
University of Plymouth

PEARL https://pearl.plymouth.ac.uk

Faculty of Health: Medicine, Dentistry and Human Sciences School of Biomedical Sciences

2015-10-28

Fast, Ultrasensitive Detection of

Reactive Oxygen Species Using a

Carbon Nanotube

Based-Electrocatalytic Intracellular

Sensor

Rawson, FJ

http://hdl.handle.net/10026.1/8607

10.1021/acsami.5b06493

ACS Applied Materials &amp; Interfaces

American Chemical Society (ACS)

All content in PEARL is protected by copyright law. Author manuscripts are made available in accordance with

publisher policies. Please cite only the published version using the details provided on the item record or

document. In the absence of an open licence (e.g. Creative Commons), permissions for further reuse of content

should be sought from the publisher or author.



Fast, Ultrasensitive Detection of Reactive Oxygen Species Using a
Carbon Nanotube Based-Electrocatalytic Intracellular Sensor
Frankie J. Rawson,*,† Jacqueline Hicks,† Nicholas Dodd,‡ Wondwossen Abate,‡ David J. Garrett,§
Nga Yip,� Gyorgy Fejer,‡ Alison J. Downard,� Kim H. R. Baronian,# Simon K. Jackson,*,‡

and Paula M. Mendes*,�

†Laboratory of Biophysics and Surface Analysis, School of Pharmacy, University of Nottingham, University Park, Nottingham NG7
2RD, United Kingdom
‡Centre for Biomedical Research, School of Biomedical and Healthcare Science, Plymouth University, Drake Circus, Plymouth,
Devon PL4 8AA, United Kingdom
§School of Physics, The University of Melbourne, Victoria 3010, Australia
�School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom
�Department of Chemistry, #School of Biological Sciences, University of Canterbury, Private Bag 4800, Christchurch, New Zealand

*S Supporting Information

ABSTRACT: Herein, we report a highly sensitive electrocatalytic sensor-cell construct
that can electrochemically communicate with the internal environment of immune cells
(e.g., macrophages) via the selective monitoring of a particular reactive oxygen species
(ROS), hydrogen peroxide. The sensor, which is based on vertically aligned single-walled
carbon nanotubes functionalized with an osmium electrocatalyst, enabled the
unprecedented detection of a local intracellular “pulse” of ROS on a short second time
scale in response to bacterial endotoxin (lipopolysaccharide-LPS) stimulation. Our studies
have shown that this initial pulse of ROS is dependent on NADPH oxidase (NOX) and
toll like receptor 4 (TLR4). The results suggest that bacteria can induce a rapid
intracellular pulse of ROS in macrophages that initiates the classical innate immune
response of these cells to infection.
KEYWORDS: intracellular sensor, electrocatalytic sensor, carbon nanotubes, reactive oxygen species, hydrogen peroxide,
macrophage cells

� INTRODUCTION
Reactive oxygen species (ROS) production or dysregulation are
implicated in many human pathologies, including in�ammation,
atherosclerosis, cancer, diabetes, and neurodegeneration.1 ROS
is a collective term referring to oxygen-derived species,
including superoxide anion radical (O2

•�) and hydrogen
peroxide (H2O2). In addition to their classical cytotoxic and
antimicrobial e�ects, ROS take part in a diverse array of
biological signaling events and are thus critical in control of cell
function. Macrophages play a central role in host defense by
producing ROS via the NADPH oxidase enzyme complex
(NOX).2�4 NOX is stimulated to produce ROS, when
lipopolysaccharide (LPS) binds to the Toll Like Receptor 4
(TLR4).5,6 NOX is a multicomponent enzyme that is dormant
in unstimulated cells but can be activated by various stimuli. In
the activated form, the NADPH oxidase complex mediates the
transfer of electrons from cytosolic NADPH to O2 to produce
superoxide anion (O2

�),7 which is rapidly converted to
hydrogen peroxide (H2O2) and subsequently other ROS
including the hydroxyl radical (OH•). The ROS response
might either be involved in ’signaling’ or “antibacterial”
functions depending on the amount generated and duration

of the ROS burst.2 This behavior may also depend on location
and stimuli. A “short sharp” ROS response early after
interaction of an immune cell with bacteria, would indicate a
signaling response and may be important for priming the cells
for subsequent antibacterial responses.

Despite the important role ROS play in determining cellular
fate, technology for monitoring selective, spatial, and temporal
production of ROS within cells is currently lacking. Develop-
ment of such technology will enable a more thorough
understanding of the role that ROS play in physiological and
disease states and allow translation of this information for
clinical bene�t.8

Although a variety of sensors for cellular ROS assessment
have been developed, most rely heavily on the use of ROS-
sensitive �uorescent probes. These probes su�er from a
number of limitations: (i) they lack speci�city for a particular
ROS; (ii) they cannot be targeted to speci�c intracellular
compartments; and (iii) they can produce ROS upon light
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