depicted in Scheme 2 and Fig. S6, there is potential to
improve the practical OCV of a glucose/O2 EBFC by adjusting the
potential of the redox mediator27 to approach the
thermodynamic value of 1.19 V for the two-electron oxidation
of glucose under standard conditions6.
The controlled release of Amp by the EBFC was evaluated.
In our previous work12, the voltage of the EBFC for the optimal
rate of release of drug was equivalent to that for P max. A
potential of 0.15 V was therefore used for discharge of the EBFC
and the cumulative amount of Amp released was determined
from the absorbance at 254 nm (Fig. S7). The rate of release of
Amp was approximately linear for the initial 5 min approaching
a maximum value of 92.88.1 μmol cm-2 after 10 min (Fig. 2A,
red line). By comparison, soaking the EBFC in PBS at open-circuit
mode led to negligible levels of release of Amp (1.10.1 μmol
cm-2 after 25 min (Fig. 2A, black line)) that is associated with
spontaneous release due to loosely bound Amp. The very low
level of spontaneous release clearly demonstrates that
discharge of the EBFC with concomitant ET/charge transfer
processes is essential for the controlled release of Amp. When
the EBFC operated in an “on-off” sequence with alternating
discharge at 0.15 V for 2 min and standby operation at opencircuit potential for 2 min, rapid release of Amp was observed
during the on stages while minimal release during the off stages
(Fig. 2B). Such results indicate the feasibility of EBFC enabled
controlled Amp release. In an additional control experiment
utilising an EBFC with NPG/Os(bpy)2PVI/PEDOT-Amp without
BOx as the biocathode, a stable voltage/current output was not
obtained with no release of Amp (Fig. S8).
Release (ex situ and in situ) of Amp was performed to
demonstrate the antimicrobial properties of the EBFC, with the
antimicrobial efficacy evaluated by monitoring OD 600 of Gramnegative E. coli sub-cultures over 5-7 h (Fig. 3). E. coli has been
widely used as a model bacterium for antimicrobial testing28, 29,

Fig. 3. Optical density at 600 nm (OD600) of LB broth (measure of antibacterial growth):
(A) ex situ release; (B) in situ release. Growth observed with a) EBFC enabled ex situ
release of Amp; b): EBFC operating at open-circuit; c): absence of EBFC; d): manual
addition of Amp (1 mg mL-1) at time zero.

as E. coli is among the most common bacterial isolates from
serious clinical infections30. The prepared EBFC was able to
operate in a Luria Bertani (LB) broth, the culture media
containing ca. 92.5 mM glucose for E. coli propagation and as
the biofuel. The EBFC registered an OCV of 0.412 V and a P max of
1.3 µW cm-2 at 0.14 V (Fig. S9), values similar to those obtained
in PBS. Ex situ release of Amp at 0.15 V for 20 min was
performed in LB broth, which was subsequently used as the
medium for the growth of sub-cultured (1:100) E. coli (Fig. 3A,
a). No growth of E. coli occurred in the initial 3 h, after which
there was a slight increase in OD600 (Fig. 3A, a). By comparison,
when the EBFC was operating at open-circuit, the OD600
increased linearly (Fig. 3A, b), similar to the response without
treatment (Fig. 3A, c: blank broth). The presence of Amp (1 mg
mL-1) inhibited the growth of E. coli over a period of 5 h with
OD600 remaining at zero (Fig. 3A, d). The antimicrobial activity
observed with the EBFC operating at 0.15 V (Fig. 3A, a) together
with the absence of antimicrobial activity at open circuit
potential (Fig. 3A, b) leads to the conclusion that the
antimicrobial ability of the EBFC was solely due to the controlled
release of Amp and not to any other components of the EBFC.
Sub-cultured (1:100) E. coli was allowed to grow in LB broth
for 2 h, showing increased OD600 reading (Fig. 3B). In situ release
of Amp in glucose-containing LB broth was then conducted by
discharging the EBFC at 0.15 V for 20 min (Fig. 3B, a). Additional
replication of the bacteria was halted with the OD600 reading
remaining relatively level for another 4 h (Fig. 3B, a). When the
EBFC was operated at open-circuit potential (Fig. 3B, b) and in a
control experiment with no addition of Amp (Fig. 3B, c), the
OD600 increased, indicative of the absence of antimicrobial
activity in such conditions. Addition of Amp (1 mg mL-1) killed
the bacteria with OD600 decreasing close to 0 (Fig. 3B, d).
Consumption of glucose by the bacteria and EBFC is not likely to
be the origin of the observed antimicrobial effect. The
concentration of glucose (ca. 92.5 mM) in the media will not
change significantly (<100 µM for a constant current of 20 µA)
during the 20 min of operation of the EBFC. As evident from Fig.
3B, bacterial growth continues at the same rate for the control
(Fig. 3B, c) and when the EBFC is at open circuit (Fig. 3B, b),
demonstrating that the supply of all nutrients is sufficient.
Overall, such control studies demonstrated the controlled
antimicrobial performance of the EBFC with controlled release
of Amp by switching “on” and “off” the circuit.
In conclusion, a membrane-less glucose/O2 enzymatic
biofuel cell (EBFC) has been described with antimicrobial
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properties arising from the release of ampicillin that is triggered
by discharging the EBFC. The EBFC demonstrated an
antimicrobial effect towards E. coli. The EBFC has the potential
to be applied as antimicrobial surfaces for a wide range of
clinical purposes such as implant coatings and treating skin
wound infections. It is envisioned that a rationalization of
mediator potential and bilayer configuration could further
improve the efficiency of the antibiotic release system. A
further combination of the antimicrobial EBFC with a diagnostic
unit would achieve an appealing “sense-act-treat” platform.
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