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PREFACE TO SECOND EDITION

The 21st century has long been hailed as the century of biology, as the
extremely complex nature of the biological system is only now beginning
to be more fully understood through the use of technology and scientific
tools, which allow mankind to observe biological processes at the nanoscale.
This has resulted in the ever-pressing need to develop advanced “smart
materials” for biomedical applications, and this important field of research
has taken center stage worldwide as a new frontier of advanced scientific
research. While biocompatible materials have been in use for decades, the
quest to merge smart materials such as those used in modern computer
integrated circuits with the biological system has proven to be much more
difficult than originally imagined. If we take as one example the brain—
machine interface, or BMI, which was first reported in the early 1970s and
was based on silicon probes, we learn that mankind is not much closer to
the prospect of long-term (multiple years or even decades) implantation of
these devices. Why? Simply put, most “smart materials” such as most semi-
conductors are typically toxic to the biological environment, and silicon is
no exception. What is needed to realize true nanoscale functionality there-
fore is a material with the “smart properties” of silicon and the “biocompat-
ible” properties of polymers. In this book such a candidate material, silicon
carbide, is presented and the evidence that has been amassed, mostly over
the last decade, indicates that this material system may prove to be the dream
material for biomedical devices that must do more than simply provide
structural support.

Silicon carbide, abbreviated SiC, has a long history as a robust and hard
material, which was first used as an abrasive and cutting material in the
19th century and later as a high-temperature semiconductor for advanced
applications in the 20th century. Indeed, the first solid-state blue light emis-
sion was observed from SiC in 1907, and this material has been under
study ever since. One can consult the various available literature to fully
understand all of the many aspects of SiC, from how it is formed, to its
myriad crystal properties, and finally to the large number and types of ap-
plications it is being used in. Fortunately, it is sufficient here to provide a
brief overview of SiC so that the reader can understand why this material
is so compelling for biomedical applications and may become one of the
most used biomaterials in the future. Indeed, the purpose of this second
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Xviii Preface to Second Edition

book is to lay the foundation for exactly this — to introduce silicon carbide
to biomedical engineers, medical professionals, and scientists, thus bring-
ing together technologists from across many disciplines to help enable the
ultimate use of SiC as one of the next generation of smart biomaterials to
realize advanced biomedical devices.

The first edition of Silicon Carbide Biotechnology tocused mainly on in vitro
material studies in order to introduce the reader to the possibility that SiC
can be an important player in the biomedical device community. Indeed,
biocompatibility and hemocompatibility data were presented, which either
cleared up prior misconceptions of SiC in this arena, or reinforced the
known excellent performance of certain SiC material types, called poly-
types, to the biological world. While prototype devices were introduced and
discussed, the present edition focuses mainly on the significant progress that
has been made in the development of SiC biomedical devices, ranging from
implants to sensors to in vitro DNA assay systems. The organization of this
second edition starts with an updated introduction of SiC, with a particular
emphasis on biomedical applications, and is then divided into four distinct
sections. First, a fully comprehensive treatment of SiC in vifro performance
is presented with a rigorous study of 3C—SiC biocompatibility, conducted
in full compliance with ISO 10993, in chapter: Cytotoxicity of 3C-SiC
Investigated Through Strict Adherence to ISO 10993. Next, amorphous
SiC (a-SiC) is studied using the same in vitro methods; additionally, a study
of hemocompatibility for both 3C-SiC and a-SiC is documented in this
chapter: Study of the Hemocompatibility of 3C-SiC and a-SiC Films Us-
ing ISO 10993-4 where we see both materials have great potential suitabil-
ity for use in the cardiovascular system.

Having completed the in vitro materials studies required by the FDA to
allow for subsequent clinical trials, the second section focuses on the im-
portant topic of SiC biosensors. Extremely comprehensive studies on the
use of graphene on SiC, as well as surface functionalization of SiC, both for
biosensor applications, are presented in the next two chapters: Graphene
Functionalization for Biosensor Applications and: SiC Biosensing and Elec-
trochemical Sensing: State of the Art and Perspectives, respectively. We see
that the use of epitaxial graphene on SiC is not only a powerful method
to realize advanced sensors, it ensures that the device substrate is compat-
ible with the biological system, thus improving device performance and
reliability. We see that SiC, due to the fact that it is a compound semicon-
ductor, provides more flexibility in terms of biosensor design simply by
taking into account differences in how one can functionalize the Si and C
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surfaces of the material. This extra degree in design freedom is not possible
with the mainstay advanced biosensor material, silicon, which has proved
to have issues with bio- and hemocompatibility. After these two chapters,
very important work to realize a continuous glucose-monitoring (CGM)
device in vivo is presented, whereby semiinsulating 4H-SiC is used as an
implantable RF sensor to detect, in real time, glucose levels in vitro. Given
the significant number of humans suftering from diabetes worldwide, this
work is extremely important and significant progress is being made in the
remote sensing of glucose via a “radio frequency identification (RFID)-
type” sensor mechanism.

Having completed the sensor portion of this edition, we then move on
to the nervous system where developments to realize more robust, long-
term performing SiC-based neural implants is discussed. Building on the
work presented in the first edition that indicated that 3C-SiC appeared
to be an ideal choice for this application, extremely compelling data doc-
umenting the in vivo performance of 3C-SiC intracortical implants in
“wild-type” mice is presented in chapter: In Vivo Exploration of Robust
Implantable Devices Constructed From Biocompatible 3C-SiC, whereby
no evidence of neurological immune system response was observed. To fur-
ther motivate the development of 3C—SiC for this application, results of a
comprehensive study, also conducted under the auspices of ISO 10993, shed
light on the reason why 3C-SiC performs so well in vitro: the material is
highly stable and does not degrade in either normal physiological environ-
ments or physiological environments that are enhanced to enable acceler-
ated aging studies to be properly conducted. For any fully functional neural
implant using 3C-SiC a suitable electrical insulator is required and this
material must have similar biological performance to the support material,
3C-SiC. Amorphous SiC (a-SiC) is just such a material and, being part of
the “SiC family of biocompatible materials,” is an ideal companion material
for this (and other) applications. The in vivo compatibility of commercial
implantable neural interfaces (INI) coated with a-SiC is documented in rats
and, once again, proves the incredible potential of SiC for this highly chal-
lenging application. This work, including functional in vitro recording data
made using microelectrode arrays coated with a-SiC, is presented in chap-
ter: Amorphous Silicon Carbide for Neural Interface Applications. With the
neural implant potential of SiC well documented, we then move on to the
final section of this edition — the use of SiC nanotechnology for advanced
applications such as label-free DNA detection (chapter: SiC Nanowire
Based Transistors for Electrical DNA Detection), cancer treatment, and
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tissue/bone scaffolds (chapter: Silicon Carbide Based Nanowires for Bio-
medical Applications).

The authors listed at the beginning of each chapter provided the con-
tent, including figures and text that comprises the majority of this book.
The Editor both solicited these chapters and then edited the content in an
effort to achieve a uniform and consistent text. This was done so that the
reader could both focus on the very interesting subject matter contained
within, and to also see the connection that many of the chapters have with
each other. It is the editor’s hope that this endeavor was successful and that
you, the reader of this book, will find this work both informative and en-
joyable to read. Indeed, it was an extremely rewarding experience putting
together the second edition of Silicon Carbide Biotechnology and the editor
hopes that this will be similarly felt by you, the reader.

At Academic Press/Elsevier Science, the project was coordinated by
Christina Gifford and the editor is grateful to her for all of her support and
kind assistance throughout the project. In addition, Sruthi Satheesh very
capably coordinated the production of the book and is gratefully acknowl-
edged for all of her hard work in making sure galley proof corrections were
made, copyright approvals completed, and for her overall help in pulling this
book together. The Editor of Silicon Carbide Biotechnology hopes that users of
this book, and especially the students who will become the next generation
of biomedical practitioners and technologists, will find the subject mat-
ter of the second edition of Silicon Carbide Biotechnology as interesting and
exciting as the editor does.

Prof. Stephen E. Saddow, Editor
University of South Florida, Tampa, FL, United States of America
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1.1 PREAMBLE

Considerable progress has been made since the publication of the first
edition of Silicon Carbide Biotechnology: A Biocompatible Semiconductor for Ad-
vanced Biomedical Devices and Applications in 2011, mostly in the area of SiC
nanoparticle and nanowire incorporation in various biomedical devices. In
our research group we have made significant progress to translate research
performed in the area of SiC materials development for biomedical appli-
cation into prototype SiC biomedical devices. Examples include 3C-SiC
neural implants, functionalized biosensors, and the demonstration of semi-
insulating 4H—SiC as a suitable platform for an in vivo glucose sensor based
on an RF antenna transducer. In this edition, we build upon the materials-
based discussion from the first edition placing the focus on SiC biotech-
nology at the device level. We begin by adding additional information to
the in vitro biological performance story of 3C-SiC (see chapter: Cytotox-
icity of 3C-SiC Investigated Through Strict Adherence to ISO 10993) and

Silicon Carbide Biotechnology Copyright © 2016 Elsevier Inc.
All rights reserved. 1



2 Silicon Carbide Biotechnology

add amorphous silicon carbide (a-SiC) to the story in chapter: Study of
the Hemocompatibility of 3C-SiC and ¢-SiC Films Using ISO 10993-4.
Next, the focus is on biosensors, with a review of graphene on SiC sub-
strates for biosensing applications (see chapter: Graphene Functionaliza-
tion for Biosensor Applications), followed by a comprehensive overview of
SiC bio- and electrochemical sensing (chapter: SiC Biosensing and Elec-
trochemical Sensing: State of the Art and Perspectives). We then move to
the demonstration of 4H-S1iC as a sensor transducer for in vivo continuous
glucose monitoring and WiFi applications in chapter: SiC RF Antennas for
In Vivo Glucose Monitoring and WiFi Applications. The story then shifts to
the important area of neural probes where two chapters cover the use of
SiC for implantable neural interfaces (INI). Chapter: In Vivo Exploration
of Robust Implantable Devices Constructed From Biocompatible 3C-SiC
expands the information provided from Chapters 6 and 7 of the first edi-
tion, demonstrating the biological compatibility of 3C-SiC as a neural
probe material in vivo as well as detailing the integration of 3C—SiC neural
probes with a wireless on-board recording chip (chapter: In Vivo Explo-
ration of Robust Implantable Devices Constructed From Biocompatible
3C-SiC). The bio- and hemocompatible coating, a-SiC, is then investi-
gated as a durable coating for this important neural application (chapter:
Amorphous Silicon Carbide for Neural Interface Applications). The book
then finishes with two very interesting chapters on the use of SiC nano-
technology for biomedical applications: SiC nanowire-based transistors
for electrical DNA detection (chapter: SiC Nanowire Based Transistors
for Electrical DNA Detection) and the use of SiC-based nanowires for
biomedical applications in chapter: Silicon Carbide Based Nanowires for
Biomedical Applications.

The book is organized in such a way that the references are listed at the
end of each chapter rather than comprehensively in a bibliography at the
end of the book. This was done intentionally so that the reader can search
the relevant literature in a “topic-based” fashion. I sincerely hope that you
will find this to be one of the more useful aspects of the book as there is
quite a body of literature pertaining to SiC biotechnology. The topics of
this book cover all the major aspects of SiC biotechnology and it is my
belief that you will find this both fascinating as well as compelling. I hope
that you, the reader, might decide to get either involved in this very excit-
ing area of biotechnology or, if you are in a position to make technological
decisions, consider adopting SiC as a “material of choice” for whatever ap-
plication you are involved in. In the end, it is all about improving the lives
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of millions of people worldwide and this will only happen through thinking
in new ways and offering new therapeutic pathways to mitigate the impact
of disease and injury for us all. Please enjoy the book and I would love to
hear from you if you have any feedback, as I plan to put together another
edition in about 5 years from now.

1.2 INTRODUCTION TO THE SECOND EDITION

The use of SiC as a suitable interface to important biological systems,
such as skin, bone, neurons, blood platelets, etc., was thoroughly discussed
in Silicon Carbide Biotechnology: A Biocompatible Semiconductor for Advanced
Biomedical Devices and Applications |1]. In this edition we build on the solid
materials foundation that has already been established and discuss some of
the more advanced biomedical device concepts that have been developed
using this important material system. In the USF SiC Group at the Univer-
sity of South Florida, which the author leads, several doctoral students have
completed their research since publication of the first edition. Dr Chris
Locke completed his important work in the area of 3C—SiC microelectro-
mechanical systems (MEMS) devices where he showed that high-quality
membranes, cantilevers, and bridges could be realized using 3C-SiC grown
on both bulk Si and polycrystalline Si films supported by an oxidized Si
substrate [2].This was followed by Dr Luca Abbati who completed his re-
search on the development of a bidirectional electronics platform to allow
for both stimulation and recording of neural signals in vitro and in vivo [3].
A short while later, Dr Shamima Afroz demonstrated a breakthrough in
continuous glucose monitoring whereby she demonstrated that an RF an-
tenna sensor, made on semi-insulating 4H-SiC, could be used to measure
changes in blood glucose level in both synthetic and pig blood [4]. This
work forms the first part of chapter: SiC RF Antennas for In VVivo Glucose
Monitoring and WiFi Applications of the present book, where her work
is being translated into a working in vivo glucose sensor in the industrial,
scientific, and medical radio band of the RF spectrum by a current PhD
student, Ms Fabiola Auraujo Cespedes. Working with Dr Lennox Hoyte
and Dr Karl Muffly of USF Health, Dr Afroz earlier demonstrated the in
vivo compatibility of 4H-, 3C-, and a-SiC via subcutaneous implantation
in female farm pigs. No inflammatory response was observed for any of
the SiC materials studied in contrast to Au, SiO,, and Si, which showed
indications of progressively higher immune system responses [5]. This por-
tion of her work is included in chapter: In Vivo Exploration of Robust
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Implantable Devices Constructed From Biocompatible 3C-SiC, where a
null inflammatory response to 3C—SiC implanted within a murine model
is demonstrated. The next student to complete her research in this area
was Dr Alexandra Oliveros, who performed the first in vitro studies on the
biocompatibility of graphene and the use of self-assembled monolayers
(SAMs) to demonstrate that SiC could be biofunctionalized in a similar
way to Si (see Chapters 3 and 12 in the first edition, respectively). She ex-
tended this work to demonstrate that myoglobin, a blood protein present at
the onset of a heart attack, could be detected using an electrochemical sen-
sor based on SAMs and antimyoglobin antibody functionalization [6]. Fol-
lowing this excellent work in the SiC biosensor arena, Dr Joseph Register
developed 3C-SiC as a suitable platform for neural implants that could
stimulate optically sensitive neurons with light [7]. These SiC optrodes,
which possess greater chemical and physical resilience, may replace silicon
optrodes utilized in long-term in vivo neuroscience applications. Finally, Dr
Maysam Nezafati completed the critical study of SiC bio- and hemocom-
patibility by using in-house methods developed under a DARPA program
to evaluate materials for use in neural interfaces by strict adherence to
[SO-10993. What is important about this work is that, for the first time,
3C-SiC was tested fully in accordance with the standard, which calls for
chemical stability evaluation, biocompatibility assessment via cytotoxicity
assays, and finally hemocompatibility studies using platelet-rich plasma in
a dynamic Chandler’s loop setup [8]. Clearly, since the publication of the
first edition a significant amount of progress has been made in the author’s
research group, spanning the range from materials studies to novel device
fabrication and testing.

New studies that are currently under way involve the use of SiC
nanowires, in this case 3C-SiC, for numerous biomedical device applica-
tions. Dr Paola Lagonegro from the University of Parma and the CNR-
IMEM, also in Parma, visited the group in the spring of 2014 with her
work focusing on the bio- and hemocompatibility of 3C-SiC nanowires
[9]. This work is ongoing with the qualitative outcome being that this
material system is compatible with L929 fibroblasts, as per ISO 10993
evaluation, and platelets exposed to the nanowires from platelet-rich plas-
ma. A new study on the interaction of osteoblasts with 3C—SiC has been
initiated with Dr Carlos Galli of the University of Parma Hospital and
preliminary results indicate that, as expected, planar 3C-SiC performs
well in vitro with MC3T3 osteoblast precursor bone cells (Galli C. Pri-
vate communication, University of Parma Medical Center). This is very
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encouraging as early work presented in the first edition showed that po-
rous SiC was a suitable surface for bone cell growth and could serve as
a bone tissue scaffold [1], while also being used for dental implants [10].
The final piece of new research ongoing in the group is to translate the
excellent in vivo tissue histology and MRI experimental data on lightly
doped n-type 3C-SiC neural probes (to be presented in chapter: In Vivo
Exploration of Robust Implantable Devices Constructed From Biocom-
patible 3C=SiC) into functional in vifro (planar microelectrode arrays, or
MEAs) and in vivo (implantable MEAs) using 3C-SiC as electrodes and
supports [11], and a-SiC as a bio- and hemocompatible insulating film
[12]. It 1s anticipated that this work will be completed at the end of 2015
thus demonstrating the continuing growth in SiC biotechnology at the
University of South Florida.

Equally important, progress is being made around the world in SiC
biotechnology, and numerous examples of published works since publica-
tion of the first edition are available in the literature. Examples include the
use of SiC nanomaterials such as nanoparticles [13,14] for use in biosensors
such as for cancer detection, and SiC nanowires (NWs) [15], also for use in
biosensors and artificial retina applications. Indeed, chapter: SiC Nanowire
Based Transistors for Electrical DNA Detection in this edition will discuss
the impressive work in the area of SiC N'W sensors for DNA detection [16],
and chapter: Silicon Carbide Based Nanowires for Biomedical Applications
will review equally impressive work in the area of SiIC N'Ws for the artificial
retina and biosensors [17].

Much progress has been made in the field of epitaxial graphene on SiC
surfaces, and the research group of Dr Owen Guy in Swansea has done a
significant amount of work in the area of graphene on SiC for biomedi-
cal applications. Pioneering work in the area of the ultrasensitive detection
of the cancer risk (oxidative stress) biomarker 8-hydroxydeoxyguanosine
(8-OHdG) has been reported [18] and will also be discussed as part of
chapter: Graphene Functionalization for Biosensor Applications. One of the
most prevalent methods to detect a biological species, such as a biomarker,
protein, etc., is to functionalize the SiC surface with antibodies that allow
for the linkage of the target species with the antibody. Indeed, we have
used this method to detect myoglobin as discussed previously. Interesting
theoretical work performed by Catellani and Calzolari [19] provides in-
formation on how one can functionalize SiC(110) surfaces via porphyrin
adsorption, which has been utilized to functionalize SiC N'Ws for various
bio applications by the group of Dr Salvatore Iannotta [20]. Indeed, in the
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same laboratory the group of Dr Giancarlo Salviati has been doing impres-
sive work in the area of SiC N'W functionalization with porphyrin to allow
for the treatment of cancerous tumors via X-ray excited photodynamic
therapy [21].The same group has done some nice work to quantify the bio-
logical response of SiC N'Ws to alveolar basal epithelial and human dermal
fibroblast cells whereby they demonstrate cytocompatibility of SiC N'Ws,
thus further motivating the use of SIC N'Ws for biosensor applications [22].
Finally, the functionalization via the specific and selective immobilization
of the streptavidin protein on SiC N'Ws has been demonstrated [23], which
is, again, another example of the plethora of biosensor applications enabled
by SiC NWs. These are just a few of the highlighted works in the area of
SiC nanobiotechnology and more information will be provided in the ap-
propriate chapters later in this work.

Naturally, progress has been made in the area of SiC biomedical devices
and systems. One interesting work is in the area of 3C—SiC membranes for
applications such as blood pressure sensing [24]. While the paper does not
discuss biological testing of the membranes after fabrication, it elaborates on
surface science studies demonstrating morphological changes to the 3C—
SiC surface after reactive ion etching. It is therefore important to confirm
that the excellent biocompatible response of 3C—=SiC [1] is maintained after
device processing. Another interesting paper discusses the use of 3C-Si1C
for use in a dog bone resonator [25], which is another example of the use
of 3C-SiC in BioMEMS applications. By replacing Si with 3C-SiC, a 57%
increase in resonant frequency is predicted in addition to the well-known
benefits of using 3C—SiC as a robust material for harsh conditions not suit-
able for silicon. The application of this work 1s in the detection of biopar-
ticles, such as DNA, bacteria, viruses, etc., although, this is a simulation
discussion and details of the use of a physical device to detect bioparticles
was not presented.

One area of significant interest for robust SiC materials deployment is
in the field of neural engineering, and in particular implantable neural in-
terfaces (INI). The overwhelming device architecture used for construction
of INI devices utilizes MEAs, which are intended to enable bidirectional
electrical communication with neurons. The INI has been proposed for
use as a key component in brain—machine interface (BMI) systems, which
are designed to provide a therapeutic pathway to assist in the ability of
humans to overcome many neurological disorders stemming from disease
or trauma, or to facilitate the replacement of lost limbs and sensory organs
[26]. Additionally, the same INI core technologies are also used by neuro-
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scientists around the world to investigate and construct the machinations
of the nervous system. For instance, planar MEA systems are used to study
neurons and neural tissue in vitro [27]. Indeed, the MEA is an excellent
means to screen novel material compatibility with the brain, as testing cells
or tissue slices in vitro is much more convenient, humane, and economical
than implanting MEAs within an animal model, such as a mouse or rat.
Research performed by the group of Dr J. Pancrazio has shown that func-
tional recordings of neural activities using an MEA are an excellent means
to study the biocompatibility of a material. Their group has indicated that
excellent neural recordings were obtained through an MEA using a-SiC as
an insulator, which was in intimate contact with the functional neural net-
work [28].Work done by the same group reviewed and combined multiple
ISO 10993 methods into one protocol, which is the method we now use in
our group to assess a material’s biocompatibility (see chapter: Cytotoxicity
of 3C-SiC Investigated Through Strict Adherence to ISO 10993) and
functional assays [29]. In our group, we have realized several generations of
SiC-based MEAs, all utilizing 3C-SiC as the base material. Early versions
of this technology were used to stimulate cortical neurons from wild-type
mice [30], and more recent versions have incorporated a-SiC insulators to
realize more robust electrically insulating films [31]. In closing the introduc-
tion to the second edition of Silicon Carbide Biotechnology: A Biocompatible
Semiconductor for Advanced Biomedical Devices and Applications, 1 would like
to mention the collaboration with Dr Mario Gazziro of the Universidade
Federal do ABC, Santo André (Sao Paulo), Brazil. This collaboration, spon-
sored by the Brazilian government’s Science without Borders program,
seeks to develop a wireless neural implant, based on the 3C-SiC technol-
ogy developed by my team at the University of South Florida. To date, an
application-specific integrated circuit has been designed, fabricated, and
tested for its electrical performance [32]. The chip consists of four dif-
ferential recording channels with 46-dB gain up to 10 kHz with very low
total power consumption of only 144 wW. During this project we also
undertook to study the compatibility of 3C—-SiC neural probes with MR1
fields and discovered that low-doped n-type 3C-SiC probes produced no
image artifacts during scanning using a 2T magnetic field, which is mark-
edly different than metal electrodes. This work, in collaboration with Dr
Luciene Covolan of the Universidade Federal de Sio Paulo (UNIFESP)
and Jackie Malherios of the Universidade de Sio Paulo (USP), Sio Carlos,
Brazil, will be further discussed in chapter: In Vivo Exploration of Robust
Implantable Devices Constructed From Biocompatible 3C-SiC.
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1.3 SUMMARY TO THE SECOND EDITION

In summary, this edition both provides an update of important develop-
ments since the publication of Silicon Carbide Biotechnology: A Biocompatible
Semiconductor for Advanced Biomedical Devices and Applications, published in late
2011, while initiating discussions on new applications of the biomedical
material, SiC.The bulk of the biomedical device-related research in the SiC
biotechnology area has utilized 3C-SiC and a-SiC, particularly in the field
of neuroengineering and neuroscience although bulk hexagonal 4H- and
6H-SiC have also been examined. Continuous glucose monitoring using a
semi-insulating 4H-SiC RF sensor has shown excellent in vitro performance,
and is currently being refined for use in vivo at the University of South
Florida. Numerous new works in the area of SiC nanobioMEMS have been
reported covering a wide range of applications, from cancer detection and
treatment to artificial retinas, to DNA assays and functionalized biosensors.
None of this would be possible without the continuing study of SiC as
a suitable biomaterial, and a complete study comparing 3C-SiC and a-SiC
with traditional biomedical device materials has been completed by our
group and is reported here in chapter: Cytotoxicity of 3C-SiC Investigated
Through Strict Adherence to ISO 10993. In chapter: Study of the Hemo-
compatibility of 3C-SiC and ¢-SiC Films Using ISO 10993-4 a study of
the hemocompatibility of these same materials is reported using a dynamic
Chandler loop, with the results being that these materials are indeed he-
mocompatible insofar as blood platelet attachment and activation are con-
cerned. In chapter: Graphene Functionalization for Biosensor Applications
new results pertaining to graphene biosensors on SiC will be reported, fol-
lowed by a review of some interesting work on SiC electrochemical sensors
for biomedical applications (chapter: SiC Biosensing and Electrochemical
Sensing: State of the Art and Perspectives), and semi-insulating 4H-SiC for
in vivo continuous glucose monitoring (chapter: SiC RF Antennas for In
Vivo Glucose Monitoring and WiFi Applications). Progress in the develop-
ment of SiC neural interfaces is discussed in chapter: In Vivo Exploration
of Robust Implantable Devices Constructed From Biocompatible 3C-SiC,
where work currently under way to develop a wireless neural interface is
presented along with image data from 3C—SiC neural implants exposed to
2T MRI fields in a rat model. Extremely promising work in the area of
robust, biocompatible a-SiC coatings for neurological applications is then
presented (chapter: Amorphous Silicon Carbide for Neural Interface Ap-
plications) to close out the neuroengineering portion of this edition. The
final two chapters present some very novel research in the area of DNA
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assays using SiC nanowires (chapter: SiC Nanowire Based Transistors for
Electrical DNA Detection) and the use of the same material system for
various biomedical device applications closes this edition in chapter: Silicon
Carbide Based Nanowires for Biomedical Applications.

It is hoped that you, the reader, will find this “application-driven” ap-
proach to the organization of this book easy to follow as well as logical
and useful in your work. In an effort to provide continuity with the first
edition of Silicon Carbide Biotechnology: A Biocompatible Semiconductor for Ad-
vanced Biomedical Devices and Applications we have repeated the introductory
chapter here so that important general information on SiC and its prop-
erties is close by for your edification. If you are already familiar with this
chapter you are encouraged to move on to the next chapter now, but I hope
that you will find a quick review of SiC for biotechnological applications
worthwhile and that you will agree with this assessment after a quick review
of the rest of this chapter.

1.4 INTRODUCTION TO THE FIRST EDITION

Silicon carbide has a long history as a robust and hard material, first used
as a cutting material in the 19th century and later as a high-temperature
semiconductor for advanced applications in the 20th century. The history
of silicon carbide (SiC) is quite interesting and the reader is referred to the
first chapter in a book dedicated to this subject [33]. It is best to consult
the literature to fully understand all of the many aspects of SiC, from how
it is formed, to its myriad crystal properties, and finally to the large number
and types of applications it is being used in. Fortunately, it is sufficient here
to provide a brief overview of SiC so that the reader can understand why
this material is so compelling for biomedical applications and may become
one of the most used biomaterials in the 21* century. Indeed, the purpose
of this book is to lay the foundation for exactly this — to introduce silicon
carbide to biomedical engineers, medical professionals, and scientists, thus
bringing together technologists from across many disciplines to help realize
the ultimate use of SiC as one of the next generation of smart biomaterials
to realize advanced biomedical devices.

1.5 SILICON CARBIDE - MATERIALS OVERVIEW

SiC is first and foremost a material that consists of the covalent bonding
of Si and C atoms, typically in biatomic layers as shown in Fig. 1.1.These
form tetrahedrally oriented molecules of SiC, with a very short bond length
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Figure 1.1 AllSiC crystals are formed via bilayers of C and Si, covalently bonded to form
a tetrahedron. Four carbon atoms are covalently bonded with a silicon atom in the
center. Two types exist — one is rotated 180 degrees around the c-axis with respect to
the other, as shown. This tetrahedrally bonded molecule then forms the basic building
block of all SiC materials [1].
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and, hence, a very high bond strength. This is the origin of the extremely
high chemical and mechanical stability of SiC [34,35]. SiC can be formed
in amorphous, polycrystalline, and monocrystalline solid forms, and due to
the high bond strength and high-temperature operating capabilities of SiC,
synthesis of SiC material normally requires high temperatures (greater than
1000°C).The material can be grown in both bulk (boule) crystal form, cur-
rently with diameters up to 150 mm (6 in.), and can be heteroepitaxially
grown on Si substrates (details of how this is accomplished are provided in
the next chapter).

One of the important characteristics of SiC is that the bilayers of Si and
C (Fig. 1.1) can be stacked one upon the other in different crystal orienta-
tions: cubic, hexagonal, and rhombohedral. With more than 200 known
polytypes reported in the literature, the three technologically relevant forms
are one purely cubic (B-SiC) and two hexagonal forms (a-SiC), which
actually have some cubic symmetry. These three polytypes are shown in
Fig. 1.2. The cubic form has the designation 3C-SiC, where the 3 delin-
eates that 3 bilayers of SiC are needed to form the basic structure and C
indicates that the crystal form is cubic. The hexagonal forms are 4H-SiC
and 6H-SiC, where the 4 and 6 delineate that 4 and 6 bilayers are needed
while the H indicates that the crystal form is hexagonal. While interesting
in their own right, these various forms of SiC actually have varying ap-
plications, where the dominant power electronic device crystal of choice is
4H-SiC due to its having the highest bandgap (3.2 eV). 6H-SiC is ideally
suited for solid-state lighting (i.e., LEDs) as its lattice constant is close to the
GaN family of alloys used in advanced LEDs that have enabled DVD and
blue ray technology, not to mention the solid-state lighting revolution that
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Figure 1.2 Atomic stacking sequence of the three technologically relevant SiC poly-
types viewed in the [9-10] plane. From left to right, 4H-SiC (ABCB), 6H-SiC (ABCACB),
and 3C-SiC (ABC). k and h denote crystal symmetry points that are cubic and hexagonal,
respectively [1]. Note that only 3C-SiC consists of purely cubic crystal symmetry.

is currently leading to dramatic reductions in power consumption world-
wide [36]. A comparison of the properties of SiC relative to Si is shown in
Table 1.1 for reference.

1.6 SILICON CARBIDE MATERIAL GROWTH AND
PROCESSING

There is a long history of how to grow, process, and characterize SiC mate-
rials — the reader is referred to several of the excellent references if further
details are desired [37,38]. For the purpose of this book it is sufficient to
provide an overview of the technology as it pertains to future biomedi-
cal devices, hence a simple discussion follows with sufficient references to
fill in the details. We will first review how bulk hexagonal crystals of SiC
are grown and, more importantly, what the state of the art is and the key
characteristics of these commercially available substrates. Next, the growth
and synthesis of thin films, starting with homoepitaxy on hexagonal sub-
strates, followed by heteroepitaxy on Si substrates, and finally polycrystalline
growth on various surfaces, will be presented. One of the great benefits
of SiC is that it can be deposited in a-SiC form at lower temperatures
than for single-crystal film growth.This technology will be reviewed in this
chapter and the final section will be an introduction to how SiC can be
micromachined, and how this points to the potential of SiC as an excellent
bioMEMS material.



Table 1.1 Basic properties of SiC compared with Si and diamond [39,40]

Property 4H-SiC 6H-SiC 3C-SiC Si Diamond

Energy bandgap at 300 K (eV) 3.20 3.00 2.29 1.12 5.45

Intrinsic carrier concentration at 300 K (cm™) 5% 107 1.6 X 107° 1.5 X 107! 1 X 10" ~107%

Critical breakdown electric field (MV/cm) 22 2.5 2.12 0.25 1-10

Saturated electron drift velocity (X 107 cm/s) 2.0 2.0 2.5 1.0 1.5

Electron mobility (cm?/V s) 1000 600 800 1450 480

Hole mobility (cm?/V s) 115 100 40 470 1600

Thermal conductivity at 300 K (W/cm K) 3.7 3.6 3.6 1.49 6—20

Coefficient of thermal expansion at 300 K (107 K™") 4.3 Lc, 4.7 ||c [4.3 Lc, 4.7 |c |3.2 3.0 1.0

Lattice constant (a, ¢ in A) a=3.0730, a = 3.0806, a = 4.3596 a=5.430 a= 35668

¢=10.053 c=15.1173

Elastic coefficient’ (GPa) C,, =600 C,, =500, C,, =352, C, =167, |C, =1079,
C,=92 C,, =120, C, =65, C, =124,
C, =168 C,, =233 C,, =80 C, =578

*Calculated.
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1.6.1 Bulk Growth

Single-crystal substrates of SiC have been in commercial production for
more than two decades, starting with Cree, Inc.s first commercial 6H-SiC
wafers, which were 25 mm in diameter, in 1990 [41]. Much progress has
been made worldwide since then, with both the quality and diameter of the
wafers improving over the years; the current commercially available wafers
are 100 mm (4 in.) and are available in both n-, p-, and intrinsic (very high
purity “semi-insulating”) form. Several manufacturers around the world sell
SiC wafers and the crystal specifications are readily available [42]. Recently,
larger 150-mm (6-in.) diameter wafers of quite high quality have been
produced [43], which bodes well for the economic viability of SiC as an
electronics technology (Fig. 1.3).

All SiC bulk wafers are grown in a high-temperature (>2000°C)
furnace that is either gas fed (silicon and carbon containing precursors

Figure 1.3 Commercially available SiC wafers can be found in off- and on-axis orienta-
tions, also with a Si or C terminated face. They can be either heavily doped or semi-
insulating, depending on the application of use. Current wafers are 4 in. (100 mm) in
diameter with 6-in. (150-mm) wafers demonstrated and ready for production in 2012.
(Photo courtesy of II-VI, Inc. [44].)
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transported in a carrier gas) or solid fed with SiC powder that is sublimated
(evaporated) and condenses on a single-crystal SiC seed [45,46]. Growth
rates are typically 0.1-0.3 mm/h and a typical boule thickness is roughly
25-30 mm (O. Kordina Private communication). Resistivity ranges from
1 X 10° to 1 X 107 Q-cm for semi-insulating crystals, and with high-
temperature chemical vapor deposition (HTCVD) bulk growth, resistivity
as high as 1 X 10" Q-cm has been reported [47]. The wafers are either cut
parallel to the basal plane (ie, perpendicular to the growth direction) or cut
at a slight miscut angle, typically 3.5 degrees and 4.0 degrees for 6H-SiC
and 4H-SiC, respectively. This is done to ensure that the epitaxy replicates

the proper polytype.

1.6.2 Thin-Film Growth

Single crystalline SiC films can be grown epitaxially using a number of
methods. The preferred method is CVD [48], but liquid phase epitaxy [49]
and molecular beam epitaxy [50] have also been used for some time. The
application of HTCVD, which is also used to grow bulk crystals, has dem-
onstrated high growth rates [14]. The current state-of-the-art CVD reac-
tors employ what is referred to as a hot-wall design whereas the growth
substrate is surrounded by an actively heated graphite susceptor that allows
for very high growth rates (as high at 100 pwm/h with good crystal quality
typically) [51]. The epitaxy of SiC is an active field of research, with nu-
merous improvements in growth rate, crystal quality, doping control, etc.,
being made, which is critical for advanced device development. In addition,
SiC crystals can be hydrogen polished via a hydrogen etching process that
is somewhat dependent on both polytype and surface orientation (on-axis
and off-axis) [52]. In addition hydrogen surface passivation using the same
approach has been demonstrated, which has an important role to play in the
control of the SiC crystal surface chemical state, particularly when perform-
ing surface functionalization [53].

The growth of SiC thin films via homoepitaxy is a relatively straight-
forward process that involves the use of a silicon- and a carbon-containing
precursor molecule transported to the growth surface via carrier gas, typi-
cally hydrogen. The silicon and carbon precursors have traditionally been
silane and propane [54], and more recently chlorine-based silane precur-
sors such as trichlorosilane have been used since the addition of chlo-
rine allows for higher growth rates with low Si-cluster defect levels [55].
When growing 3C-SiC, the only cubic polytype, on Si, this heteroepitaxy
process typically involves three steps: first, hydrogen surface etching is
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performed to remove any native oxide that may be present; then, a buffer
layer is formed with the so-called carbonization step, which seeks to bond
C to Si dangling bonds to create an SiC layer; and finally, the growth step,
which involves Si and C atoms delivered in the same was as described
earlier for homoepitaxy [56]. Recently, this process was adapted by several
groups to allow for the use of the hot-wall CVD reactor and it was dis-
covered that the removal of the hydrogen etching step and the inclusion
of a small amount of silane between the carbonization and growth steps
resulted in very high-quality films [57] (Fig. 1.4). Use of this method has
resulted in growth rates on the order of 10-30 wm/h, and the addition of
chlorine has allowed for nearly double the growth rate in a large diameter
reactor [58].

A new process that has been demonstrated uses a polycrystalline silicon
film as a seed layer for poly-SiC growth [59]. While other groups have

Figure 1.4 Monocrystalline and polycrystalline epiwafers of 3C-SiC are routinely grown
using the CVD process. Typical epiwafer diameters are 6 in. (150 mm) and make use of
the low cost and high quality of Si substrates, thus reducing the materials cost. In addi-
tion 3C-SiC on Si allows for micromachining to be performed in a similar fashion to Si
MEMS technology. (Photo courtesy of the USF SiC Group and shows a 100-mm [4-in.] 3C-
SiC epitaxial layer grown on (100)Si. Epi thickness ~5 wm. Note the specular morphology of
this monocrystalline film and Newton fringes due to the slight thickness variation across the
epiwafer [reflection of ceiling tiles visible in image].)
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Table 1.2 Measured SiC Mechanical Properties Versus Si [28]

Material type Hardness (GPa) Elastic modulus (GPa)
(100)S1 12.46 + 0.78 17213 + 7.76

Lely platelet 15R—-SiC 42.76 + 1.19 442 + 16.34
3C-SiC on (100)Si 31.198 + 3.7 433 + 50
Poly-3C-SiC on (100)Si | 33.54 + 3.3 457 + 50

*Measured via nanoindentation using a Hysitron TriboIndenter with a Berkovich indenter tip.

reported poly-SiC film growth, this work involves the use of an oxide layer
whereby the eventual release of poly-SiC MEMS structures can be easily
facilitated [60]; the details will be discussed later in this chapter. A study
of the mechanical properties of both monocrystalline and polycrystalline
3C-SiC films grown on Si substrates was performed by Volinsky et al. [61].
The results demonstrate the mechanical durability of SiC, as expected, but
also point out a very important property — 3C—SiC films have a surprising
resistance to fracture and possess a Young’s modulus of nearly three times
that of Si.

Using a Berkovich indenter, the mechanical properties of thin (~1 pm-
thick) 3C-SiC films on (100)Si substrates were studied in our laboratory.
Table 1.2 reports the average values of the measured hardness and modulus
of elasticity of single-crystal 3C—SiC, polycrystalline 3C-SiC, a 15R-SiC
Lely platelet, and (100)Si substrate. At least five indents were performed at
each maximum load. A 15R—SiC Lely platelet was used as a comparison
since this material is known to have a minimum amount of dislocations
(typically dislocation free in the center of the platelet). There is a relatively
large absolute variation in measured elastic modulus (£50 GPa), not typi-
cally observed in the indentation of softer materials. One must consider
the relative variation, which is typically on the order of 10%. The reported
mechanical properties are for a maximum indentation depth range between
60 and 250 nm, where quartz calibration is reasonable.

Wear tests on the single-crystal 3C—SiC film were also performed in
a3 X 3 wm area using the low load transducer at 2 wN normal load and
1 Hz frequency. The objective of this procedure was to determine the wear
resistance of the sample by repeated scanning of the poly-3C-SiC surface.
After a certain number of wear cycles the scan area was zoomed out to 5 X
5 pm to determine the material wear. The film topography of the mono-
and polycrystalline 3C-SiC film surface was measured before and after the
tip-induced wear test, which was performed for 1045 scans. During this
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scanning there was very little or negligible wear because only 1-2 nm of
material depth was removed. This result confirms the high wear resistance
of 3C-SiC films necessary for MEMS applications [28].

1.6.3 Amorphous Silicon Carbide Coatings

Amorphous SiC has long been studied and applied as a biomaterial. The
amorphous form of SiC can be deposited using difterent techniques, most
of ' which are familiar to the materials community, such as sputtering, pulsed
laser deposition, evaporation, among others [62]. The advantage of a-SiC is
that it can be deposited at low temperatures, which allows for the coating
of plastics and other low-temperature materials such as polymers [63]. An-
other important advantage of a-SiC is that it can be electrically insulating,
a property that many seek to exploit for numerous bioelectric devices [64].
One of the additional benefits, which is at the same time a challenge, is
that line-of-sight coating of surfaces is usually the deposition mode, mean-
ing that coating both sides of a material requires a rotation of the material
during a-SiC coating. Issues that impact a-SiC functionality are the mor-
phology of the film (smooth, rough, etc.) and the presence of any pinholes
or cracks. In fact, one of the recent uses of a-SiC was in the coating of
polyimide-based BMI devices to overcome the problem of polymer swell-
ing inside the brain [29]. Perhaps one of the best-known biomedical uses
of a-SiC coatings was the very successful coating of coronary heart stents
to reduce the serious problem of clotting in the cardiovascular system
[29]. In this instance, Rzany and Schladach at the University of Erlangen
studied a-SiC:H (ie, hydrogenated a-SiC [65]) as a candidate coating for
stainless steel stents and reported that SiC appears to be an ideal biomate-
rial due to its electronic properties in a physiological environment. They
compared the performance of ¢-SiC:H-coated and bare stainless steel in
vitro and saw significantly improved performance for the SiC-coated steel
[66] (Fig. 1.5).

=% = NI

Figure 1.5 Amorphous SiC (a-SiC) coatings are readily formed using various processes
such as RF sputtering, PLD, plasma spraying, etc. These coatings can be realized at low
temperatures thus allowing for the coating of soft, low-temperature materials such as
polymers and plastics. Photo shows an a-SiC-coated polyimide brain-machine interface
(BMI) device. (Photo courtesy of A. Hess et al. [67].)
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1.6.4 SiC Micromachining

The realization of mechanical devices based on microelectronic circuit pro-
cessing techniques is known as microelectromechanical systems or MEMS.
While a full treatment of MEMS is not practical here, a brief summary
of the salient features of this technology will allow the reader to have an
adequate understanding of the technology. The thermal, mechanical, and
chemical strength of the SiC bond manifests itself in a very high material
hardness and Young’s modulus. These values, as measured by Volinsky et al.
[61], were ~31 and 433 GPa, respectively, for 1-wm thick monocrystal-
line 3C-SiC films grown on (100)Si substrates. Similar measurements made
on polycrystalline 3C-SiC (ie, poly-SiC) films of the same thickness and
grown on the same substrate were comparable with ~33 and 457 GPa,
respectively. For comparison purposes the corresponding values for (100)
Si in bulk substrate form (700 pwm thick) were only ~12 and ~172 GPa,
respectively, roughly two-thirds of the value for the 3C-SiC films studied.
In chapter: Silicon Carbide Based Nanowires for Biomedical Applications
amore comprehensive discussion of bioMEMS technology based on SiC will
be presented. Basically, SiC MEMS are fabricated using the same microma-
chining technology as St MEMS; so there is no need to reinvent the processing
required to make highly robust SiC MEMS. The basic process flow for SiC
MEMS depends on whether one is using bulk SiC or 3C-SiC on Si as the
MEMS material. One advantage of using the first option (all-SiC materials) is
that there is no problem with differing thermal expansion coefficients during
processing, but the cost and difficulty in forming mechanical structures in this
highly robust material is an issue [68]. Amorphous, poly-, and monocrystalline
3C=SiC on Si MEMS can be fabricated using standard St MEMS techniques,
as shown in Fig. 1.6, and allows for a simpler MEMS process technology, in

(a) (b)
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(c) (d)
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Figure 1.6 Schematic cross-sectional diagrams of a typical bulk micromachining process
to fabricate SiC membranes. (a) Deposit SiC film, (b) fabricate backside etch mask, (c) etch
backside SiC film to form Si etch mask, and (d) etch Si in anisotropic wet etchant [69].
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particular when a poly-SiC on oxide release layers is utilized as described in
the last section of this chapter. In this instance, the resulting MEMS structures
are very straight and display high durability during processing [70]. Subsequent
3C-SiC on Si MEMS devices, however, display wafer bow issues resulting
from the coefficient of thermal expansion mismatch between 3C-SiC and Si
(about 8%) as well as the lattice mismatch (about 20%) between the two mate-
rials [71]. Partly to resolve these difficulties, and to achieve a simpler and more
robust manufacturing process, the development of a poly-SiC oxide technol-
ogy has been achieved and preliminary MEMS structures realized [60].

1.7 SILICON CARBIDE AS A BIOMEDICAL MATERIAL

While the durability and physical resilience of SiC is well known and docu-
mented, the use of SiC as a biomaterial is less well known, thus providing
the motivation for this book. Although the following chapters will provide
a detailed discussion on this important subject, at this stage it is useful to re-
view some of the significant biomedical devices that have been reported and
use SiC materials. Indeed, SiC has been used in virtually every part of the
human body, from a durable coating for bone prosthetics [72] and in dental
applications [73], which cover the mechanical/structural biomedical use of
SiC, to coatings for BMI devices [32], myocardial heart probes [74], and
finally nonfouling coatings for coronary heart stents [43]. A plethora of sen-
sors have been reported, and at this point it is sufficient to review the litera-
ture for a sampling of this important work [75]. In all of these instances SiC
materials were either in amorphous, bulk crystal, or thin-film (monocrystal-
line or polycrystalline) form. Thus, in order for the medical community to
best make use of this very impressive material, it is incumbent that we begin
our discussion of SiC biotechnology with a review of how the various SiC
materials are formed and processed into useful devices (Fig. 1.7).

Figure 1.7 Reported SiC biomedical devices. From left to right, myocardial heart probe [43],
bone prosthetic [76], and coronary heart stent [77]. The heart probe is made of single-crystal
bulk 6H-SiC, while the bone prosthetic is SiC-coated titanium to eliminate ion uptake in the
body. The heart stent is SiC coated to greatly reduce clotting and thus eliminate the need
to perform a second surgery to replace the stent. (Photo courtesy of Christoph Hehrlein [78].)
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1.8 SUMMARY TO THE FIRST EDITION

In this chapter we begin our introduction to SiC as a robust and highly
useful material for biomedical devices and applications. A review of the ba-
sic material structure was made, followed by the various forms of SiC that
are in use today, and finally the many ways that SiC materials are grown/
synthesized/formed. An introduction to SiC bioMEMS was made followed
by a quick review of the important SiC biomedical device applications that
have been reported in the literature. Based on this introduction, the reader
should be able to review the subsequent chapters of this book with a feel-
ing of the overall SiC biotechnology landscape, and thus gain an in-depth
and comprehensive feeling of why SiC is ideally poised to lead the way to
the development of the next generation of biomedical devices, especially
for long-term chronic implantation applications. We hope you enjoy the
following discussion as much as we enjoyed putting it together. In fact,
once completed, this book motivated us to accelerate the development and
incorporation of SiC in advanced next-generation biomedical devices, the
result being the realization of the second edition you are now reading.
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Humans have always struggled with hardships due to eftects of disease, the

general rigors and wear due to life, and, for nearly all of our history, we

have used the materials around us to improve our life experience [1,2].

In modern times, we have not only come up with cures to many dis-

eases which affected millions of people, such as smallpox, but humans have

also dedicated their efforts to using technology for diagnosing disease and
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physiology through tools like magnetic resonance imaging, or MRI, and
electrocardiograms, otherwise known as ECG or EKG [3]. The explosion
of technological advances brought by the silicon revolution has led to the
emergence of many new avenues to investigate biological activity as well
as the ability to provide therapeutics for people suftering from trauma
and disease. This technology includes sensors to monitor physiological pro-
cesses, devices providing therapeutic treatment for diseases, and new meth-
ods to diagnose disease [4—7]. Some examples of these devices are biological
sensors, which can detect heart attacks before they occur, sense changes in
blood sugar on a real-time basis, and intimately link with neurons to pro-
vide connectivity or functionality that was once lost. Unfortunately, many
of these devices require prolonged contact with the human body in order to
perform their designed tasks. This, in turn, leads to many challenges in both
the design of the device and the implementation of it within the human
body. It is these challenges that often slow the progress in the utilization of
implantable devices for the patients that need them. Therefore, we must find
methods with which to test these devices, and the materials that comprise
them, thoroughly before they are implemented.

Two of the major challenges facing chronic, implantable biomedical de-
vices are the requirements of stable, reliable function and patient safety. Con-
temporary implantable biomedical devices, such as mechanical prosthetics like
knee, hip [8], and dental implants [9], allow for the restoration of a patient’s
freedom of movement and/or functionality. Emergent applications for im-
plantable biomedical devices involve integration with the nervous system.
These implantable neural interfaces (INI) aim to reduce the burden associated
with neurological trauma or disease, which have caused partial to total loss of
physical or cognitive functionality. Current INIs deliver open-loop therapeutic
neural stimulation, assisting numerous individuals suftering from Parkinson’s
disease and behavioral issues [10—12]. A promising INI application would pro-
vide assistance to paralyzed individuals and amputees allowing them increased
communicative ability or freedom of movement using state-of-the-art robotic
prosthetic limbs controlled by the INT device [13—16].

Biocompatibility, which is defined as the ability of the device to admin-
ister intended positive effects on the individual while maintaining desired
and reliable operation, is one of the foremost considerations which must be
quantified [17]. Many of the chronically implantable biomedical devices have
proven to lack adequate biocompatibility and have encountered issues after
implantation leading to failure in clinical application due, in part, to their
overall long-term reliability in vivo [18-22]. Although the underlying causes
of deteriorating reliability have proven difficult to isolate as the factors are
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both biotic and nonbiotic, research has shown that one major factor stems
from the materials used in the fabrication of implantable biomedical devices
[20,23,24]. In short, the body recognizes these devices as foreign bodies and
initiates the inflammatory response. As the devices are much larger than the
cells, frustrated phagocytosis begins, in which phagocytic cells attach to the
surface of the device and eject lysosomal enzymes onto the surface. The ejec-
tions may not only damage the device, but they may also negatively affect
heathy tissue in the surrounding area. Finally, if the device is not removed, it
will eventually be encapsulated and closed oft from the body.

Many new materials are being developed to improve the functionality
of implantable devices. These novel materials have often not been exam-
ined for biological safety. The future progress for novel biomedical devices
requires the application of a standard, reproducible, ethical, and biologically
significant testing methodology. Testing an unclassified material directly in
humans is dangerous and deemed unethical in civilized society. Biological
research, which uses animals, especially higher-order mammals, is also right-
fully restricted and controlled. Screening the device, or constituent materi-
als, in vitro is the most logical alternative, especially for a material, which
has not been examined in previous efforts. Device screening must satisfy
several requirements, such as quantifying material properties, corrosion re-
sistance, biocompatibility, hemocompatibility, and durability in a simulated
physiological environment [17,25,26]. One method which has been used
is to test the reaction of cells, which have been cultured under controlled
conditions, to the device outside their natural environment, usually within
plastic wells or dishes. This method is primarily what we will focus on in
this chapter. We will discuss in the next section the use of cultured cells to
investigate if the material is toxic to cellular processes, known as cytotoxic-
ity. We will then discuss a method, which improves on the testing methods
specified in international standards. Finally, we discuss the cytotoxic evalu-
ation of a novel material, silicon carbide (SiC), and specifically the cubic
polytype (3C—SiC) of this material and the amorphous form of the material
using our improved testing protocols.

2.2 IN VITRO BIOMEDICAL TESTING METHODS
FOR CYTOTOXICITY

2.2.1 International Standards Organization (1SO) 10993

ISO 10993, compiled from numerous previous biological device testing
research protocols, provides a general guideline with which to evaluate the
biocompatibility of biomedical devices [27]. ISO 10993, which consists of
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21 parts, describes sample preparation and reference materials selection [28],
chemical stability, and material robustness [29,30], biological evaluation tests,
both in vitro [31] and in vivo [32], and hemocompatibility evaluation [33,34].
The purpose of the standard is to ensure the ability of data comparison and
evaluation reliability and safety for biomedical devices.

ISO 10993-5 provides guidelines for in vitro cytotoxicity evaluation and
has been utilized as one of the initial biomedical device testing protocols by
many research groups. ISO 10993-5 details three separate methodologies:
testing with extracts derived from biomedical devices, direct contact of the
biomedical device with cells, and diffusion of leachable impurities through
agar [31]. These methods have been reported in the evaluation of implant-
able neural interfaces [35], microelectrode arrays [36], biosensors [37], drug
delivery devices [38], silica-glass fiber composites for dental applications
[39], and for the evaluation of biodegradable implants such as magnesium
alloy bone scaftolds [40]. Unfortunately, the methods used in many of these
studies have been based loosely on ISO 10993-5, and experimental devia-
tions may result in inconsistencies between groups and uncertainty in the
relevance in the resulting data. The purpose of our study was to present and
strictly evaluate the guidelines, methodologies, and protocols presented by
ISO 10993-5 in conjunction with ISO 10993-12, which details informa-
tion on control material qualification as well as device preparation proto-
cols. It is our hope that this study will serve as a practical guide on how to
perform these highly critical biomedical device compatibility assessments,
thereby allowing comparison of reliable and reproducible data across labo-
ratories, especially those involved in INI research and development.

2.2.2 ISO 10993-12 Control Selection and Material Preparation

ISO 10993-12, Sections 4 and 6, relate that controls are a critical aspect of
all material and device biocompatibility testing, providing not only sources
for comparison between different groups, but also to ensure testing vali-
dation [28]. Section 5 dictates that the reference materials used for these
controls should be quantitatively qualified before their use in biological
testing. This is to be done within the individuals laboratory, as we have
done for this study, although it is more desirable to perform a stringent
certification requiring control material evaluation by three or more sepa-
rate entities [28]. We selected our reference control materials from either
a list suggested within Annex A.3, or which would closely match the
conductive and physical properties of our testing materials, as dictated in
Section 6.3 [28]. Gold (Au) and polyethylene Transpore™ medical tape (PE)
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were selected as negative controls, while copper (Cu) and Tygon® polyvi-
nyl chloride (PVC) fuel and lubricant tubing formulation F-4040-A were
utilized as positive control materials. All the reference materials were evalu-
ated, with each sample tested at N = 09, using both the methodologies
and cytotoxicity tests discussed later in this section. The cellular response
to the materials was found to possess the appropriate reliability required by
the ISO 10993 standards. The test materials induced cell responses consis-
tent with the ISO 10993 designations, specifically a viability above 70% of
culture-treated polystyrene for the negative controls and below 70% for the
positive controls [31].

ISO 10993-12, Section 7, implies that biological testing is to be per-
formed either on the final usable device, or, according to Section 9.1, it
can be tested in part to evaluate specific reactivity, and that the product
that is tested should be processed in the same manner as used in the
device [28]. Since our purpose in this study was to demonstrate strict
adherence to the ISO 10993-5 protocol and not evaluate a specific bio-
medical device, we selected material samples that were constituents of
existing or emerging INT devices. Silicon (Si) has been the base substrate
material for multiple INI architectures and biomedical microelectrome-
chanical (bioMEMS) system research [22,41-43], silicon dioxide (SiO,)
has been a mainstay for electrical isolation in microelectronics for many
years [24,44-46], and tungsten (W) was selected as it was one of the first
materials used in INI devices and is still used in multiple, modern INI
systems [21,47,48].

One hundred millimeter wafers, Si(100) (University Wafer, Boston,
Massachusetts, United States, #1910), provided high-purity silicon mate-
rial. Fifteen hundred-nanometer thick silicon dioxide (Si0,) samples were
created through plasma-enhanced chemical vapor deposition (PECVD)
on Si(100) wafers (University Wafer, Boston, #1910). All of our metallic
samples consisted of 1500 A of electron beam physical vapor-deposited
(EBPVD) metal (Au, Cu, W) on 200 A of EBPVD titanium (Ti) deposited
on a 100-mm (100) silicon substrate wafer, Si(100) (University Wafer, Bos-
ton, #1910). Transpore PE tape (3M, Maplewood, Michigan, United States,
#1534-3) is a commercially sold, FDA-approved medical tape composed of
a blend of polyethylene, polyester, and acrylic polymers and used in surgical
procedures for humans [49]. Tygon PV C fuel and lubricant tubing formula-
tion F-4040-A (Amazon, Seattle, Washington, DC, United States, #TGYF-
0140-10) became the positive control due to the reliable cytotoxic reactions
reported by Charkhkar et al. [26].
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ISO 10993-12, Section 8, states that the preparation and cleaning of
samples should be taken into consideration to avoid contamination [28].
All Si substrate samples were diced into 8 X 10 mm rectangular coupons
through the use of a dicing saw equipped with a diamond-coated blade.
This sample size is easily accommodated within a single well of a 24-well
tissue culture (TC)-treated polystyrene plate (CTPSt) (USA Scientific,
Ocala, Florida, United States, #5666-2160). The polymer-based samples
were cut to 80 mm? of exposed surface area. All nonpolymer samples were
degreased within baths of acetone, isopropanol alcohol, and deionized
water (p > 16 MQ/cm), with added ultrasonication, for 10 min in each
medium. The PVC was aseptically cleaned with methanol and isopropa-
nol followed by disinfection with 70% ethanol solution. ISO 10993-5
stresses the importance of sterilization in Sections 4.2.1 and 4.3.2, and
ISO 19003-12, Section 8.1.2, requires the sterilization of testing materi-
als, which are intended to be sterile before their clinical use [28,31]. The
PVC was sterilized via 12-h ethylene oxide (EtO ) exposure at George
Mason University. The silicon substrate samples were sterilized using dry
heat sterilization at 170°C for 60 min in the presence of flowing N, gas.
The PE tape was sold sterile and therefore did not require further steril-
ization procedures.

2.2.3 L929 Murine Fibroblastoma Cell Culture Protocol

ISO 10993-5, Section 5, suggests the use of a well-established cell line for
biological testing, although primary cell lines can be used if specific sen-
sitivity is required [31]. We utilized one of the ISO 10993-5, Section 8,
referenced cell lines; NCTC clone 929, strain L (American Type Culture
Collection, Manassas, Virginia, United States, CCL-1™) mouse fibroblas-
toma [31]. The cell culture media consisted of sterilized Dulbecco’s Mini-
mum Eagle Medium (DMEM) (Life Technologies, Grand Island, New York,
United States, #10313-021), infused with 10% fetal bovine serum (FBS)
(Life Technologies, Grand Island, New York, United States, #16000-044),
2.2 mM L-glutamine GlutaMAX-1 (Life Technologies, Grand Island, New
York, United States, #35050-061), and 1% antibiotic/antimycotic solution
(Sigma-Alderich, St. Louis, Missouri, United States, #P4458-100ML). The
L929 cells were cultured in CytoOne T-75, filter cap, 75 cm*TC flask (USA
Scientific, Ocala, Florida, United States, #CC7682-4875) in a water-
jacketed incubator maintained at 37°C, 95% relative humidity, and 5% CO,,.
Fifty percent of the culture media was exchanged with fresh media every
72 h. When the cell population exceeded 80% confluence, the cells were
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trypsinized and utilized in the cytotoxicity assays within this study; other-
wise cells were expanded by adding 25% of the cell suspension into a new
75 cm? TC flask with fresh cell media.

2.2.4 1SO 10993-5 Extract and Direct Contact Methods

The process of creating extracts containing leachable substances derived
from testing materials is detailed in both ISO 10993-5, Section 8, and ISO
10993-12, Section 10 [28,31]. The standard specifies that extraction condi-
tions should be designed to emulate clinical or patient risk-associated con-
ditions [31]. Historical extraction times and temperature are found in ISO
10993-5, Section 4.2.3.2, and ISO 10993-12, Section 10.3.1, a reference
to agitation in ISO 10993-12, Section 10.3.5 [28,31]. ISO 10993-5,
Section 4.2.2, and ISO 10993-12, Section 10.3.4, detail that the media for
the extraction should be chosen with respect to its interaction with polar
and nonpolar solvents [28,31]. We selected serum containing culture media
as both our polar and nonpolar extraction vehicles. It has been shown by
Baek et al. to provide more sensitivity during cytotoxicity testing, and albu-
min, a serum protein, has been shown to increase a material’s degradation
rate [50,51].

Extraction concentration consistency is maintained using surface area-
to-volume or mass-to-volume ratios as explained in ISO 10993-12,
Section 10.3.2 [28]. All of our reference and testing materials possessed a
thickness of less than 1 mm, so we used a volume to sample exposed sur-
face area ratio of 3 cm?/mL as specified in the standard [28]. The samples
were placed within individual wells within a 24-well CT plate (USA Scien-
tific, Ocala, #5666-2160), containing 267 WL of sterile media with serum,
and then the plate was aseptically sealed with Parafilm M™ Wrapping Film
(Fischer Scientific, Pittsburg, Pennsylvania, United States, #S37441). The
plates were placed on a shaker at 1 Hz frequency for 24 h within a hot-
room at 37°C [28,31]. The derived extracts were used immediately after
agitation to ensure that there was little product degradation, settling, or ab-
sorption of the leachable materials onto the storage container as determined
by ISO 10993-12, Section 10.3.6.

Testing was performed at three different concentrations, with n = 3
tested in triplicate, for a total N = 9 at each concentration level, as stated
by ISO 10993-5, Section 8.2.1. Suspended L929 cells were plated with-
in a 96-well CTPSt well plate (USA Scientific, Ocala, Florida, United
States, #CC7682-7596) at 1.5 X 10* cells to achieve 80% of confluence
within 24 h, as required by ISO 10993-5, Sections 8.2.2 and 8.2.4. The
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manufacturer-suggested working media level of 100 pL was added to each
well of the 96 plate. The cells were placed within a sterile, water-jacketed
incubator for 24 h at 37°C, 95% relative humidity, and 5% CO, as dictated
by ISO 10993-5, Section 8.2.3 [31]. After 24 h, the cells were observed to
reach subconfluence, at which time 100% of the culture media was replaced
with extract dilutions at levels of 100, 70, and 50% as stated in ISO 10993-5,
Sections 8.2.5 and 8.2.7 [31].The media within three wells containing sub-
confluent 1929 cells was replaced with normal serum containing media to
provide a blank, which will be used as a population baseline to allow for
statistical comparison between the replicate tests. In accordance with ISO
10993-5, Sections 8.2.8 and 8.2.9, the 96-well plate was returned to the in-
cubator for an additional 24 h at 37°C, 95% relative humidity, and 5% CO,,.
At the conclusion of this time period, the plates were ready for cytotoxicity
evaluation using either the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide]| or LIVE/DEAD® assays in accordance with ISO
10993-5, Section 8.5 [31]. Fig. 2.1a displays a simplified illustration denot-
ing the main steps involved in the method.

Testing by direct contract methodology, ISO 10993-5, Section 8.3, is
much like the testing protocols described for testing by extract,ISO 10993-5,
Section 8.2, with only one major exception [31]. The material under test
is placed directly on top of a bed of semiconfluent cells covering a total
surface area approximately 10 times larger than the sample (ISO 10993-5,
Sections 8.3.4 and 8.3.6) [31]. We plated 1.8 X 10° of the L929 cells on a
CytoOne™ six-well CTPSt plate (USA Scientific, Ocala, Florida, United
States, #CC7682-7506) (8.33% actual sample/plate well area) to achieve
subconfluence (ISO 10993-5, Section 8.3.2) [31]. Each well received the
manufacturer-recommended working volume of 2 mL fresh cell culture
media, and the plate was incubated at 37°C, 95% relative humidity, and
5% CO, (ISO 10993-5, Section 8.3.3) [31]. At approximately 24 h, the
subconfluence of the cell layer was verified (ISO 10993-5, Section 8.3.4)
and the original media was replaced by 2 mL of fresh media with serum
(ISO 10993-5, Section 8.3.5) [31]. The sterilized testing and control sam-
ples (ISO 10993-5, Section 8.3.7) were carefully placed in the center of the
well directly on the subconfluent cell layer (ISO 10993-5, Section 8.3.6).
The plate was returned to the incubator and maintained at 37°C, 95% rela-
tive humidity, and 5% CO, (ISO 10993-5, Section 8.3.7) [31]. As with the
extraction method, the plates were ready for cytotoxicity evaluation after
24 h had elapsed (ISO 10993-5, Section 8.3.8) [31]. Fig. 2.1(b) illustrates
the direct contact methodology.
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Figure 2.1 Asimplified cartoon representation of two of the main cytotoxicity method-
ologies presented in ISO 10993-5. (a) The extract method involves plating cells to semi-
confluence and exposing them to a solution, which has been exposed to a device under
test. (b) The direct method is where the device under test is placed directly on a bed
of semiconfluent cells. At the conclusion of these testing methods, the cells are then
evaluated for viability.

ISO 10993-5, Section 5, details that the cells will be evaluated by quan-
titative or qualitative means, with preference given to quantitative methods
[31].ISO 10993-5, Annex A—D, lists established quantitative methods for de-
termining cytotoxicity [31]. We used the MTT cytotoxicity assay protocol,
detailed in Annex C, with our material extracts, direct contact, and the di-
rect seeding methodologies [31,52]. MTT power (Life Technologies, Grand
Island, New York, United States, #M-6494) was added to sterile phosphate
buffered saline (PBS at a concentration of 1 mg/mL (ISO 10993-5, Annex
C.2.2.4.3) [31]. After removing the media from the testing well, 156 wL/cm?
(extrapolated from ISO 10993-5, Annex C.2.3.4) of MTT solution was
added to each well followed by incubation for 2 h at 37°C [31].The MTT
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solution was then carefully decanted from each well into individual, identi-
fiable, 1.5-mL conical tubes (USA Scientific, Ocala, Florida, United States,
#1415-8700), allowing the capture of purple formazan crystals dislodged
during the media extraction. The conical tubes were placed in a centri-
fuge for 2 min at 1200 rpm and then the remaining MTT solution was
decanted from the conical tube leaving a pellet of purple formazan crystals.
A total of 313 pL/cm? (extrapolated from ISO 10993-5, Annex C.2.3.4)
of isopropanol alcohol was added to each sample, control, and baseline well
and allowed to incubate for 30 min at 37°C to allow the dissolution of the
purple formazan crystals [31]. The isopropanol/formazan solution was then
transferred to the 1.5-mL conical tubes and incubated for an additional
30 min at 37°C.

A 96-well plate was loaded with 100 L of untreated isopropanol solu-
tion into the first column and 100 WL of deionized water in the first and last
rows. One hundred milliliters of the isopropanol solution was then taken
from each sample, control, and baseline well and loaded into the remaining
wells of the 96-well plate. The plate was read within an Epoch Microplate
Spectrophotometer (BioTec, Winooski, Vermont, United States) at the de-
tected absorption wavelength of 570 nm (reference 650 nm) as specified by
ISO 10993-5,Annex C.2.3.4 [31].The results from these tests were normal-
ized with respect to the CTPSt blank wells and expressed as the sampling
distribution of the mean (x) and a standard deviation (0), as reported in the
next section.

As of the 2009 revision of ISO 10993-5, three of the four assays listed
in the Annex examples used colorimetric assay techniques to evaluate cel-
lular viability. In these assays, the color intensity increases in proportion
to the presence of living cells. One of the four assays directly counted cell
colonies and morphologies, while another, the neutral red dye, helped the
user evaluate morphology. New cytotoxic assays have been developed since
the release of ISO 10993-5 that may allow better quantification of cellular
cytotoxic responses.

The LIVE/DEAD Assay Kit for mammalian cells (Life Technologies,
Grand Island, New York, United States, #L-3224) is a powerful technique
that not only quantifies cellular viability, like the ISO 10993-5 Annex colo-
rimetric assays MTT, XTT, and neutral red, but provides additional infor-
mation by clearly delineating between live, apoptotic, and dead cells and
facilitates enhanced morphological evaluation of cells and cell-to-cell in-
teraction. The assay contains two main permanent fluorescent dyes: calcien
AM (CaAM) fluorescently marks living cells in the green spectrum; while
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ethidium homodimer-1 (Eth-1) identifies dead or apoptotic cells [52-54].
The LIVE/DEAD cytotoxicity assay was prepared by adding 5 WL of the
1-mg/mL CaAM kit solution with 7.5 pL of 2-mM Eth-1 kit solution to
10 mM PBS. This solution was then added to 10 mL of PBS. The PBS/
CaAM/Eth-1 solution is then added to the wells containing cells to cover
the cells completely, and the plates were incubated at 37°C for 15 min.

The cells were viewed using a Zeiss Image.M2m fluorescent microscope
(Carl Zeiss Microscopy, LLC., Thornwood, New York, United States), with
live cells expressing fluorescence when viewed through a filter appropri-
ate for green fluorescent protein (470 nm/emission 525 nm) (Carl Zeiss
Microscopy, LLC., Thornwood, New York, United States, filter set 38), and
dead or apoptotic cells through a filter ideal for rhodamine (560 nm/emis-
sion 630 nm) (Carl Zeiss Microscopy, LLC, Thornwood, New York, United
States, filter set 45). Digital images were captured with an AxioCam MRm
Rev.3 digital camera (Carl Zeiss Microscopy LLC.), and processed with the
Zeiss Zen software (Carl Zeiss Microscopy, LLC.). To facilitate quantifica-
tion of the cytotoxicity, we recorded the total area occupied by living cells
as measured by Zen software pixel selection algorithms, eliminating the area
occupied by apoptotic cells. The total area occupied by all of the cells was
normalized with respect to the area of the cells occupying the CTPSt blank
wells. The results were reported as a sampling distribution of the mean (x)
and the standard deviation (0).

2.2.5 Results and Discussions

The extract method allows for the observation of the cellular cytotoxic
reaction for nearly any material or biological implant, regardless of shape
or physical construction. This method has been highly favored in many
laboratories due to this fact, and our own experience indicated that it was
perhaps the easiest of the evaluated methods to perform. Another major
advantage is that the concentration-dependent effects of a material can be
readily quantified, unlike direct contact, which relies on a specified size as
dictated by ISO 10993-12. However, it should be taken into consideration
that extracts derived from a device constructed with robust, chemically in-
ert materials would not be expected to generate a significant particulate
concentration, although this method can identify potential issues with by-
products from the materials fabrication process. As such, these materials and
devices should instead be evaluated by the direct cellular contact protocols
to ensure the correct evaluation of cytotoxicity. It should also be noted that
ISO 10993-12 requires media agitation, but it does not elaborate on the
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Figure 2.2 Selected fluorescent optical micrographs obtained from a Zeiss Image.M2m
fluorescent microscope displaying L929 cells stained with the LIVE/DEAD assay display-
ing the differences between extract concentrations. (a) Fifty percent concentration of
Au extract, (b) 50% concentration of Cu extract, (c) 100% concentration of Au extract,
and (d) 100% concentration of the Cu extract. Live cells appear as green while dead or
apoptotic cells are orange. The red scale bars represent 50 pm.

exact parameters to use during extract preparation. This factor could be a
source of variation leading to discrepancies in experimental results between
laboratories.

Fig. 2.2 displays selected fluorescent micrographs after the application of
the LIVE/DEAD assay demonstrating the effects of the extract concentra-
tion. The top row shows a concentration level of 50, and 100% for the lower
row. Note that unlike the MTT assay, the LIVE/DEAD technique allows
the user to observe differences in the morphology of the cells, with the
cells on the positive control assuming a very rounded morphology, which
normally is an indication that cytoskeleton attachment to the well surface
is very weak [55]. On the other hand, the morphology of the cells for the
negative control shows an extended, oval morphology with visible exten-
sions of lamellipodia and filopodia, which are indications of cellular attach-
ment to the surface, and also resemble the cells in the baseline CTPSt well.
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Figure 2.3 Histograms reporting the quantitatively measured results from the ISO
10993-5 extract methodology using either MTT or LIVE/DEAD assays. The testing results
were normalized to the CTPSt blank wells, and cellular viability reported as the mean
(c) with the error bars representing the standard deviation (o). The dotted line at 70%
represents the minimum threshold required by ISO 10993-5 for an acceptable cytotoxic
reaction.

Both assays allow the quantitative evaluation of cellular viability through
a relative measurement with either the baseline or negative control. Fig. 2.3
displays a histogram reporting results from the ISO 10993-5 extract method
using W, Si, and SiO, as the materials under test. The controls for these
tests produced cellular activity within ISO 10993-5 expected parameters
(not shown). Two-way analysis of variance (ANOVA) performed along the
sample parameter at a 95% confidence resulted in p < 0.0001 for both the
MTT and LIVE/DEAD assays; however, the p = 0.0005 when evaluated
versus concentration for the LIVE/DEAD assay. The majority of the tested
materials were found to have relative levels of viability below 70% of the
L929 cells on CTPSt using both the MTT and LIVE/DEAD assays [31].
The only exception was that a 50% concentration of W extract using the
LIVE/DEAD assay was measured to have a mean (}) value equal to 70.3%
with a standard deviation (0) of 10.3%. Bonferroni posttest analysis com-
paring the two methods shows that there are significant differences between
the means of all three materials at a concentration of 50% (p < 0.01), but
only W possesses a significant difterence at 70% concentration (p < 0.001).

The direct contact test enables examination of not only cellular reaction
to particulates or leachable substances, but also the eftects of the presence
of bulk material in physical or close contact with the tested cells. Fig. 2.4
demonstrates one major issue with the direct method. Materials possessing
a great amount of mass, such as Au, inordinately affect the layer of semi-
confluent cells upon which it was placed, as is seen in Fig. 2.4a. The cells
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Figure 2.4 Fluorescent optical micrographs displaying the effects of the negative con-
trol material, Au, on L929 cells utilizing the LIVE/DEAD assay where issues with the direct
contact methodology become apparent. (a) The digital micrograph showing a loss of
cells in an area directly correlated to the location occupied by the sample. (b) A well
showing similar effects that were noticed in (a); however, the sample seemingly moved
from its original position. The blue line denotes a border of the sample’s original posi-
tion, and the yellow line marks the second boundary. The red scale bars in the lower
right-hand corner represent 500 pm.

under the material were noticed to be greatly reduced in number. The loss
of viability was most likely due to the weight of the sample upon the bed
of cells and not cytotoxic effects, as is denoted by a quantitative compari-
son of the cells against the cells in the CTPSt baseline well. Additionally,
Fig. 2.4b supports this observation. This micrograph shows two areas of
differing cellular loss. The area on the left bounded by the blue line shows
a similar reduction in cellular viability as seen in Fig. 2.4a, but in a directly
adjacent area, bounded by the yellow line, has evidence of a much greater
cellular viability but is marked with great variability. Although we have only
circumstantial evidence, the two well-defined boundaries indicate that the
material experienced unknown perturbations during its time in contact
with the cellular bed and these perturbations on the material were likely the
cause of damage to the cells. This conclusion was drawn from the fact that
the cells in the well outside the material’s position for the negative controls
possessed viability similar to the baseline well.

Fig. 2.5 shows histograms of the sampling distributions of the mean and
standard deviations of the mean obtained from the quantitative analysis of
the direct contact L929 cytotoxicity assays. The skew due to the material
perturbations was eliminated by disregarding the affected area during the
comparison of both the measured sample and the baseline, thereby main-
taining a 1:1 comparison. One-way ANOVA at a 95% confidence interval
indicates that there are significant difterences between the means of the



Cytotoxicity of 3C-SiC Investigated Through Strict Adherence to ISO 10993 41

1007 @W MTT BSimMTT @sio, MTT
B W LIVE/DEAD Wl SiLIVE/DEAD [NSiO, LIVE/DEAD

Material tested

~N @
o O

Percentage of viable cells
n P [e)]
o o o o

Figure 2.5 A histogram representing the quantitatively measured results from the ISO
10993-5 direct contact method using either the MTT or LIVE/DEAD assays. The testing
results were normalized to the L929 cell viability on CTPSt blanks and reported as the
mean (c) with the error bars representing the standard deviation (0). The dotted line
denotes the 70% minimum viability level required by the ISO standard for a material
display sufficient cytotoxicity.

materials at p < 0.0001 for both the MTT and LIVE/DEAD assays. As was
seen with the extract method, W, Si, and SiO, did not show the requisite
viability level of 70% as required by ISO 10993-5 when examined by either
MTT or the LIVE/DEAD assay, with one exception. W displays a mean of
71.9% and a standard deviation of 3.4% using the MTT assay analysis. Bon-
ferroni posttest analysis comparing the two methods shows that there was
no significant difference between the means of W and Si, but a significant
(p = 0.001) difterence between the means of SiO,. It is also noted that the
mean values of W and SiO, tested by MTT assay are larger than the same
materials tested by LIVE/DEAD assay. This measurement was unexpected
as the MTT assay tests the entire population of the living cells in the well,
and there were notable decreases in cellular viability due to the mechanical
removal of L929 cells by the material sample.

2.2.6 A Need for More Efficient Methodologies

The ISO 10993-5 standard provides multiple methodologies, which are
designed to efficiently evaluate the cytotoxic effects of biomedical devices
in vitro. Two of the methodologies listed in the standard, testing cells with
an extract derived from a material and through the direct contact of the
material surface with a bed of semiconfluent cells, were selected for com-
parison in this study. In addition to these protocols, we evaluated two dif-
ferent assay methods. The MTT colorimetric assay is one of the methods

listed in the appendix of the ISO 10993-5, and the LIVE/DEAD assay
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uses chemical fluorescent stains, which are sensitive to either living or dead
cells. We have also incorporated the establishment of reference materials
and standards for comparisons established in ISO 10993-12.We established
the use of gold and Transpore PE medical tape as negative controls, while
copper and F-4040-A Tygon tubing served as positive controls. Finally, we
evaluated materials which have been used in biomedical implants, tung-
sten, silicon, and silicon dioxide. It was our goal to determine if two of the
ISO 10993-5 methodologies produced similar results and if the LIVE/
DEAD assay was a suitable testing method for accurately determining cy-
totoxicity by comparing the results with the ISO 10993-5 appendix ex-
ample, MTT assay.

We have seen that there are distinct differences between the two dif-
ferent assays that may affect a researcher’s decision as to their utility. The
MTT assay was relatively easy to perform, although it requires multiple
procedures to achieve, and it produces a single, quickly acquired quantita-
tive mean value for an entire population of cells; however, it does not fa-
cilitate the examination of cellular morphology, which is a requirement of
ISO 10993-5. On the other hand, the LIVE/DEAD assay is easily prepared
and administered in a single application, and allows the examination of
cellular morphologies or groupings, but requires extensive postprocessing
to acquire quantitative cellular counts. Also, at higher microscope mag-
nifications, the microscope can only capture very small samplings of the
overall cellular population, requiring the user to decrease the level of the
magnification, which naturally affects cellular morphological resolution.
Alternatively, they may invest in capturing a large amount of images to
increase the sampling or invest in a motorized stage to increase the power
of their statistical analysis.

The source for the variation may be related to the actual procedures
followed to perform the assays. There is an actual recorded image of the
amount of cells present at the time of the LIVE/DEAD assay. However, im-
age processing techniques and errors may add some variability to the testing
results. In contrast, the MTT assay protocol contains multiple experimen-
tal stages where errors could introduce variability within the test. It was
noticed through light microscopy that all the cells did not metabolize the
MTT into purple formazan equally, with many cells having different sized
crystalline clusters emerging from their cellular membranes. Another source
of error could occur when the MTT solution was removed from the well,
extracting some of the purple formazan crystals in the process. We reduced
this error through collection of the formazan crystals by centrifuging the
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Figure 2.6 (a) A plot of both the LIVE/DEAD and MTT assay relative viabilities over the
three concentrations and two ISO 10993-5 methods. The points represent the mean vi-
abilities (), the error bars representing the standard deviation (o), and the lines rep-
resent the best-fit equation between the points. The three LIVE/DEAD assays resulted
in a negative correlation between concentration and viability, whereas all MTT assays
show a positive correlation. (b) A digital image of various sterile metals, ceramics, and
polymers tested with MTT assay. The colorimetric changes for various materials even
without the presence of cellular activity may be a factor in the error in the means for the

MTT and LIVE/DEAD assays.

removed MTT solution as well as allocating additional processing time to
allow for the complete dissolution of the crystals. However, cellular me-
tabolism of the MTT is a biotic variable, which is not easily controlled and
may have been a source of experimental error. The largest variation we
noticed was from a direct reaction initiated between the MTT assay and
material by-products, which was verified by performing an MTT assay on
sterile materials in the absence of any cells (Fig. 2.6b) producing purple
formazan. This was especially evident when using metallic materials, like
Cu and W, and led us to the conclusion that this assay method is unsuitable
for metallic test samples.

The Bonferroni posttest analysis shows that there were statistically sig-
nificant differences in the methods used for this work. Fig. 2.6a shows a
correlation plot combining both extract and direct methodologies and the
two assay methods. Although there is little statistical difference between the
viability of the 100% extract and direct contact methodologies, an interesting
difterence 1s displayed between the MTT and LIVE/DEAD assays. LIVE/
DEAD shows a negative correlation between the viability and concentra-
tion for all of the materials, whereas MTT displays a positive correlation. The
negative reaction of cells to the presence of a material should increase with
the removal of the material, therefore MTT’s positive correlation indicates
that another mechanism is likely leading to variability between the assays.
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Fig. 2.6b shows a digital photograph of the results of the MTT assay
performed on sterile control and testing materials without the presence of
cells. The procedures used for this test were discussed in the methods sec-
tion. The photograph shows that yellow MTT was transformed into purple
formazan, or other by-products, in the presence of many of the materials.
The results indicate that the presence of a material when performing the
MTT assay could create false positives and decrease the validity of this cy-
totoxic screening assay methodology.

We have verified that, through strict adherence to the ISO 10993-5
protocols, it is possible to determine cellular cytotoxicity using either ex-
tracts or through directly contacting the material with the cells. We have
shown that MTT reacts with different materials and the results can aftect
the overall assay leading to false positives. The LIVE/DEAD assay allows
both quantification of cellular viability as well as qualification of cellular
morphology, but takes longer to evaluate. We have also demonstrated that
there are minor inconsistencies in the testing methods that can be improved.
The extract method can only test chemical by-products and leachates from
a material, while direct contact can damage the cell bed and therefore de-
crease the overall relative viability for that material.

ISO 10993-5 has a relatively large margin (30%) for producing a favor-
able result, and if the methods contained within the standard do not pro-
duce similar results, many devices and materials which are dangerous could
be approved. Our group feels that both tests have many positives in their
methodologies and both tests should be applied in the determination of
in vitro cytotoxicity. In the next section, we used our experience with the
ISO methods as well as our previous investigations [56] to create a hybrid
cytotoxicity testing methodology, which also addresses some of the short-
comings of the ISO 10993-5 protocols.

2.3 IMPROVED ISO 10993: THE BAMBI METHOD

The Defense Advanced Research Projects Agency (DARPA) desired a
screening methodology, which could efficiently and accurately screen
novel materials for biocompatibility, especially concerning neural im-
plantation devices. This desire initiated the Biocompatibility of Advanced
Materials for Brain Interfaces (BAMBI) project. The ISO 10993 standard,
which is composed of 21 in vitro and in vivo sections, provided accepted
and understood methodologies for the testing of biomedical devices [27].
The sections provide protocols for determining the physical and chemical
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Figure 2.7 Fluorescent micrographs of ISO 10993-5 cytotoxicity tests for Au/Si material
coupons using LIVE/DEAD assays. (a) Shows selected micrographs from the ISO 10993
direct material contact testing protocol, and (b) represents the material extract proto-
cols at 100% concentration. The effects of material perturbation on the cells can be seen
in (a). The size of the scale bars for the insets is 500 pm.

properties associated with the device, screening for cytotoxicity and geno-
toxicity effects, and the utilization of animal models to assess the inflamma-
tory response. In Section 2.2.2, we evaluated the eftectiveness of two of the
ISO 10993-5 in vitro cytotoxicity methodologies, using the recommended
L929 mouse fibroblast immortalized cell line. The extract and direct contact
methods from the standard were considered as possible protocols for use in
BAMBI. In the course of these investigations, we discovered multiple issues
with these ISO 10993-5 standard methodologies that could significantly
impact testing results. We therefore developed effective means to perform
ISO10993-specified tests with complete compliance with the standard
(Section 2.2.2).

The ISO 10993-5 direct contact protocol (Fig. 2.7a) evaluates the de-
vice or material by placing it in direct, intimate contact on top of a bed of
semiconfluent cultured cells (defined by the ISO 10993 as 80% cell/surtace
coverage) [31]. This method allows the observer to monitor any cytotoxic
reaction from the cells due to this intimate contact with the device or test
material. In addition one can monitor the reaction of cells surrounding the
device or test material to any soluble by-products. However, the major issue
with the direct contact protocol was that the test was extremely sensitive to
physical perturbations, especially when using dense materials, which is
clearly denoted by the physical removal of cells as seen in the lower half of
the image for Fig. 2.7a (also see Section 2.2.2). Additionally, materials with
a density less than water would not remain in contact with the cell bed and
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only allow observation of cellular reactions to leachable by-products, which
makes the evaluation similar to the extract protocol discussed next.

Another ISO 10993-5 method which was investigated was the extrac-
tion protocol (Fig. 2.7b), which immerses a material or device within polar
and nonpolar solvents to extract possible leachable products [31]. The sol-
vents containing extracted products are then added to complete cell media
to produce an array of varying concentrations, which are then tested via
addition to a semiconfluent bed of cells. This method’s advantage is that it
allows the observation of cellular cytotoxicity at varying levels of exposure.
Through our research on this method, we realized that this only expos-
es cells to possible leachable and chemical by-products. The standard also
complicated issues by requiring excitation during extraction generation.
Excitation would inherently add kinetic energy into the extraction process,
increasing the rate of solubility and chemical reactions at the surface of the
tested samples. The major issue is the excitation is not defined, and therefore
left to the user, which may cause issues comparing results between laborato-
ries and with the direct method, which does not use excitation.

One popular in vitro assay method that has been investigated by many
groups, including our own, was designed to monitor cellular affinity and
cytotoxicity by culturing cells directly onto the surface of a device or ma-
terial [25,36,55,57-59]. The issue with this methodology is that cellular
attachment to a surface involves complex chemical interactions between
extracellular proteins, the surface materials of the biomedical device, the
cell’s integrin receptors, and protein pathways within the cell itself [60-63].
Although cell attachment to the surface of materials may be important
when considering device design functionality and for the selection of de-
vice construction materials, especially when they interact within blood or
are exposed to the thrombogenic pathway, it must not be mistaken with
cellular cytotoxicity. This is especially evident with materials resistant to
protein attachment on the surface, such as the negative reference material
polyethylene, which is mentioned within ISO 10993-12, as these materials
have the possibility of failing this type of cytotoxic testing due to the in-
ability of cells to attach to the device surface.

After our experience in performing and evaluating these three methods,
we realized that it was possible to combine the best aspects from each of
these methods into one overall testing regime while remaining fully com-
pliant with the ISO 10993 standard. This would not only improve the data
quality garnered from a single test, but would also allow us to address the
weaknesses we reported for the ISO 10993-5 methods (Section 2.2.2). In
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this section, we detail a combinational methods protocol, which we call the
BAMBI cytotoxicity method after the project it was created for. We detail
the BAMBI method results and discuss how they compare with the tradi-
tional ISO 10993-5 extract and direct contact protocols.

2.3.1 BAMBI Methodology

The selection of positive and negative materials was conducted in strict
adherence to the selection of reference materials outlined in ISO 10993-12
and detailed in Section 2.2.2. In short, we have previously identified gold
(Au) and copper (Cu) as suitable negative and positive conductive con-
trol materials, respectively. Commercially obtained Transpore PE medical
tape and Tygon PVC fuel and lubricant tubing formulation (F-4040-A)
have demonstrated suitability as reliable negative and positive controls,
respectfully, for insulating materials. All control samples were diced into
8 mm X 10 mm rectangles (0.8 cm? surface area), cleaned using our stan-
dard processes, and then sterilized as detailed in Section 2.2.2.

The utilization of a cell culture baseline substrate is the strategy used
to facilitate measurement of the cytotoxic effects due to unknown tested
materials. The baseline surface should promote cellular physiology and, ac-
cording to ISO 10993-5, allow semiconfluent cell growth [31]. Inexpensive
polymers, like polyethylene, polystyrene, and polycarbonate, normally pos-
sess positively charged, hydrophobic surfaces inhospitable to cellular adhe-
sion [64]. Exposure to oxygen plasma or coronal discharge breaks the long
polymer chain and inserts energetic oxygen-containing products into the
surface, so that the surface of the plastic becomes hydrophilic and negatively
charged [64-66].

We selected 22-mm diameter OptiClear® polycarbonate cover slides
(Hampton Research, Aliso Viejo, California, United States, # HR8-082)
over the typical plate well as the baseline for this study. Our reasoning for
this change was to facilitate not only the observation of cells within the
well, but also to concurrently observe the surface of the tested sample. Many
of the observed samples were opaque, with surfaces not easily observed by
inverted microscopes. Additionally, the surface of a plate well was difficult to
place within the majority of our higher magnification objectives focal dis-
tance due to the objectives diameter in comparison with the well diameter.
The entire surface of a cover slip could be observed at any magnification as
it had no sidewalls.

Culture treatment of the polycarbonate coverslip surface was obtained
using a PlasmaTherm PECVD/RIE PT-700 operating at a power of 25 W,
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a chamber pressure of 100 mTorr, with 300 sccm of O, flow for a time of
1 min. We proceeded to then verify that this surface was hospitable to cel-
lular growth as follows. Using our developed culture techniques, L929 cells
were cultivated on both bare six-well CT polystyrene culture plates and CT
polycarbonate (CTPC) cover slips placed within six-well plates. Using the
methods outlined in Section 2.2.4, in conjunction with the LIVE/DEAD
Assay Kit for mammalian cells (Life Technologies, Grand Island, #L-3224),
we found the level of viability was 99.0 £ 9.59% of the CT polystyrene
(N = 0), and the morphology of the cells was indistinguishable between the
CT polystyrene and CTPC polymer surfaces.

The BABMI cytotoxicity method was designed to address many of the
issues that were apparent with the ISO 10993 protocols. The perturbation
damage observed with the direct-seeding method (Section 2.2.5) was ad-
dressed through the use of adhesives that would not affect the cytotoxicity
assays. Histoacryl® (Tissue Seal, Ann Arbor, Michigan, United States), an
FDA-approved surgical cyanoacrylate, was evaluated to determine if the
material would significantly affect the assay results [67]. Histoacryl (area
~0.8 cm?) was placed in the center of a six-well plate and allowed to cure at
37°C for 4,24, and 48 h. Cellular viability was 34.1 + 3.4%,93.9 £ 19.5%,
and 100.6 + 21.3%, respectively. Although there was no statistical difference
between 24 and 48 h, we selected a time of 48 h to ensure complete solvent
evaporation and curing for future tests using this adhesive.

A 0.1-cm? area drop of sterile Histoacryl was placed in the center of the
backside of each 8 X 10-mm sample, which was then fixed to the center of
a CT (culture treated) OptiClear coverslip. Each assembled fixture was then
fixed with a small amount of Histoacryl applied to the outer edge of the
coverslip within a CT six-well plate (USA Scientific, Ocala, Florida, United
States, #CC7682-7506). The six-well plates were roughly 9.4 cm? in area,
which meets the 1:10 sample to well area guideline from ISO 10993-5 [58].
Each of the controls, testing materials, and baselines were situated as shown
in Fig. 2.8a. The wells were then placed in a sterile environment, at either
37°C for 48 h or 67°C overnight, to ensure complete solvent evaporation
and curing of the glue.

Cytotoxicity was tested by plating NCTC clone 929, strain L (American
Type Culture Collection, Manassas, CCL-1) mouse fibroblastoma into each
of the wells using the cell culture protocols outlined in Section 2.2.3. The
amount of cells plated was not constant, and was determined in advance of
each testing regimen to ensure that the baseline material, CTPC, expressed
semiconfluence. After plating 3 mL of complete cell media DMEM (Life
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Figure 2.8 BAMBI protocol in vitro assay method. (a) A representation of the typical ma-
terial placement within a culture treated (CT) polystyrene six-well plate for the BAMBI
protocol. (b) A digital photograph of an OptiClear coverslip with mounted 8 X 10-mm
sample placed within our “custom-made” live-well microscope slide. The well was filled
with PBS/LIVE/DEAD assay solution and covered with a glass microscope slide to pre-
serve the environment and protect the sample and microscope objective. The height of
the 3D-printed ABS plastic well was ~550-570 pm, which allowed us to use a 50X mag-
nification objective (Zeiss EC Epiplan 50, 0.7 numerical aperture, working distance
1 mm) to image the surface of both the OptiClear coverslip and the material.

Material
under
test

Technologies, Grand Island, #10313-021), 10% FBS (Life Technologies,
Grand Island, #16000-044), 2.2 mM L-glutamine GlutaMAX-1 (Life Tech-
nologies, Grand Island, #35050-061), 1% antibiotic/antimycotic solution
(Sigma-Alderich, St. Louis, #P4458-100ML) was added to each well. The
3-mL media volume and 0.8-cm? sample area are in accordance with the
ISO 10993-12 surface area-to-volume concentration of 3 cm?/mL as we
could not perform agitation without disrupting the L929 surface attach-
ment [28]. Although the required ISO 10993 extraction agitation could not
be utilized with this testing method, we increased the culture time from 24
to 96 h to allow for the complete media, which has elements of a polar/
nonpolar solvent, to diffuse leachable products from the testing material. It
should also be noted that the ISO 10993 required agitation specifications
were not clearly defined except for the test duration of 24 h [28,31]. The
plates were then transferred into a water-jacketed incubator with 5% CO,,
approximately 95% relative humidity, at a temperature of 37°C.The samples
were visually monitored on a daily basis to ensure that there were no issues
during the incubation.

At 96 h, the six-well plate was removed from the incubator and the
LIVE/DEAD cytotoxicity assay prepared. We used 5 wL of the 1 mg/mL
calcien AM kit solution, which detects living cells, and combined it with
7.5 pL of 2 mM Eth-1 kit solution, which marks dead or apoptotic cells,
within10 mL of pH 7.4 PBS [53,54]. The media was then removed from
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the well and the cells carefully rinsed with PBS to remove any trace serum,
which could react with the assay. Forceps/tweezers were used to carefully
dislodge the OptiClear coverslip from the base of the well plate and were
placed within our BAMBI live-well microscope slide, as seen in Fig. 2.8b.
The BAMBI live-well slide was used not only to study the transparent base-
line CTPC material, but also to evaluate the surface of the tested material,
which could be opaque in nature.

The BAMBI live-well microscope slide was constructed from a Fisher-
brand™ ColorFrost™ Plus Microscope Slide (Fisher Scientific, Pittsburgh,
Pennsylvania, United States, #12-550-17), which served as the base sub-
strate. A 24-mm? inner diameter, ~570-pm high, 0.5-mm thick acryloni-
trile butadiene styrene (ABS) well becomes the wall of the live well and was
constructed using a 3D printer. The well was fixed to the slide using Loctite®™
Super Glue (Henkel Corporation, Westlake, Ohio, United States) and cured
at 67°C for 24 h. Our LIVE/DEAD solution was added into the BAMBI
live well until the sample was completely immersed. A 24 mm X 30 mm
Fisherbrand™ rectangular Cover Glass (Fisher Scientific, Pittsburgh, Penn-
sylvania, United States #12-545B) was placed over the well to constrain the
liquid solution, and the entire assembly was incubated at 37°C for 15 min.

The cells were viewed using a Zeiss Image.M2m fluorescent microscope
(Carl Zeiss Microscopy, LLC.), with live cells expressing fluorescence when
viewed through a filter appropriate for green fluorescent protein (470 nm/
emission 525 nm) (Carl Zeiss Microscopy, LLC., filter set 38), and dead
or apoptotic cells through a filter ideal for rhodamine (560 nm/emission
630 nm) (Carl Zeiss Microscopy, LLC., filter set 45). Digital images were
captured with an AxioCam MRm Rev.3 digital camera (Carl Zeiss Micros-
copy, LLC.).

In our past studies, we were only able to capture a few images repre-
senting randomly selected areas within each test well of the attached cells.
Our Zeiss Image.M2m microscope has been fitted with a motorized stage
and this stage, in conjunction with the Tiles/Positions module for the Zeiss
Zen software (Carl Zeiss Microscopy, LLC.), allows us to capture the entire
CTPC coverslip area by stitching multiple pictures into a contiguous single
image (Fig. 2.9a). We now had the advantage of observing the majority of
the cellular population within the plate well. As the material was in a sepa-
rate focal plane when compared with the CTPC coverslip, it was captured
separately as shown in Fig. 2.9b. One issue with tiling the entire surface
of the sample and CTPC coverslip concerned the time required to image
the entire surface. The Zeiss EC Plan-Neofluar 10X objective (numerical
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LIVE/DEAD assay of L929 fibroblastoma
cytotoxic response to platinum
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Figure 2.9 Sample BAMBI protocol method data. Tiled optical micrographs of L929
mouse fibroblast cells stained with LIVE/DEAD solution and viewed by a Zeiss Image.
M2m fluorescent microscope. (a) L929 population attached to the surface of the CTPC
cover slip surrounding a Pt sample (dark rectangle in center). The Pt was not imaged,
due to its different focal plane (sample outlined in red). The cellular viability was mea-
sured with the Zeiss Zen software at 95.4% of the CTPC baseline. The red bar represents
2000 pm. (b) L929 cells attached to the surface of the Pt sample (outlined in yellow) not
imaged in (a). The cellular viability of this sample was 62.8% of the baseline CTPC. The
bar represents 1000 wm. (c) Viable L929 fibroblastoma cytoplasm area was measured
using the Zeiss Zen software for both (a) and (b) and normalized to the L929 cells on the
baseline of culture-treated polycarbonate. A scatter plot of each point was created and
graphed along with the mean and standard deviation for each tested material (Pt in this
example). The dotted line is the 70% threshold for passing the ISO 10993 viability test
as discussed previously.

aperture [NA] = 0.30, working distance [WD] = 5.2 mm) limited the cap-
ture time to 1 h, which would bring the total test collection time to nearly
8 h including test preparation and incubation times. We used a Zeiss EC
Epiplan 50X objective (NA = 0.7, WD = 1.1) at random areas across the
CTPC and sample surfaces for higher magnification evaluation of cellular
morphological reactions to the tested material’s presence.

The microscope images were processed using the Zeiss Zen software.
Although the Zen software’s Image Analysis module contains cell-counting
software, the close knit groups of cells were difticult to automatically sepa-
rate into individual objects, therefore we devised another method to quan-
titatively measure the cell’s viability. We recorded the total area from the
calcien-stained cytoplasm and the ethidium bromide-stained nucleus. The
total area measured for the samples would then be normalized with respect
to the area measured from the cells on the CTPC cover slips and expressed
as a percentage. The resulting percentage allowed the direct comparison of
the tested material samples obtained between the difterent trial dates. The
results were then reported as a sampling distribution of the mean (x) and
the standard deviation (O).
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2.3.2 BAMBI Method Results

We have created a single method for testing a material’s cytotoxicity
in vitro through the combination of methods specified in the ISO 10993-5
standard. This single method, the BAMBI cytotoxicity method, named after
the DARPA program in which it was used, specifically used ISO 10993-5
direct contact and extract protocols. The design was also used to eliminate
perturbation damage observed in the direct contact method by using an
FDA-approved cyanoacrylic glue, Histoacryl, which did not statistically alter
the viability results. The BAMBI method has an additional benefit of allow-
ing the observation of cellular activity not only within the well of a plate,
but also to the surface of the tested device or material through the use of a
live cell culture well in a reflective microscope. We compared the BAMBI
method with L929 mouse fibroblastoma against our ISO 10993-12 estab-
lished reference materials, Cu, Au, F-4040-A, and PE, and also evaluated
three new materials, platinum (Pt), parylene C, and parylene C/AL O, us-
ing this method. The BAMBI method was quantified using the fluorescent
tagging system of the LIVE/DEAD assay and the measurements for the
tested materials were normalized using measured L929 viability on baseline
culture-treated polycarbonate coverslips.

In Fig. 2.10, confidence interval equivalence statistics were used to eval-
uate the control materials using the BAMBI method compared to both
of the ISO 10993-5 direct and extract methods. It was determined that
all three methods showed equivalence, rejecting the null hypothesis, for
the positive control materials of Cu and F-4040-A. However, the results
in Fig. 2.10 show that only the BAMBI and direct contact methods show
equivalence when the material tested is Au, while the BAMBI and direct
comparison for PE, as well as all comparisons involving the ISO 10993-5
extract method, accepted the null hypothesis and had no direct equivalence.
We have proposed that the lack of equivalence is that the BAMBI method
was constructed as a conjunction of the direct and extract ISO 10993-5
standard methods, both of which do not show equivalence with each other,
and therefore the combinational method will not have equivalence either.

The new BAMBI method, while not equivalent to both the ISO
10993-5 methods for the negative control materials, does improve on some
of the issues reported with the standard. It eliminated damage to the cell sur-
face through the Histoacryl glue and allowed extended observation of the
cells. The observations of the cellular reactions to the surface of a material
can also help develop an overall picture for screening a new novel biomedi-
cal device or material. In short, through the use of simulation and careful
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Figure 2.10 Confidence interval equivalence tests calculated from the results of dual,
single-sided T-tests at 0.1 power on the difference between mean viability levels mea-
sured for our control materials copper, gold, Tygon fuel tubing (F-4040-A), and polyeth-
ylene. 1SO 10993-5 direct versus extract (D vs. E) confidence interval equivalence results
denoted by the the first error bar shown for each material, BABMI versus ISO 10993-5 ex-
tract with the second error bar, and BAMBI versus ISO 10993-5 direct with the third error
bar.The dotted lines represent the estimation of equivalence at +30%, which was deter-
mined from the range of ISO 10993-5 acceptable viability level. Based on this statistical
information, Cu and F-4050, the two positive controls, display equivalence between all
methods, while Au and PE show material and method equivalence issues.

evaluation of agitation, this method combines the ISO 10993-5 methods
into one test, reducing screening time for biomedical devices or materials.

2.4 3C-SiCIN VITRO EVALUATION
2.4.1 The Advantages of 3C-SiC for Biomedical Devices

Silicon carbide is a compound semiconductor, which has been receiving
interest due to its excellent physical properties, radiation resistance, near
chemical inertness, and a large bandgap [68]. This material, unlike pure sili-
con, has many crystalline stacking sequences, denoted as polytypes, which
have slightly different physical, electrical, and optical properties. The best-
known hexagonal polytypes, 4H-SiC and 6H-SiC, have been used in com-
mercial power devices and as substrates for gallium nitride devices [68].
One of the polytypes, 3C-SiC, has not been normally considered for power
applications due to its lower bandgap (2.3 eV), but it has found applications
in the fabrication of MEMS devices, as it can be grown with less expensive
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heteroepitaxial chemical vapor deposition (CVD) processes on silicon sub-
strates. Our epitaxial growth process on 100 mm Si substrates has previously
reported using a hot-wall CVD reactor with silane and ethylene precursors
[69]. 3C-SiC shares the near chemical inertness and physical robustness
seen with the more developed hexagonal polytypes, and many biomedical
device applications do not require large power requirements. Also, unlike
metals and insulators, 3C—SiC is a semiconductor with modifiable electrical
conductivity, enabling us to create complex electrical interactions with the
physiological environment.

One way to construct a “smart” device is to construct it using elec-
trical components that control current flow. Semiconductor materials are
the backbone of these types of electronics. One of the major components
of some of these devices is silicon, which has been the leading electrical
material in electronics for many years. Unfortunately, silicon is extremely
chemically reactive with many constituents of the physiological environ-
ment and does not possess a high level of biocompatibility [70-73]. On the
other hand, SiC has shown excellent physical robustness and chemical in-
ertness [68,74]. 3C=SiC has shown excellent in vitro biocompatibility with
fibroblasts and skin cells [2], neural cell lines [25,75], and has even shown
evidence of hemocompatibility [74]. We wished to evaluate 3C-SiC as an
ideal material for use in biomedical devices, and, in this section, we detail
the in vitro evaluation of 3C-SiC using our BAMBI methodology.

2.4.2 Materials and Methods

The development of our 50-mm process for the growth of 3C-SiC has
been described in detail through many publications [76—78]. Our new pro-
cess was reported in Ref. [69]. In short, the CVD reactor was scaled to ac-
commodate 100-mm silicon substrates, and our gas chemistry includes the
carrier hydrogen, H,, with ethylene, C,H, and silane, SiH, precursor gases.
The deposition process uses a single thermal ramp to the growth tempera-
ture with a ramp rate of ~28°C/min under hydrogen carrier gas low. At a
temperature of 1100°C, C,H, is introduced into the gas stream to facilitate
surface carbonization, which creates the initial seed layer of SiC, and con-
tinues throughout the remaining thermal ramp until the substrate reaches
the growth temperature of 1370°C. At 1370°C, SiH, is introduced into the
gas mixture and the C,H, precursor flow is scaled to achieve a C/Si ratio
of 1:2 during the heteroepitaxial growth phase. The process pressure was
375 Torr during the entire growth schedule. The resulting growth speed is
approximately 5 pm/h.
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Figure 2.11 A scatter plot representing the 3C-SiC cytotoxicity test as evaluated by the
BAMBI method. The mean (x) and standard deviation (s) is displayed for the control ma-
terials, Cu and Au, along with the tested material, 3C-SiC. These values were normalized
against the cells attached to the baseline well, CTPC. The dashed line represents the ISO
10993-5 limitation for acceptable cytotoxicity and the dotted line denotes the mean
value for CTPC. As expected Au passes the test indicating that these are valid data. 3C-
SiC also passed the test, thus confirming the biocompatible nature of this material as
was first reviewed in [74]. Sample raw data shown in Fig. 2.12 for reference.

After growth, a wafer of 3C-SiC was cut into 8 X 10-mm coupons us-
ing a dicing saw equipped with a diamond-coated blade to facilitate their
use in the BAMBI method. Due to the conductive nature of the material,
we chose Au and Cu as our reaction controls. The cleaning methodology in
Section 2.2.2 was followed for the control materials as well as 3C-SiC with
one exception. 3C-SiC received an additional cleaning step using a piranha
solution at a 3:1 sulfuric acid (H,SO,) and hydrogen peroxide (H,O,) con-
centration for 30 min to remove any possible carbon surface contaminants.
This was followed by a 1:1 buffered hydrochloric acid and water solution
for 5 min to remove any metal contamination as well as any sulfuric residues
from the piranha clean. All samples were rinsed three times in deionized
water and nitrogen dried. The last stage was to sterilize the samples in our
dry sterilizer as described in Section 2.2.2.

The samples were then fixed to sterile polycarbonate slides and polysty-
rene plate wells to prepare them for the BAMBI method protocols detailed
in Section 2.3.1. Evaluation was performed with a Zeiss M2M fluorescent
microscope as indicated in the same section.

2.4.3 The BAMBI Method Cytotoxicity Testing
Evaluation of 3C-SiC

Fig.2.11 displays the analysis for 3C-SiC as tested using our BAMBI meth-
od. 3C-SiC displays a mean viability level, which was 97.4% of the baseline
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(a) (b) () (d

Figure 2.12 Optical micrographs of L929 mouse fibroblast cells stained with LIVE/
DEAD solution and viewed by a Zeiss Imager.M2m fluorescent microscope. (a) The tiled
micrographs for the L929 population attached to the surface of the CTPC cover slip sur-
rounding a 3C-SiC sample (dark rectangle in center). (b) A 50X magnified micrograph
obtained from a random area in the well surrounding the 3C-SiC. Cells are elongated
and have multiple lamellipodia/filopodia extensions, which are indications of excellent
surface attachment. (c) A stitched micrograph of the L929 fibroblastoma attached to the
baseline well from the same test for (a). (d) A 50X micrograph of the L929 fibroblastoma
in the CTPC baseline well. The cells have a similar morphology with the cells in (b). Scale
=2000 pm in (a) and (c), 50 wm in (b) and (d), respectively.

CTPC, which is well above the value required for passing the cytotoxicity
test as recommended by ISO 10993-5. The Au and Cu control materials
resulted in a negative and positive cytotoxic cellular reaction as expected
and seen in the previous testing protocols.

Fig. 2.12 displays selected stitched micrographs for the entire CTPC
cover slips used in the BAMBI method test for 3C-SiC (Fig. 2.12a) and the
baseline well (Fig. 2.12¢). The wells display the semiconfluence required by
ISO 10993-5 and show no obvious difterences in cellular grouping. At 50X
magnification, we are able to closely compare the morphology of individual
cells against each other.The cells in the well alongside the 3C-SiC samples
(Fig. 2.12b) possessed a similar morphology to the cells in the baseline
CTPC (Fig. 2.12d), further verifying that this material may be compatible
for use with biological processes.

2.5 SUMMARY AND THE FUTURE OF 3C-SIC BIOMEDICAL
TESTING

3C-SiC is a material well known for its physical robustness, near chemi-
cal inertness, and excellent electrical and optical properties. This mate-
rial could be a major step forward in the creation of biomedical devices,
especially concerning long-term implantable devices.To date, our group
has investigated this material, starting with skin and connective cell lines
[1,2], glia and neurons [25], and static hemocompatibility [56]; however,
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we had not completely followed the ISO 10993-5 protocols to the let-
ter. We have now used our BAMBI method, which was developed in
strict accordance with the ISO cytotoxicity testing protocols. Not sur-
prisingly, the tests proved that 3C—SiC may be a material that could exist
within the physiological environment without eliciting undo cytotoxic
effects.

3C-SiC displayed a mean value near that of culture-treated polycarbon-
ate plastic. Culture-treated plastics are the gold standard in cellular culture
and for many cell lines produce excellent cellular adhesion and prolifera-
tion. It should be noted that the 3C-SiC samples, unlike the polycarbonate,
were not specially treated in any way. In conclusion, once again, 3C-SiC
has shown that it does not initiate cytotoxic reactions with cells in vitro and
should be considered for further biological testing.
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3.1 INTRODUCTION

As a result of the evolution in health science, the living condition for human
beings has become longer and of higher quality. The discovery of new med-
icines, the invention of biomedical devices, the widespread use of prosthetic
implants, as well as new cures and treatment methods, are examples of this
progress. Many diseases and traumas that were not curable or correctable
in the past can now be treated through applications of pharmaceuticals or
the application of biomedical devices. In reference to the latter therapeutic
pathway, Williams et al. asserted that biomaterials, or the materials used in
the construction of a biomedical device, which are in close and persistent
contact with the human body, should not cause deleterious harm to the
physiological environment [1]. This is an extremely important point in
that biomedical devices, and by extension the materials from which they
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are composed, must not only be highly compatible with the human body,
but must maintain this compatibility for the lifetime of the treatment. For
highly complex prosthetic devices and biosensors, the device contact time
can be the equivalent of the lifetime of the patient. In realistic terms, this is
normally considered to be 15—20 years as a minimum, but the real goal is to
have this time limit approach 75 years.

Modern biomedical devices ofter a wide range of therapeutic solutions
to improve the life of humans suftering from disease or trauma. Examples
of this broad range of treatments include diabetic management, dental/
bone prosthetic implants, and, more recently, robotic prosthetic replace-
ments, which enable the restoration of physical motility after the loss of
a limb or brain trauma. Although these devices function very differently,
they share one thing in common: they must function reliably inside the hu-
man body, that is, in vivo, for long periods of time. Therefore, implant and
prosthetic device materials must possess certain critical characteristics, such
as mechanical strength, surface hardness, wear resistance, chemical stability,
corrosion resistance, biocompatibility, and hemocompatibility. In chapter:
Cytotoxicity of 3C-SiC Investigated Through Strict Adherence to ISO
10993, the in vitro cytotoxicity of single crystalline cubic silicon carbide,
3C-SiC, in full compliance with ISO 10993, was examined and presented.
This chapter focuses on expanding that evaluation to include hemocompat-
ibility in accordance with ISO 10933-4 [2]. This chapter will also intro-
duce the noncrystalline form of SiC, amorphous silicon carbide, denoted as
a-SiC, which can be deposited at much lower temperatures, and therefore
may be used as a coating in many more applications than those of 3C-SiC.

We begin this chapter using the BAMBI method of cytotoxic com-
parison, which was detailed in chapter: Cytotoxicity of 3C-SiC Investi-
gated Through Strict Adherence to ISO 10993, to evaluate a-SiC. The next
section focuses on the ISO 10993-4 hemocompatibility study of both of
these SiC materials using static and dynamic methodologies. The chapter
concludes with a discussion of the results and the future works necessary to
fully characterize the hemocompatibility of SiC.

3.2 IN VITRO BIOMEDICAL TESTING METHODS
FOR CYTOTOXICITY

Silicon carbide (SiC), unlike pure group IV-IV semiconductors like silicon (Si)
and diamond/graphene, is interesting in that this material can stack with
different crystalline orientations and sequences, which in turn produc-
es many different “Havors” called polytypes. Just like different flavors of
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ice cream, SiC polytypes share many innate similarities, such as chemical
resistance, physical resilience, and modifiable conductivity. They differ in
some very minor, but important, ways in that they differ in bandgap energy,
optical absorption and transmission, fracture resistance, as well as other fun-
damental properties [3,4]. As with everything in nature, there are advantages
and disadvantages to this overall diversity. These properties allow SiC to be
tailored to specific applications but, on the other hand, these polytypes can
mix during growth and create defects in the otherwise pure crystal.

In the last chapter, we expounded on one of the polytypes of SiC, the
single cubic form, 3C-SiC. 3C-SiC has often been the neglected poly-
type of SiC in that it has a lower bandgap than the two major hexagonal
polytypes, 4H-SiC and 6H—-SiC. However, this form of SiC offers some
advantages in that it can be grown heteroepitaxially on Si substrates, which
enables lower cost device processing and electronics options not possible
with the hexagonal polytypes [3,4]|. Unfortunately, the single crystal semi-
conductor quality form of SiC requires a large amount of activation energy
to create the network of strong, covalent bonds [5]. This activation energy
usually requires temperatures well above 800°C [6]. Many materials are not
able to withstand this temperature, making SiC a difficult material to incor-
porate into many types of devices.

Incorporation of SiC with other materials requires different techniques
than what is used in the Si industry, for example. Film deposition can still
be used, but it requires much lower temperatures that are only possible
with the amorphous form of SiC (a-SiC). Like the crystalline forms of
SiC, a-SiC is extremely chemically resilient and physically robust but, un-
like the semiconducting crystalline forms, it is an inherent insulator, which
possesses a high dielectric constant, k [7]. Deposition temperatures have
been reported to be as low as 100°C through the use of plasma-enhanced
chemical vapor deposition (PECVD), enabling this material to be deposited
on higher temperature polymers [8].

At these lower temperatures, a-SiC has been deposited on myriad poly-
mers and metals and has been proposed for use as a chemically resistant coat-
ing for many types of biomedical devices. The American Food and Drug
Administration has seen that a-SiC could possibly have an advantage as a
hemocompatible surface, and has approved Rithron-XR™ cardiac stents,
produced by the German firm Biotronik GmbH, into commercial clini-
cal use [9—-11]. The hemocompatibility of a-SiC was not only also tested
in artificial heart valves [12], but it has also been examined as a biocom-
patible material for use as a wear-resistant coating on titanium for bone
replacements [13], and as a protective dielectric coating on cortical electrode
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polymer insulation, which is discussed in more detail in chapter: Amorphous
Silicon Carbide for Neural Interface Applications [14,15]. However, there
is little quantitative information reported on the biocompatibility of a-SiC,
as most of the focus has been on its hemocompatibility. In this section, we
report the cytotoxicity of nondoped a-SiC films deposited on various semi-
conductor material surfaces with the question “will a-SiC effectively protect
and enhance the capability of materials like silicon and silicon dioxide, which
have been reported as cytotoxic materials?” (see chapter: Cytotoxicity of
3C-SiC Investigated Through Strict Adherence to ISO 10993).

3.2.1 Testing Materials

3.2.1.1 (100) Silicon

Silicon waters (University Wafer, Inc.) with the crystallographic orientation
of (100) and thickness of 500 wm were used as test materials. Since this
type of wafer is used as the substrate for the entire semiconductor and
conductor materials in this work it can be considered as a baseline material.

3.2.1.2 Cubic Silicon Carbide

Thin films of 3C-SiC on (100) silicon were grown via chemical vapor
deposition at the University of South Florida [16]. The process involves using
a horizontal hot-wall, low pressure reactor at the growth rate of ~5 pwm/h
at 1350°C. Quantitative analysis was performed via atomic force microscopy
(AFM) using a Park Systems XE-100 AFM in tapping mode (Si,N, probes)
(see Fig. 3.1). The scan rate was 0.2 Hz for all of the AFM characterization
reported here. Fig. 3.1 shows 10 X 10 and 5 X 5 pm AFM micrographs of

(a)

10x10 um 5x5 um

Figure 3.1 AFM micrographs of (a) 10 X 10 um and (b) 5 X 5 pm scans of 3C-SiC. AFM
measurement was performed in tapping mode with a 0.2 Hz scan rate. The micrographs
are normalized to a Z height interval of (+10,—10) nm. Note the surface displays atomic
steps, which is an indication of high-quality crystal growth.
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Figure 3.2 Linescan ofthe 5 X 5 um AFM micrograph of 3C-SiC on Si sample of Fig. 3.1.
The ry value was 7.2 £ 0.5 nm RMS. From this line scan the terrace width is ~41 nm and
the step height (not shown) about 4.5 nm.

the 3C-SiC samples, again for reference, as the sample morphology changes
across the wafer but the reported RMS roughness value was ~7 nm across
the wafer. A representative r_value for the sample was ~7.2 £ 0.5 nm RMS
taken from Fig. 3.1 (5 X 5 pm scan). AFM data elaboration was performed
using the XEI software (Park Systems). In these measurements the average
value for the terrace width was about 41 nm and the step height was about
457 A.Fig. 3.2 shows this AFM data elaboration.

3.2.1.3 Amorphous Silicon Carbide

Four different variants of a-SiC were prepared by J. Register of the USF
SiC Research Group using the USF-NREC Plasmatherm 700, PECVD
tool; details of the a-SiC film deposition process that he developed and that
were tested in this chapter can be found in [17]. For convenience, a brief
summary of the process developed is included here.

To develop this capability, we began by benchmarking a PECVD 4-SiC
process that could be performed at USF. The characterization runs were done
at the Nanotechnology Research and Education Center cleanroom located
within the University of South Florida’s Tampa campus using a Plasmatherm
700 PECVD system. Fifty-millimeter (2-in.) silicon (100) wafer substrates
were coated with films at 250°C using methane (CH,) and silane (SiH,) gas
precursors, with argon (Ar) as a bulk dilution gas. PECVD a-SiC film unifor-
mity is particularly sensitive to the deposition pressure. The literature indicated
that maximum film uniformity was achieved at a pressure of 900 mT [8]. Our
pressure was held at 900 mT while varying the precursor gas ratio (CH,/SiH,)
from a ratio of 6.6:30. The resulting films were verified as a-SiC, with char-
acterization of stress, chemical resistance, and optical index included in [17].

The early films exhibited large stress gradients, leading to film/substrate
delamination and indicating the process was significantly detuned. The mea-
sured film stress versus film deposition conditions are shown in Fig. 3.3.
Film stress was estimated by measuring wafer curvature changes using a
Dektak 150 optical profilometer, which calculates stress using the modified
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Figure 3.3 Average film stress (MPa) versus CH /SiH, gas ratio by flow volume. A poly-
nomial fit was applied to the data as shown in the text box with an R? value of 0.9 indi-
cating a strong fit [17].

Stoney’s equation [18], prescan curvature measured before the deposition, and
postscan data measured along the same path [17]. Standard 2-in. (100) silicon
waters were RCA cleaned and marked with polyimide tape running across
the length of the substrate. The polyimide tapeline was used for film thickness
verification and as a geometric reference for the profilometer probe measure-
ment location. We varied methane concentration while holding silane (SiH,)
flow rate at 15 sccm, the temperature at 250°C, and the pressure at 900 mT
during the deposition. Argon acted as the dilution gas and had a flow of
500 sccm. After each run, the stress was profiled and the results were compiled
into Fig. 3.3. The test resulted in very low stress for CH,/SiH, ~ 30. The
final optimized process parameters are shown in [17]. It was found that by
adding an Ar sputtering step before the PECVD deposition clean, pinhole-
free, thin films could be realized, as demonstrated through AFM in Fig. 3.4.
The thickness of the film was maintained for both tests of 230 nm.

In order to evaluate both the a-SiC film itself and the impact of the under-
lying material to the biological environment, four film stacks with a-SiC as the
final layer were fabricated for bio- and hemocompatibility testing as shown in
Fig. 3.5. The a-SiC films were deposited using the process in Table 3.1. The
§i0O, layers were PECVD deposited to a thickness of 800 nm. 3C-SiC film
thickness was ~6.2 wm grown using hot-wall CVD on a 100 mm, Si(100)
wafer using our established process and described in Section 3.3.2 [16].

3.2.2 Invitro BAMBI Cytotoxicity Assay for a-SiC

One of the first tests performed on a novel material or biological device
application is the cytotoxicity test, which is performed to see if the device can
safely exist in vivo without causing cellular apoptosis. In chapter: Cytotoxicity
of 3C-SiC Investigated Through Strict Adherence to ISO 10993, we discussed
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Figure 3.4 AFMimage of a 230-nm thick a-SiC film. (a) A5 X 5 wm AFM scan of the sur-
face showing 3D topology. (b) 5X5 pm scan of the sample showing reduced roughness
and a lack of pinhole defects. Sample RMS roughness of 1.2 nm. (Data taken in tapping
mode using a Park XE-100 AFM by M. Nezafati, USF SiC Group [17].)
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Figure 3.5 Films produced to evaluate the bio- and hemocompatibility of a-SiC coat-
ings on various semiconductor materials. a-SiC coating on (a) Si, (b) oxide-coated Si,
(c) 3C-SiC, and (d) oxide-coated 3C-SiC. The a-SiC coating is 300 nm thick, the oxide
coating 800 nm thick, and the 3C-SiC film thickness ~6 pum. Si(100) wafer substrate
thickness ~500 pm.

Table 3.1 Process conditions for low stress PECVD a-SiC films [17]

Parameter Value
Single RF supply 13.57 MHz
Temperature 250°C
Pressure 900 mT
Silane (SiH,) flow rate 12 sccm
Methane (CH,) flow rate 360 sccm
Argon (Ar) flow rate 500 sccm
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Figure 3.6 A bar plot representing a-SiC viability relative to the baseline well of culture
treated polycarbonate (CTPC) measured for the BAMBI cytotoxicity test (chapter: Cyto-
toxicity of 3C-SiC Investigated Through Strict Adherence to ISO 10993). The mean x and
standard deviation (0) are displayed for the four a-SiC stacks. The dashed line represents
the ISO 10993-5 limitation for acceptable cytotoxicity, and the dotted line denotes the
mean value for CTPC. All stacks passed the cytotoxicity test, further establishing a-SiC as
a possible material for biological device encapsulation or insulation.

the cytotoxic evaluation using the ISO 10993-4 methods of extract genera-
tion or through direct cellular contact with the tested device or material [19].
We surmised that both of these techniques often produced statistically differ-
ent results, with the results possibly enabling a material or device to pass the
test when it should be investigated more thoroughly. Section 2.3 introduced
our BAMBI method, which combined these two techniques into one test.
We used this BAMBI method to evaluate the cytotoxicity of the four a-SiC
semiconductor stacks shown in Fig. 3.5.

As displayed in Fig. 3.6, all four stacks pass the BAMBI test with relative
viability levels greater than the quantitative ISO 10993-5 cytotoxicity limit
of 70% [19]. We have demonstrated that both Si and SiO, substrates have
repeatedly failed the ISO 10993-5 cytotoxicity tests at a time period of 24 h
(Figs. 2.3 and 2.5); however the use of a-SiC as a coating allows these materi-
als to pass the BAMBI combined method at a time period of 96 h. This result
is encouraging and displays evidence that a-SiC provides an eftective barrier
for the underlying Si and SiO, layers to the in vitro biological environment.

Although the cellular viability is increased to acceptable levels for all the
tested stacks, there is an evident trend displayed in Fig. 3.6. It is observed that
the overall level of mean viability is slightly influenced by the substrate material
beneath the a-SiC coating. The two semiconductors, 3C-SiC and Si, show a
slightly higher relative viability when compared to the two SiO, substrates. As
all the substrates received the same formulation of a-SiC (Section 3.2.1.3),and
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they were all coated at the same time, it could be caused by an effect of the
oxide on the SiC coating, either its composition or adhesion. Further analysis
is required to understand the mechanism for this observed variation.

One possible explanation for the difference in these films comes from
the exploration of hydrogenated amorphous silicon carbide (a-SiC:H)
by Y. Matsuda et al. in 2012 [20]. Moisture-assisted cracking of stressed
thin films had been noticed due to the rupture of O—Si—O bonds [21].
Y.Matsuda et al. noticed that, although their a-SiC films did not contain oxygen
bonds during deposition, many had a proclivity to form after exposure of the
film to moisture, which was linked to film stoichiometry and carbon density
[20]. The a-SiC that we deposited on SiO, would necessarily contain O—Si
bonds at the interface, and therefore could lead to fractures and cracking in the
film, slowly exposing the SiO, beneath. Although both Si and 3C-SiC have
SiO, as a native oxide, the surfaces would contain OH™ passivation from HF
cleaning performed before processing and therefore decrease the proclivity to
form these O—Si bonds. In future works, we would need to fully characterize
our a-SiC using X-ray diffraction or Fourier transform infrared spectroscopy
(FTIR) to chemically characterize the a-SiC on the various stacks to fully
verify this hypothesis. However, it was noted that even if the a-SiC i1s affected
by the oxide on the substrate, it still provides an adequate protective shield from
the physiological environment for the short term of 96 h and increases the
overall biocompatibility of the a-SiC-coated oxide films studied here.

In chapter: Cytotoxicity of 3C-SiC Investigated Through Strict
Adherence to ISO 10993 and Section 3.2 we have investigated the bio-
compatibility of various semiconductor materials, namely, Si and SiC. Si
and its native oxide have been shown to generate cytotoxicity in the pres-
ence of L929 mouse fibroblastoma. On the other hand, 3C—SiC and 4-SiC
have shown wviabilities similar to culture treated polymers. We will
now explore if these SiC materials are not only biocompatible, but also
hemocompatible. If these materials prove to display both desirable charac-
teristics, the combined evidence will warrant the use of animal models to
evaluate the inflammatory reactions in vivo (chapter: In Vivo Exploration of
Robust Implantable Devices Constructed From Biocompatible 3C-SiC).

3.3 INVITRO ASSAY TO ASSESS HEMOCOMPATIBILITY OF SiC

Modern biomedical devices have the goal of including distributed sen-
sors, which are able to record pertinent patient biological activity, such as
pressure or flow, and ideally transform this information into a closed loop
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pathway that provides accurate therapeutic treatment, which can include
accurate dispensing of medications. In some cases, it is absolutely essential
for designed operation that at least one component of the device be able
to perform in vivo. One example of where traditional medicine is not
able to provide sufficient assistance is when the individual has lost a body
part, such as limbs or organs. In this case, prosthetic devices have provided
some restoration of functionality, with common examples being hip and
knee arthroplasty and dental implants. While these types of replacements
have been successtul, the replacement of lost limbs and organs remains a
challenge.

Several investigations are under way to find a viable solution to restor-
ing organ functionality. Restoring lost cognitive functionality after trauma
or disease, like assisting individuals with Parkinson’s disease or restoring
patient motility after the spine was severed through trauma, has been dem-
onstrated through the use of implantable neural interface devices [22—24].
Diabetic patients can be treated by implantable biological microelectro-
mechanical systems (BlioMEMS) for drug delivery [25] and patients with
arthritis or movement disorders can be cured by joint replacement [26].
Implantable devices that are in contact with the human body must satisty
several requirements for their safe implementation. Paramount to safety are
overall device biocompatibility, hemocompatibility, and the durability and
reliability of the constituent materials within in the physiological environ-
ment of the human body.

ISO 10993 provides guidelines from which to evaluate biomedical
devices and biomaterials. It consists of several parts, which describe sample
preparation and reference (ie, control) materials selection [27], chemical
stability and corrosion [28,29], in vitro biological tests, for example, cytotox-
icity [19], and testing implants with animal models in vivo [30]. In addition,
ISO 10993 outlines how to perform a relevant hemocompatibility evalu-
ation [31,32]. For a device to be selected for clinical trial, strict adherence
to ISO 10993 provides an abundance of pertinent biological information,
hence it is critical to fully understand the standard and how to properly
implement it in the laboratory. Chapter: Cytotoxicity of 3C-SiC Investi-
gated Through Strict Adherence to ISO 10993 discussed how to perform
proper ISO 10993 compliant in vitro cell assays to determine material com-
patibility with the body. In this chapter we discuss new experiments, per-
formed using similar methods to Schettini et al. [33], to expound upon the
hemocompatibility of 3C-SiC, and now include ¢-SiC, which is already
becoming a common biocompatible insulating and hermetic material
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for advanced neural prosthetics (see chapter: Amorphous Silicon Carbide
for Neural Interface Applications).

3.3.1 Hemocompatibility

Hemocompatibility is always a challenge given the harsh electrolytic envi-
ronment of the human vascular system. As was the case for the term “bio-
compatibility,” there is much debate about what hemocompatibility implies.
In the literature, which has been focused on the topic of blood compat-
ibility, researchers try to answer the following questions: How can blood
compatibility be measured? What materials can be called “hemocompatible?”
‘What is the biological basis of the reaction of materials with blood [34]?

Based on these questions, the focus in this section is on both hemo-
compatibility methodology and materials evaluation. The minimum re-
quirements for hemocompatibility measurements are mentioned in section
four of ISO 10993 [2]. ISO 10993-4 provides test methods to evaluate
blood/material interaction [2]. Blood cell adhesion is one measure of the
hemocompatibility of a material when considered in conjunction with dis-
tal embolization. Also platelet count and platelet aggregation are important
for evaluating the hemocompatibility of materials [31,35]. ISO 10993-4 sug-
gested a static state for hemocompatibility tests, which clearly is not close
to the real in vivo condition. Testing the materials in a dynamic state is a
complementary test that can be done on implants that are to be used in
contact with blood, which is particularly true for neural implants due to the
vasculature of the human brain.

In previous studies, the hemocompatibility of silicon-based semi-
conductors and a-SiC was investigated by Roy et al. in 2009, and by
Muthusubramaniam et al. in 2011 [36,37]. The results showed outstand-
ing hemocompatibility for a-SiC, supporting its favorable candidacy as the
coating of cardiovascular implants [38,39]. Nurdin et al. in 2003 studied
the hemocompatibility of SiC in comparison to diamond-like coatings,
normally referred to as DLC [40], and Schettini et al. in 2009 showed
preliminary hemocompatibility of 3C—=SiC based on platelet adhesion and
activation studies under static conditions [41]. In this section, we present
the hemocompatibility of 3C-SiC and a-SiC evaluated in a dynamic state
to support the static state tests.

Based on ISO 10993-4, we describe the design of our experiments to
evaluate the blood compatibility of materials of interest, both in the static and
dynamic state. Indeed, it was with this ISO 10993-4 guidance that Schet-
tini et al. [42] performed static hemocompatibility studies using platelet-rich
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plasma (PRP), where it was surprisingly discovered that 4H-SiC and 6H—
SiC were no more hemocompatible than Si. We have added to this body of
knowledge by adding dynamic experiments with PRP flowing in a fluid
flow cell in order to understand the impact of fluid motion on the attach-
ment of platelets to various surfaces [43]. Since the static experiments have
been described in the literature [42], we will focus here on the addition of
dynamic hemocompatibility experiments to this body of knowledge, starting
with the classical approach using a flow cell called the Chandler’s loop.

3.3.2 ISO 10993-4 Hemocompatibility Evaluation of SiC
3.3.2.1 Chandler’s Loop
A useful test configuration was developed by Chandler in 1958 to measure
the time period for thrombogenic responses |2]. Chandler’s loop system
consisted of a tube that was filled to 70% of its capacity with blood and
connected with a silastic collar, thus closing the loop. The circuit was tilted
at 45 degrees with respect to the horizon. The loop was utilized until either
blood clotted in the tube or a clot formed on the test material’s surface [44].
In recent years, the Chandler loop system has been modified for antico-
agulated blood to measure biomaterial-induced platelet activation [45]. The
most noticeable modification in the Chandler’s loop is the increase of surface-
area-to-blood-volume ratio, which will result in the reduction of background
noise. Even with these modifications, the presence of air bubbles at the blood—
air interface is a major issue when evaluating the hemocompatibility of un-
known materials. This blood—air interface could result in protein aggregation,
which may result in thrombotic platelet activation and affect the outcome of
the experiment. Even the presence of microscopic air nuclei have resulted in
an increase of platelet adhesion, and consequently activation afterwards [46].
Our Chandler’s loop consists of a peristaltic pump, 0.2-in. (5.08-mm)
diameter Tygon® S-50-HL PVC medical surgical tubing (Saint-Gobain,
Paris, France), a sample holder, polymeric gasket, and a vacuum system
as shown in Fig. 3.7. The circuit was placed inside a 1-m® polyethylene
chamber, which included an electrical heater to maintain a temperature of
37 £ 1°C. The 3C-SiC, a-SiC, and control sample size was 50 X 75 mm.
Experiments were performed in Dr K. Muftly’s laboratory in USF Health.

3.3.2.2 Platelet-Rich Plasma Preparation

The University of South Florida has an assurance #A-4100-01 on file,
and porcine blood for the experiments was provided by the University
of South Florida’s Center for Advanced Medical Learning and Simulation
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Figure 3.7 The schematic of the modified Chandler’s circuit design. In (a) Stage 0O, the
circuit is open and the tubes are rinsed with PBS. (b) Stage 1, the circuit is still open
but the blood source is connected. (c) Stage 2, the circuit is closed and the tubes are
completely filled with PRP. (d) A digital photograph of the dynamic hemocompatibility
test setup. The flow cell, represented with a digital photograph in (e), was designed to
accommodate 50 X 75 mm samples. (Experiment performed in Dr K. Muffly’s laboratory
in USF Health.)

(USF-CAMLS) labs. The animals for these experiments were maintained
in accordance with the USF Institutional Animal Care and Use Committee
(IACUC) protocol USF ID:T IS00000216. The blood was collected post-
mortem by the CAMLS lab technician in blood bags including acid citrate
dextrose (ACD) as an anticoagulant (1:9 ACD:blood volume ratio). The
blood bags were stored in a portable refrigerator at 4°C and transported
to the experimental apparatus. Fifty-millimeter ACCUSPIN™ tubes were
filled with 45 mL of whole porcine blood and centrifuged at 4°C for 10 min
at 1000 Gr (standard gravity). As shown in Fig. 3.8a, the blood separated
into three phases after centrifuge: 55% of total blood volume is the plasma,
which will be above the other layers due to its lower density; the bufty coat
is next, which includes leukocytes, and platelets form 1% of whole blood;
the erythrocyte (red blood cell) layer is lowest as it has the highest density.
Due to the presence of a membrane within the ACCUSPIN tube, the plas-
ma, leukocytes, and platelet phases were not mixed with the erythrocytes,
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Figure 3.8 Formulation of PRP for static and dynamic hemocompatibility material ex-
aminations. (a) A schematic representation showing the three phases of the blood after
centrifuging. (b) A digital photograph of a 50-mL ACCUSPIN tube showing the three
phases consisting of the PRP, buffy coat, and erythrocytes. The PRP is the nearly clear
liquid layer on top of the two white and dark gray [red in the web version] layers ap-
proximately located at the 15 mL mark on the tube.

forming the PRP. The PRP was removed and placed in separate, sterile,
50 mL conical tubes, and stored at 4°C. The concentration of platelets in
the PRP was measured using a hemocytometer at ~150,000 platelets L ™".

The initial flow rate of the Chandler’s loop was measured in open loop
configuration (Fig. 3.7b) after loading PRP to a flow rate just below 8 cm®/s,
verified at two separate points located just before and after the sample hold-
er. After verification of the flow rate, 100 mL of fresh PRP was manually
loaded into the loop using a syringe and air bubbles were minimized, before
the two ends of the tube were connected to have a closed loop flow system
(Fig. 3.7¢). The pump circulated the PRP across the surface of the tested
sample for a time of 15 min, after which time the sample was retrieved and
platelets were fixed for florescent microscope analysis.

Platelet activation was evaluated by using fluorescence microscopy as
described by N. Schettini of the USF SiC Group during her static hemo-
compatibility tests of SiC materials [41]. In short, 1 wL/mL rhodamine
phalloidin solution, a stain for F-actin protein, which is found in platelets,
was dissolved in 1X PBS, the surfaces were imaged using fluorescent mi-
croscopy, and the images were analyzed using Image ] analysis software [47].
Further evaluation of the material involved analysis of surface modifications
through scanning electron microscopy (SEM) and AFM after platelet removal
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through aggressive piranha cleaning. N. Schettini demonstrated that 3C-SiC
had superior hemocompatibility to 4H-S1C and 6H-SiC, as well as Si, via
the observation of significantly lower platelet adhesion and activation. Indeed,
the work reported by Schettini was the basis for the dynamic work reported
here, which was to provide a more realistic model of the physiological envi-
ronment and reliable measure of a materials compatibility with flowing blood.

3.3.3 Static Hemocompatibility of SiC

The hemocompatibility of Si(100), 3C-SiC, SiO,, and a-SiC-coated Si was
evaluated under static conditions in the Chandler’s loop with the flow rate
equal to 0 cm?/s. This measurement was made with two goals in sight: first,
we wished to study the platelet adhesion to a material’s surface without the
presence of shear forces; second, we wished to verify our current apparatus
with the results of N. Schettini [42,48].

As shown in Fig. 3.9a, the fluorescence micrograph of a selected 3C-SiC

surface shows low platelet attachment and no apparent activation. The fluo-
rescent micrographs of the a-SiC (Fig. 3.9b) and Si(100) (Fig. 3.9d) shows a

a) 3C-SiC ) a-SiC
c) SiO, d) Si(100)

Figure 3.9 Static hemocompatibility fluorescence micrographs using rhodamine as a
fluorescence tag at 50X of magnification. (a) 3C-SiC, (b) a-SiC on Si, (c) SiO,, and (d)
Si(100). Scale = 100 pm.
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Figure 3.10 Static hemocompatibility histogram displaying the mean platelet activa-
tion of the Si, a-SiC on Si, SiO,, and 3C-SiC with the standard deviation representing the
error bar. Activated platelets per square milimeter used to evaluate the hemocompat-
ibility of the materials.

much larger accumulation of platelets on the surface as well as some platelet
activation marked by a spike-like morphological change to the platelets. This
result shows that 3C—SiC once again displays evidence of better hemocom-
patibility than silicon-based material systems, which are already proposed for
many biomedical systems. SiO, was tested as positive control (Fig. 3.9¢), and
displayed both platelet adhesion and activation.

The rhodamine phalloidin stains the F-actin protein, which is common
to active and resting platelet cytoskeletons [49]. In this work we did not
distinguish between these two platelet states as we could only use qualitative
morphological changes to ascertain platelet state, so we counted all stained
cells on the surfaces of the samples. The statistical analysis was performed
on the quantitative mean platelet values, and the results are displayed in the
bar chart in Fig. 3.10, which includes the standard deviation as the posi-
tive error bar. Analysis of variance (ANOVA) indicated at least two of the
materials display significantly different mean values. The mean values were
found to be in platelets per area: 3C—SiC displayed 26mm 2, whereas a-SiC
had ~87mm~2, Si(100) ~104mm™, and SiO, ~215mm~.

3.3.4 Dynamic Hemocompatibility of SiC

The hemocompatibility of the same set of materials tested using the BAMBI
method was tested in a dynamic state to simulate the real conditions of the
in vivo environment. Tests in a static state showed that 3C-SiC and a-SiC on
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(a) 3C-SiC (b) a-SiC

(c) SiO, (d) Si(100)

Figure 3.11 Dynamic hemocompatibility test fluorescence micrographs using rho-
damine as a fluorescence tag at 50X of 10 magnification. (a) 3C-SiC, (b) a-SiC on Si,
(c) Si0,, and (d) Si(100). Scale = 100 pum.

Si had more resistance to platelet surface adhesion and may increase the perfor-
mance of biomedical devices. The dynamic tests would enable the examination
of the material’s performance if placed directly into an active circulatory system.

Fig. 3.11 displays fluorescence micrographs of selected tested surfaces
after the dynamic hemocompatibility evaluation with the rate ~8 cm’/s
for a duration of 15 min. Clearly, both the 3C—SiC and a-SiC samples displayed
a very low attached platelet count. The platelets on Si show an increase when
compared to the SiC samples, and SiO, is notably covered in attached platelets.

The quantitative mean platelet per area counts are displayed in Fig. 3.12.
The standard deviation is displayed as the error bars. Two important points
can be understood from the statistical analysis of a dynamic test. The overall
platelet activation was slightly higher on a-SiC, 52mm 2, when compared to
3C-SiC, which has 15mm™2. Si(100), at 92mm 2, displays a higher platelet
activation than both the SiC materials, while SiO, has just above 2.5X the
attached platelets compared to Si.

One observation that we made is that the overall platelet activation
decreased when compared with the static test. We hypothesize that with the
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Figure 3.12 Dynamic hemocompatibility histogram of platelet activation of the Si, a-
SiCon Si, Si0,, and 3C-SiC using standard deviation as the error bar. Activated platelets
per square milimeter used to evaluate the hemocompatibility of the materials.

applied shear force from the flow, even within the supposed laminar flow
conditions set within the test condition of 8 cm?/s flow rate, some of the
platelets could be removed from the surface. The activation of the platelets
decreased by a factor of 40% for both the SiC materials, and 20% for Si
under laminar flow. This remains a hypothesis as the platelet attachment to
the SiO, surface actually increased by 25%, indicating that there are second-
ary mechanisms at hand beyond physical sheer force application. The latter
increase may be due to the properties of the surface of the materials and its
proclivity to protein and subsequent cell attachment. However, it is noted
that all of the materials show the same trend in both the dynamic and static
tests, so material properties may not be the issue. In the future, immunohisto-
chemistry, focused on the platelet activation protein pathway, should be per-
formed in both tests to assist in determination of the thrombogenic quality
of the materials [49]. A study of the proteins attached to the surface should
also be performed using attenuated total reflectance Fourier transform infra-
red spectroscopy, ATR-FTIR, accompanied by liquid chromatography/mass
spectrometry to analyze the proteins attached to the surface of the materials.

3.4 SUMMARY

In this chapter the biocompatibility and hemocompatibility of 3C-SiC and
a-SiC were evaluated and both materials found to possess excellent charac-
teristics in both regimes. Biocompatibility was evaluated using the BAMBI
method outlined in chapter: Cytotoxicity of 3C-SiC Investigated Through
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Strict Adherence to ISO 10993 and the results showed a slight decrease
in performance compared to 3C-SiC, but still well within the acceptable
threshold for material biocompatibility as stipulated by ISO 10993. Material
hemocompatibility under the static and dynamic (ie, under laminar flow)
using PRP was studied. A modified Chandler’s loop was used as the blood
circuit. Platelet surface attachment as a measure of hemocompatibility was
studied using fluorescence microscopy. The data obtained from the static
test verified the previous work reported using the same method by Schet-
tini in 2009 [48]. It was seen then, and also observed again through our cur-
rent testing methodology, that 3C—SiC demonstrated an appreciably lower
platelet attachment and activation in comparison to conventional semicon-
ductor implant materials such as Si(100) and SiO,. Although a-SiC, a SiC
material currently being evaluated clinically as a coating for biomedical
devices, displayed better resistance to platelet adhesion than Si(100), it did
not perform as well as 3C-SiC.

The results from the dynamic material evaluation under laminar PRP
flow displayed the same trend as seen from the samples in static state, but
most of the materials showed a 20-40% reduction in overall platelet attach-
ment. SiO, was the only exception to this observation and actually displayed
a 25% increase. While this preliminary dynamic flow data is encouraging
we need to study the performance of the materials to various flow rates
and timeframes, as well as incorporate immunohistochemistry and analytical
chemistry, to fully understand the hemocompatibility of a particular material.

ACKNOWLEDGMENTS

This work was sponsored by the Defense Advanced Research Projects Agency (DARPA)
MTO under the auspices of Dr Jack Judy through the Space and Naval Warfare Systems
Center, Pacific Grant/Contract no. N66001-12-1-4026 — Biocompatibility of Advanced
Materials for Brain Machine Interfaces (BAMBI). Dr K. Muftly of the USF Morsani College
of Medicine is gratefully acknowledged for his technical assistance and the use of his Chan-
dler’s loop apparatus and laboratory for the hemocompatibility experiments. The authors
also thank the USF CAMLS administration and staff for providing blood supplies, especially
Jade Buchanan and Dr Luis Llerena.

REFERENCES

[1] Donaruma LG,Williams DE Definitions in biomaterials. ] Polym Sci Part C 1988;26:414.

[2] ISO,10993-4.Biological evaluation of medical devices. Part 4:selection of tests for interactions
with blood, ed. Geneva, Switzerland: International Organization for Standardization; 2002.

[3] Choyke W], Matsunami H, Pensl G. Silicon carbide: recent major advances. Berlin; New
York: Springer; 2004.


http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0010
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0010

82 Silicon Carbide Biotechnology

[4] Saddow SE, Agarwal A. Advances in silicon carbide processing and applications. Boston:
Artech House; 2004.

[5] Kordina O, Saddow SE. Silicon carbide overview. In: Saddow SE, Agarwal A, editors.
Advances in silicon carbide processing and applications. 1st ed. Boston, MA, USA:
Artech House, Inc.; 2004. p. 2-3, 7-8, 18.

[6] Severino A, Frewin C, Bongiorno C,Anzalone R, Saddow SE, LaVia E Structural defects
in (100) 3C-SiC heteroepitaxy: influence of the buffer layer morphology on generation
and propagation of stacking faults and microtwins. Diamond Rel Mater 2009;18:1440-9.

[7] Matsuda Y, King SW, Bielefeld J, Xub ], Dauskardt RH. Fracture properties of
hydrogenated amorphous silicon carbide thin films. Acta Mater 2012;60:682-91.

[8] Hiescu C, Poenar DP. PECVD amorphous silicon carbide (a-SiC) layers for MEMS
applications. In: Hijikata Y, editor. Physics and technology of silicon carbide devices.
Rijeka, Croatia: InTech; 2013. p. 131-48.

[9] Hehrlein C. Stent passivation with silicon carbide as a possible alternative to drug-eluting
stents —a comprehensive review of pre-clinical and clinical results. Intervent Cardiol Rev
2009;4:60-3.

[10] Kalnins U, Erglis A, Dinne I, Kumsars I, Jegere S. Clinical outcomes of silicon carbide
coated stents in patients with coronary artery disease. Med Sci Monit 2002;8:PI116-20.

[11] USFDA., Rithron-XR Coronary Stent System —P030037; 2005. Available from: http://
www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/DeviceApprovalsand
Clearances/Recently-ApprovedDevices/ucm078628.htm.

[12] Bolz A, Schaldach M. Artificial heart valves: improved blood compatibility by PECVD
a-SiC:H coating. Artif Organs 1990;14:260-9.

[13]Naji A, Harmand ME Cytocompatibility of two coating materials, amorphous alumina and
silicon carbide, using human differentiated cell cultures. Biomaterials 1991;12:690—4.

[14] Cogan SE Edell DJ, Guzelian AA, Ping LiuY, Edell R. Plasma-enhanced chemical vapor
deposited silicon carbide as an implantable dielectric coating. ] Biomed Mater Res Part
A 2003;67:856—67.

[15] Hsu J-M, Tathireddy P, Rieth L, Normann AR, Solzbacher E Characterization of
a-SiC(x):H thin films as an encapsulation material for integrated silicon based neural
interface devices. Thin Solid Films 2007;516:34—41.

[16] Reyes M, Frewin C, Ward PJ, Saddow SE. 3C-SiC on Si hetero-epitaxial growth for
electronic and biomedical applications. ECS Trans 2013;58:119-26.

[17] Register,]. SiC for advanced biological applications. Doctorate of Philosophy, Electrical
Engineering, University of South Florida; 2014.

[18] Temple-Boyer P. Residual stress in low pressure chemical vapor deposition SiN_ films
deposited from silane and ammonia. J Vac Sci Technol A 1998;16:2003.

[19] ISO, 10993-5. Biological evaluation of medical devices. Part 5: tests for in vitro cytotox-
icity, ed. Geneva, Switzerland: International Organization for Standardization; 2009.

[20] MatsudaY, King SW, Bielefeld J, Xu J, Dauskardt RH. Fracture properties of hydroge-
nated amorphous silicon carbide thin films. Acta Mater 2012;60:682-91.

[21] Wiederhorn SM. Influence of water vapor on crack propagation in soda-lime glass.
JAm Ceram Soc 1967;50:407-14.

[22] Follett KA, Weaver FM, Stern M, Hur K, Harris CL, Luo P, et al. Pallidal versus subtha-
lamic deep-brain stimulation for Parkinson’ disease. N Engl ] Med 2010;362:2077-91.

[23] Kravitz AV, Freeze BS, Parker PR, Kay K, Thwin MT, Deisseroth K, et al. Regulation of
parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry. Nature
2010;466:622—-6.

[24] Moritz CT, Perlmutter SI, Fetz EE. Direct control of paralysed muscles by cortical
neurons. Nature 2008;456:639—42.

[25] Medtronic MiniMed. MiniMed Paradigm® REAL-Time Revel™ System; 2015.
Available from: https://professional. medtronicdiabetes.com/paradigm-revel-real-time.


http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0015
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0015
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0020
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0020
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0020
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0025
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0025
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0025
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0030
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0030
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0035
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0035
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0035
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0040
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0040
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0040
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0045
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0045
http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/DeviceApprovalsandClearances/Recently-ApprovedDevices/ucm078628.htm
http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/DeviceApprovalsandClearances/Recently-ApprovedDevices/ucm078628.htm
http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/DeviceApprovalsandClearances/Recently-ApprovedDevices/ucm078628.htm
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0050
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0050
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0055
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0055
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0060
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0060
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0060
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0065
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0065
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0065
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0070
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0070
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0075
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0075
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0080
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0080
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0085
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0085
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0090
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0090
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0095
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0095
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0095
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0100
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0100
https://professional.medtronicdiabetes.com/paradigm-revel-real-time

Study of the Hemocompeatibility of 3C-SiC and a-SiC Films Using ISO 10993-4 83

[26] Long M, Rack HJ. Titanium alloys in total joint replacement — a materials science
perspective. Biomaterials 1998;19:1621-39.

[27] ISO, 10993-12:2004. Biological evaluation of medical devices. Part 12: sample prepara-
tion and reference materials, ed. Geneva, Switzerland: International Organization for
Standardization; 2004.

[28] ISO, 10993-14:2001. Biological evaluation of medical devices. Part 14: identification
and quantification of degradation products from ceramics, ed. Geneva, Switzerland:
International Organization for Standardization: ISO copyright oftice; 2001.

[29] ISO,10993-15:2000. Biological evaluation of medical devices. Part 15:identification and
quantification of degradation products from metals and alloys, ed. Geneva, Switzerland:
International Organization for Standardization; 2000.

[30] ISO, 10993-6. Biological evaluation of medical devices. Part 6: tests for local effects after
implantation, ed. Geneva, Switzerland: International Organization for Standardization;
2009.

[31] Seyfert UT, Biehl V, Schenk ]J. In vitro hemocompatibility testing of biomaterials
according to the ISO 10993-4. Biomolec Eng 2002;19:91-6.

[32] ISO, 10993-5:2009. Biological evaluation of medical devices. Part 5: tests for in vitro cy-
totoxicity, ed. Geneva, Switzerland: International Organization for Standardization; 2009.

[33] Saddow SE, editor. Silicon carbide biotechnology: a biocompatible semiconductor for
advanced biomedical devices and applications. Amsterdam: Elsevier; 2011.

[34] Ratner BD. Blood compatibility — a perspective. ] Biomater Sci — Polym Ed 2000;11:
1107-19.

[35] ISO, 10993-4:2002. Biological evaluation of medical devices. Part 4: selection of tests
for interactions with blood, ed. Geneva, Switzerland: International Organization for
Standardization; 2002.

[36] Muthusubramaniam L, Lowe R, Fissell W, Li L, Marchant R, Desai T, et al. Hemocom-
patibility of silicon-based substrates for biomedical implant applications. Ann Biomed
Eng 2011;39:1296-305.

[37] Roy RK, Choi HW,Yi JW, Moon MW, Lee KR, Han DK, et al. Hemocompatibility
of surface-modified, silicon-incorporated, diamond-like carbon films. Acta Biomater
2009;5:249-56.

[38] Armin B, Amon M, Ozbek C, Heublein B, Schaldach M. Coating of cardiovascular
stents with a semiconductor to improve their hemocompatibility. Tex Heart Inst J
1996;23(2):162.

[39] Weisenberg BA, Mooradian DL. Hemocompatibility of materials used in microelec-
tromechanical systems: platelet adhesion and morphology in vitro. ] Biomed Mater Res
2002;60:8.

[40] Nurdin N, Francois P, Mugnier JKY, Moret M, Aronsson B-O, Descouts P. Haemocom-
patibility evaluation of DLC and SiC coated surfaces. Euro Cell Mater 2003;5:17-28.

[41] Schettini N. Hemocompatibility assessment of 3C-SiC for cardiovascular applications.
PhD, Electrical Engineering, University of South Florida. Tampa, FL; 2009.

[42] Schettini N, Jaeroszeski MJ, West L, Saddow SE. Hemocompatibility assessment of
3C-SiC for cardiovascular applications. In: Saddow SE, editor. Silicon carbide
biotechnology: a biocompatible semiconductor for advanced biomedical devices and
applications. Amsterdam: Elsevier; 2011. p. 153-208.

[43] Nezafati M. Biomaterial testing methodology for long-term in vivo applications: silicon
carbide corrosion resistance, biocompatibility and hemocompatibility. PhD, Electrical
Engineering, University of South Florida. Tampa, FL; 2014.

[44] Chandler AB. In vitro thrombotic coagulation of the blood; a method for producing a
thrombus. Lab Invest 1958;7:110—4.

[45] Black J. Biological performance of materials: fundamentals of biocompatibility. 4th ed
Boca Raton, FL: CRC Press-Taylor & Francis Group; 2006.


http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0105
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0105
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0110
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0110
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0115
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0115
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0120
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0120
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0125
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0125
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0125
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0130
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0130
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0130
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref9070
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref9070
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref9070
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0135
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0135
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0135
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0140
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0140
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0145
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0145
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0145
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0145
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0150
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0150
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0155
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0155

84 Silicon Carbide Biotechnology

[46] Haycox CL, Ratner BD. In-vitro platelet interaction in whole human blood exposed
to biomaterial surface — insights on blood compatibility. ] Biomed Mater Res 1993;
27:1181-93.

[47] Schneider CA, Rasband WS, Eliceiri KW. NIH Image to Image]: 25 years of image
analysis. Nat Meth 2012;9:671-5.

[48] Schettini N. Hemocompatibility assessment of 3C-SiC for cardiovascular applications.
PhD, Electrical Engineering, University of South Florida. Tampa, FL; 2009.

[49] Barkalow KL, Italiano JE, Chou DE, Matsuoka Y, Bennett V, Hartwig JH. a-Adducin
dissociates from F-actin and spectrin during platelet activation. J Cell Biol 2003;161:
557-70.


http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0160
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0160
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0160
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0165
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0165
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0170
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0170
http://refhub.elsevier.com/B978-0-12-802993-0.00003-4/ref0170

CHAPTER 4

Graphene Functionalization
for Biosensor Applications

Owen J. Guy and Kelly-Ann D. Walker

Centre for NanoHealth, College of Engineering, Swansea University, Swansea, United Kingdom

Contents
4.1 Introduction 86
4.2 Production of Graphene 86
4.2.1 Mechanical Exfoliation of Graphite 87
4.2.2 Chemical Exfoliation 87
4.2.3 Supporting Substrates 88
4.2.4 Chemical Vapor Deposition 88
4.2.5 Metal Substrates 89
4.2.6 CVD Growth on SiC 90
4.2.7 Epitaxial Growth on Silicon Carbide 91
4.3 Graphene Characterization Methods 94
4.3.1 Raman Spectroscopy 94
4.3.2 XPS 98
4.3.3 Electrical Characterization 100
4.3.4 Electrochemical Characterization (Electrochemistry Techniques) 100
4.3.5 Scanning Probe Techniques 107
4.3.6 Contact Angle 108
4.3.7 Fourier Transform Infrared Spectroscopy, Ellipsometry 108
4.4 Functionalization Chemistries 109
4.4.1 Noncovalent Attachment 110
4.4.2 Chemical Methods 111
4.4.3 Electrochemically Activated Methods 118
4.4.4 Polymer Coating of Graphene 119
4.5 Biofunctionalization 120
4.5.1 Selective Antibody Orientation 122
4.5.2 Blocking Nonspecific Binding 124
4.6 Effect onTransport Properties 125
4.7 Applications 127
References 131
Silicon Carbide Biotechnology Copyright © 2016 Elsevier Inc.

All rights reserved. 85



86 Silicon Carbide Biotechnology

4.1 INTRODUCTION

Silicon carbide (SiC), an advanced semiconductor material, is a suit-
able substrate for graphene growth via a process referred to as sublima-
tion growth [1—4]. During annealing at temperatures between 1200 and
1700°C the SiC surface reconstructs itself, with silicon atoms subliming
and leaving behind a layer, or multiple layers, of epitaxial graphene [2].
A key advantage of graphene prepared in this manner over conventional
graphene production (exfoliation from highly ordered pyrolytic graphite
[HOPG] substrates) is the capacity to grow graphene on flat, large area
SiC substrates. These large areas of graphene, up to 100 mm in diameter,
can subsequently be processed into devices, using standard semiconductor
fabrication techniques. Several papers have reported the development of
graphene-based electronic devices, with device performance varying sig-
nificantly with the growth techniques for graphene [5,6]. Device perfor-
mance depends on the growth conditions, and consequently on parameters
such as number of graphene layers, defect densities, and grain sizes. These
factors can vary widely for epitaxial graphene grown on SiC. However,
high-quality epitaxial graphene has been achieved and its exceptional elec-
tronic and thermal properties make epitaxial graphene particularly suitable
for a range of new applications, from electronics to functional nanode-
vices such as biosensors [7—10]), gas sensors |11], and high-performance
transistors [6,12].

Graphene devices and sensors promise to be a disruptive technology in
next generation electronics and healthcare diagnostic applications. This is
due to graphene’s exceptional electronic properties and extreme surface-
to-volume ratio, which offer greatly enhanced sensitivity. Graphene devices
also provide the potential for portable rapid diagnostic point-of-care sensors
compared to conventional labor-intensive, time-consuming, enzyme-linked
immunosorbant assays (ELISAs) that are currently used for clinical bio-
marker analysis. The processes from graphene growth to chemical modifica-
tion of graphene—in order to develop graphene biosensors—are reviewed
in this chapter.

4.2 PRODUCTION OF GRAPHENE

There are numerous methods available for producing graphene, ranging
from exfoliation of graphite [13] to chemical vapor deposition (CVD) on
transition metal substrates [14]. Each method has its advantages and disad-
vantages. For example, exfoliation can produce very high-quality graphene,
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but only for very small sample areas. In contrast, CVD graphene can be
grown on large area copper foils, but the quality of CVD graphene is not
as high. In addition, CVD graphene usually requires a layer transfer process
onto an insulating substrate (often SiO, on silicon), in order to be able to
use it as an electronic material. The layer transfer process can introduce
damage and defects to the graphene layer. This section reviews the various
graphene production methods, with particular focus on epitaxial graphene,
grown on silicon carbide—since the subject of this book is predominantly
focused on SiC.

4.2.1 Mechanical Exfoliation of Graphite

Exfoliation of HOPG, repeatedly cleaved using adhesive tape, was the fab-
rication method used by Geim and Novoselov et al. in their 2004 seminal
paper on graphene [13].The cleaved graphene layer was eventually depos-
ited onto a silicon dioxide substrate. Single or multiple graphene layers can
be identified from their optical contrast with the silicon dioxide substrate
visible using an optical microscope [15].

4.2.2 Chemical Exfoliation

Graphene can also be produced via chemical exfoliation or the cleaving
of graphite. There are numerous alternative methods, but most rely on the
introduction of surface tension using strong acids and oxidizing agents
[16], intercalation between graphene layers [17,18], or ultrasonic agitation
[19,20]. Using an appropriate solvent, such as N-methylpyrrolidone, sonica-
tion of graphite causes the graphite to split into platelets. These processes are
solution based and often produce a mixture of graphene, few-layer graphene,
multilayer graphene, and graphene nanoparticles. Chemical exfoliation can
also result in the formation of graphene oxide (GO), rather than graphene,
which can subsequently be reduced to yield graphene or reduced graphene
oxide (rGO), to use the correct nomenclature [21]. Graphene from rGO
contains oxygen impurities and defects, which may be removed by thermal
annealing. However, some properties of these chemically derived materials
may be inferior to mechanically exfoliated or epitaxial graphene.

Despite its generally inferior properties, manufactured suspensions of
graphene particles have already been used in products such as conduc-
tive inks [22,23]). Graphene prepared in solutions may be processed into
inks that may be printed using scalable techniques [22,23]). Conductive
graphene inks may be used for applications such as printed electronics
[24], photovoltaics [25], and displays [26], where cost is a driving factor.
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Chemically exfoliated graphene is also being developed as a material for use
in polymer composites [27].

4.2.3 Supporting Substrates

Though SiO, substrates are often used as supporting substrates for exfoliat-
ed graphene, the SiO, can strongly influence the properties of the graphene
layer by introducing charged surface states, impurities, and surface rough-
ness, which modulate the electronic transport properties of the graphene.
The observed mobilities of graphene on SiO, are lower than theoretical
predictions, prompting research into alternative insulating substrates such as
hexagonal boron nitride (h-BN). h-BN is a structural analog of graphene,
with B and N atoms in its sublattices in place of C atoms [28]. The lattice
mismatch between graphene and h-BN is small (1.7 %), which reduces rip-
pling in the graphene overlayer [29].As h-BN has a wide bandgap (5.97 V),
it can be used as a 2D insulating substrate for graphene devices, and exhibits
superior dielectric properties to that of SiO, (€ =34,V .~ =(.7V/nm).
The structure of 1-BN is atomically flat, and it is free of dangling bonds and
surface charge traps. This means that the interference with the conduction
electrons of graphene on h-BN is substantially lower than that of S0, lead-
ing to much higher electron mobility measured for graphene deposited on
h-BN2 [30]. Thin films of /-BN can be produced by mechanical exfolia-

tion, in a similar manner to graphene [31].

4.2.4 Chemical Vapor Deposition

CVD growth is a highly promising method for mass production of large
area graphene. It has been known for some time that hydrocarbons will
form a carbon deposit on transition metal substrates. Most CVD meth-
ods utilize transition metal substrates with hydrocarbon gases as the carbon
source. CVD thus has a wide variety of process parameters that can be used
to tailor the graphene film produced [14].

Thermal decomposition of hydrocarbon gases occurs on the surface of
the transition metal films. Catalytic decomposition of the hydrocarbon gas
produces carbon, which is soluble in the transition metal—held near its
melting point during the growth process. The exact deposition mechanism
is determined by the carbon solubility in the metal and the growth condi-
tions, such as cooling rate, carbon exposure time, carbon concentration,
flow rate, and carbon feedstock. The catalytic properties of the metal are
important for graphene formation and the choice of substrate can influence
uniformity, grain sizes, and number of graphene layers grown.
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4.2.5 Metal Substrates

Copper, nickel, ruthenium [32], iridium [33], palladium, platinum, cobalt,
and rhenium can all be used as the substrate for CVD graphene [34]. Gen-
erally, the quality of the produced graphene is strongly dependent on the
crystallinity of the substrate. However, the use of single crystal substrates
means single crystal graphene production is currently an expensive process.

4.2.5.1 Growth on Copper

Graphene growth on copper has been reviewed extensively [14,35]. Most
reports describe the use of methane gas decomposing on a polycrystal-
line Cu surface held at around 1000°C. The catalytic activity of copper
is enhanced by removing its native oxide using acetic acid or annealing
in hydrogen prior to growth. As the growth mechanism is surface related
(surface diffusion, rather than bulk diffusion of carbon), growth on copper
is self-limiting. Monolayer growth is easily produced, but thicker layers are
difficult to achieve.

4.2.5.2 Roll-to-Roll Production

Large area graphene films have been grown on 30-in. copper foils using a
roll-to-roll production method [26]. For most applications, it is not desir-
able to leave the CVD-grown graphene on a metal substrate. The presence
of a metal substrate strongly affects the electronic properties of graphene
and subsequently, graphene device performance. The graphene films must
therefore be transferred onto a polymer support substrate and subsequently
passed through a copper etchant, to generate a graphene film supported
by the polymer layer. Polymers such as poly(methyl methacrylate) [36] or
polydimethylsiloxane are commonly used [37,38]). The graphene/polymer
film can then be placed on an insulating substrate, such as SiO, on silicon,
before removing the polymer film by heating or dissolving in an appropri-
ate solvent. The layer thicknesses of the film can vary between one and four
layers and the process is inherently scalable and suitable for mass production.

4.2.5.3 Growth on Nickel

Growth on copper predominantly yields monolayer graphene. To achieve
thicker graphene layers, growth can be conducted on nickel substrates.
Atomically smooth micron-size regions have been demonstrated using
CVD growth on polycrystalline nickel substrates with a hydrogen—methane
gas mixture [39] at 950°C. A 5 X 5-mm? area of multilayer graphene was
transferred in this way. Continuous, large area single to few-layer graphene
films have been reported [36].
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Thicker graphene layers can be obtained using nickel substrates due to
the higher solubility of carbon in nickel (0.6 wt% at 1326°C) compared to
copper [35]. At temperatures above 800°C, carbon and nickel form a solid
solution. The solubility of carbon decreases below 800°C. Rapid cooling of
the solid solution leads to out-diftusion of carbon from the nickel substrate.
Variation in the number of graphene layers grown on nickel is caused by
increased diffusion at grain boundaries; this variation can be reduced by us-
ing nickel of higher crystallinity.

The nature of the electronic interaction between graphene and substrate
varies with the metal, the interaction between the p electrons in graphene
and the d orbitals in the metal is stronger for nickel than in copper [40].
Therefore, once the graphene film has been grown, it must undergo a simi-
lar layer transfer process to that used for graphene grown on copper, that is,
transfer of the graphene/nickel film onto a polymer substrate, subsequent
etching of the nickel, using HCI or FeCl,, and transfer onto an insulating
substrate [41].

The supporting polymer is then dissolved, leaving the graphene on the
desired substrate. Using a new metal substrate for each batch of graphene
is costly. The ability to recycle the substrate is therefore an attractive pros-
pect for mass production. Electrochemical techniques for separating the
graphene while leaving the substrate intact have been reported [42—44]).

4.2.6 CVD Growth on SiC

As mentioned in the previous section, CVD graphene growth on metals
suffers from the disadvantage that electronic applications require graphene
to be transferred to an insulating substrate. Thus, graphene growth on SiC
is a particularly attractive alternative as graphene can be grown directly on
large area semiinsulating SiC substrates of up to 100 mm diameter without
the need for layer transfer processes.

‘While graphene growth can be achieved by thermal desorption of sili-
con from SiC (sublimation epitaxial graphene), CVD growth on SiC is
another option for growing graphene on semiinsulating SiC substrates. Di-
rect growth of few-layer graphene has been reported on both 6H-SiC and
3C-SiC using propane as the carbon precursor gas [45]. CVD graphene
growth could offset any surface quality issues related to the high tempera-
tures (1200-2000°C), for example, step-bunching or similar topographical
changes that can occur during high-temperature processes. Strupinski et al.
[46] also used propane gas as the precursor for CVD graphene growth on
off~axis 4H-SiC substrates. This method was performed at 1600°C under
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argon flow, to prevent excessive silicon sublimation. The propane gas dif-
fuses through the argon gas layer and deposits an epitaxial graphene layer on
the SiC substrate. A uniform layer thickness of 2 and 9 ML was observed on
the Si face of SiC(0001), indicating a CVD mechanism rather than any sili-
con sublimation (as it is known that, in sublimation growth on SiC[0001],
the upper limit of the graphene thickness is about 3 ML due to the blocking
of Si diffusion by the graphene layer growth). The CVD-assisted epitaxial
graphene layers were of good quality, with a mobility of approximately
1800 cm?/V s at room temperature.

CVD-assisted graphene growth has also been demonstrated on 3C-SiC
[45]. Since 3C-SiC can be grown on silicon, this represents a potentially
cheaper alternative to all-SiC substrates. 3C-SiC—CVD graphene exhibits
preferable stacking and interface properties and the reconstruction is dif-
ferent to that of “furnace grown” 6H-SiC epitaxial graphene. The melting
point of silicon (1410°C) prohibits the use of 3C-SiC/Si substrates for
high-temperature epitaxial growth, but lower-temperature CVD growth on
3C-SiC/Si is an interesting alternative option.

The quest for cheaper semiinsulating substrates for “transfer-free” gra-
phene growth is ongoing. One promising recent development is the growth
of graphene on germanium. Graphene domains have been demonstrated on
hydrogen-terminated germanium (110) films [47,48]. The germanium film
is obtained by heteroepitaxial growth on a Si(110) wafer using germane as a
precursor [49]. After growth, the germanium can be crystallized by thermal
annealing at 600°C. Germanium has an extremely low carbon solubility
at its melting temperature; consequently, monolayer graphene growth is
controllable [50].

4.2.7 Epitaxial Growth on Silicon Carbide

The production of graphite on silicon carbide has been known since 1893
[51]. Recently, this process has generated interest due to the demonstration
of single-layer epitaxial graphene, grown on SiC, using a high-temperature
sublimation growth process. Single-layer and few-layer graphene have been
demonstrated on SiC by various groups [45,52,53]. Growth is achieved by
heating SiC to high temperatures (1300-1800°C) in a ultrahigh vacuum or
under an inert atmosphere, typically in a radiofrequency induction furnace.
The sublimation temperature of silicon is lower than that of carbon. There-
fore at around 1500°C, silicon sublimes from the SiC surtace, leaving a thin
layer of carbon [54].The number of graphene layers, stacking of layers, and
coupling to the substrate varies with crystal face orientation and growth
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conditions, as reviewed in de Heer [55]. Of the many polytypes of SiC, the
hexagonal forms 4H- and 6H- are the most commonly used in epitaxial
graphene growth, though, as mentioned earlier, CVD graphene growth has
been performed on cubic 3C-SiC. One prohibitive aspect of epitaxial gra-
phene may be the current cost of SiC wafers. However, demand from power
electronics research and the LED industry is gradually making SiC wafer
costs more competitive. Current suppliers of 4H— or 6H-SiC mass produce
4-in. wafers, and some suppliers offer 6-in. wafers for R&D applications.

4.2.7.1 Si- and C-Face Growth

Hexagonal polytypes of SiC have two possible surface terminations (Si- or
C-face).The termination significantly influences the graphene growth pro-
cess. Here, we refer to “silicon face growth” in regard to epitaxial graphene
grown on SiC(0001), and “carbon face growth” in relation to growth on
SiC(000-1), respectively. Growth on the Si-face starts with a reconstruction
of the SiC surface, progressing with increasing temperature from a Si-rich
(3 X 3) structure to a (\/3 X \/3) R30 surface, ending with a (6\/3 X 6\/3)
R30 surface, indicating the formation of graphene.

The first carbon layer formed on the Si-face during annealing is not a
true graphene layer, and is often referred to instead as a buffer or interface
layer. The atomic bonding of this layer is different to that of graphene, as
one-third of the C atoms are covalently bonded to the top SiC layer. The
interface therefore contains dangling Si bonds, which disrupt the linear
structure of the 7 bands in the electronic structure of the graphene over-
layer, opening a bandgap of 0.26 ¢V.This disruption is caused by breaking of
the symmetry in the A and B sublattices of the graphene structure [56].This
interface effect means that Si-face epitaxial graphene has a lower electron
mobility than C-face epitaxial graphene. The eftect of the substrate can be
ameliorated by hydrogen intercalation [57] or oxidation [58]; both methods
producing “quasi-free standing’ epitaxial graphene (Fig. 4.1).

C-face grown epitaxial graphene does not have an interface layer be-
tween graphene and the substrate, and therefore electron mobilities mea-
sured are typically higher in C-face graphene than for Si-face epitaxial
graphene.The layer thickness and growth uniformity of Si- and C-face epi-
taxial graphene are also different. Si-face epitaxial graphene grown in vac-
uum has small, narrow domains of 30—100 nm in diameter, whereas C-face
epitaxial graphene typically has larger, thicker-layer domains (~200 nm in
diameter) that are rotationally disordered. Growth on the silicon face is self-
limiting, and slows after a few minutes at high temperatures. Carbon face
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Figure 4.1 Structure of graphene on SiC (0001) (Si-face). The first carbon layer formed
during high-temperature annealing of the Si-face is an interface layer with one-third of
the C atoms bonded to the SiC substrate. The interface layer between graphene and SiC
influences its electronic properties. (a) Shows a “monolayer” grown on the Si-face;
(b) shows a bilayer model.

growth is not limited in this way, allowing for growth of thick (5-100) lay-
ers. Monolayer growth on C-face epitaxial graphene is difficult to achieve
using standard growth parameters, as structural defects on the SiC surface
act as efficient nucleation sites.

Some control over the growth rate on C-face epitaxial graphene can
be attained by use of a graphite cap [59], which increases the carbon and
silicon partial pressures close to the surface and lowers the silicon sublima-
tion rate. Preparation of the SiC substrate by H etching is important for
growth on both faces, but the effect seems to be more pronounced on the
C-face due to the absence of an interface layer [60]. High-quality graphene
is formed on the C-face when the surface of the SiC substrate consists of
well-ordered arrays of parallel, straight step edges—which can be achieved
by H etching. Screw dislocations and other defects in the substrate can cause
the growth of nanocrystalline graphite on the C-face.

Larger domain sizes are attained on Si-face epitaxial graphene by an-
nealing in an inert atmosphere [53]. Annealing in an inert gas such as Ar
lowers the sublimation rate of silicon from the SiC substrate. This allows
high-growth temperatures to be used (>1500°C), which increases the de-
tachment, diffusion, and reattachment of surface carbon atoms. The for-
mation of flat terraces is favored at these higher temperatures, producing
larger single crystalline regions and therefore higher electron mobility. Inert
atmospheric growth is not favorable for C-face epitaxial graphene, as this
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causes the growth of 3D islands, which grow up to five graphene layers
thick before coalescence.

4.2.7.2 Related Growth Techniques on SiC

Graphene has also been produced on SiC using alternative techniques such
as molecular beam epitaxy, using a carbon source. This enables the growth
of graphene on SiC at much lower temperatures (950°C) [61] than used
for conventional epitaxial growth. Graphene can also be formed on SiC
using a thin metal layer, such as nickel, deposited on the SiC surface. As the
substrate is heated, the nickel extracts and absorbs carbon. As the system
is cooled, the carbon precipitates on the nickel surface, forming graphene
[62]. An analogous method, using iron films deposited on SiC or diamond,
has been used to grow graphene [63].

4.3 GRAPHENE CHARACTERIZATION METHODS

Characterization of graphene materials has progressed rapidly since Geim
and Novoselov’s seminal work was published in 2004 [13]. Raman spectros-
copy in particular has emerged as one of the primary analytical methods for
the characterization of graphene. Other valuable analytical techniques in-
clude X-ray photoelectron spectroscopy (XPS), FTIR, and electrochemical
methods. These methods, and their specific application in graphene charac-
terization, are reviewed in the following sections.

4.3.1 Raman Spectroscopy

Raman spectroscopy and microscopy techniques are now routinely used to
characterize graphene, graphene-related materials, and devices fabricated
using these materials. Raman spectroscopy enables researchers to understand
and quantify a number of important features of graphene. The technique
is quick, noninvasive, offers high throughput, and is capable of probing key
properties, including: the number of graphene layers; the orientation of
layers; strain; doping; disorder and defects; presence of edge boundaries; and
surface functional groups [64].

Raman’s ability to assess the number of layers [65] is arguably the most
prevalent use of Raman analysis of graphene. Research into graphene
growth and material development has benefited particularly from Raman
characterization. Raman spectroscopy measures vibrational information re-
lated to chemical bonds and symmetry of molecules using Raman scatter-
ing. The technique examines the inelastic scattering of light to determine
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properties of the chemical bonds present in a system. Photons scattered
from an atom or molecule are predominantly scattered elastically (Rayleigh
scattering), but a small fraction are scattered inelastically. Monochromatic
light is used to excite the molecular vibrations in a system, and the shift in
wavelength between the incident and emitted light is used to characterize
the vibrational, rotational, and other low-frequency modes of the atom/
molecule. The Raman shift (shift in wavelength) is reported as a wavenum-
ber as shown in Eq. (4.1), with units of inverse length:

Aw = —— — (4.1)

where A@ is the Raman shift (expressed in cm™), 1/A is the excitation
wavelength, and 1/A | is the Raman spectrum Wavelength.

The Raman spectrum of graphene has a number of characteristic peaks
or bands. The most prominent features in the Raman spectra are: the G
band, the 2D band, and, depending on the structural integrity of the sample,
the disorder-induced D band. The G band is located at around 1580 cm™
and is indicative of sp>-bonded carbon compounds. It is attributed to a first-
order (one-phonon) process from in-plane C—C bond stretching modes,
and 1s doubly degenerate. Strain of the C—C bonds is therefore evident in
a shift of the G band. Thus, the G band shift can be used to measure strain
in graphene. The strength of C—C bonds in sp”>-bonded carbon systems re-
sults in a relatively high Raman frequency compared to other compounds.
The presence of the G band at high Raman frequencies allows for very
small shifts to be measured.

As the G band arises from C—C bonds, the intensity of the G peak
increases almost linearly with the number of layers. The intensity of the
G band is therefore a useful indicator for the number of graphene layers
present. The G band is affected by the doping of graphene, which causes
modulations in both the peak position and full width of half maximum.The
G band shifts linearly as a function of the number of layers, meaning that the
G-peak position can also be used as an indicator for the number of layers.
The G band is unique from the other features in the graphene spectrum in
that the band position is almost independent of excitation laser frequency
(it 1s nondispersive).

The presence of the disorder-induced or D band (located at around
1350 cm™) is related to edge sites and disordered graphene. The band origi-
nates from a second-order Raman scattering process from sp? (diamond-like)



96 Silicon Carbide Biotechnology

bonds that involve elastic scattering from a defect, and inelastic scattering by
a phonon. In practice, this means that the position and shape of the D band
is highly dependent on the excitation frequency used. The ratio of the in-
tensity of the D band to the G band gives a good estimate for the number
of defects.

The 2D (or G') band (located at 2700 cm™) is present at approximately
double the frequency of the D band (second overtone). Like the D band,
the 2D band also arises from a second-order scattering process. However, in
contrast to the D band, the 2D band arises from inelastic scattering from two
phonons, and is therefore present in both disordered and pristine graphene.
The shape of the 2D peak is particularly revealing. Single-layer graphene
exhibits a sharp and symmetric peak, and the presence of a symmetric peak
is used to characterize single-layer graphene. However, characterization is
slightly more complicated for two- or few-layer graphene. Both D and 2D
bands exhibit dispersive behavior and originate from a double resonance
Raman process.

Single-layer exfoliated graphene has a single, sharp 2D peak with rough-
ly four times the intensity of the G band. The structure of the 2D peak
increases in complexity with increasing number of graphene layers. Bilayer
graphene has a broader peak when compared to that of monolayer gra-
phene due to additional contributions introduced by the splitting of the
electronic band structure. This trend continues up to five graphene layers,
whereatter the peak is indistinguishable from that of bulk graphite.

Examination of epitaxial graphene on SiC has additional considerations.
When present on substrates, such as Si or SiO,, the strong G and 2D Raman
peaks from graphene are clearly visible. However, SiC has peaks present in
its Raman spectrum, which overlap the region of the D and G bands (1000—
2000 cm™), from the graphene Raman spectrum. The Raman signal from
the surface graphene can be estimated by subtracting SiC reference spectra.
The SiC substrate also has a strong influence on the structure and elec-
tronic properties of epitaxial graphene, and therefore its Raman spectrum.
This influence is remarkably different between the two terminations of SiC
[66]. Epitaxial graphene grown on the Si-terminated (0001) face exhibits
n-type doping because of the strong interaction of the electrons between
the underlying SiC substrate and the graphene layers. Complete coverage
is obtained on Si-face growth, displaying Bernal stacking and thickness in-
homogeneity. Step bunching causes a compressive strain, which leads to
a measurable shift in both the G and 2D bands. C-face (000-1) growth
results in a different morphology to that of Si-face epitaxial graphene. In
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this instance, long isolated graphene ribbons are formed, which are strain
relaxed and lightly p-type doped.

Raman spectroscopy also has a lot to oftfer when investigating the pro-

duction and structure of graphene. The number of layers and the presence

of defects can be ascertained [67], with some notable features present in

epitaxial graphene Raman spectra, as follows:

1.

The presence of the D band indicates some disorder in graphene, due to
the presence of sp’ bonds. Generally, the intensity of the D band should
be lower than that of the G band. The ratio of the intensity of the D
band to the G band gives a rough estimate for the number of defects (the
ratio of sp*/sp>-bonded C).

The position of the G band is influenced by the doping and the number of
graphene layers. Significant blue shifts of the G band (~11 ¢cm™) and 2D
band (~34 cm™) are observed on epitaxial graphene relative to exfoliated
graphene. These are attributed to strain effects from the substrate. Further
blue shifts in the 2D band of epitaxial graphene are caused by electron/
hole doping. The relative shifts of the 2D and G bands can be used to infer
the contribution from both effects [68—70]). Shifts in the position of the
G peak can be seen from spectra obtained from difterent positions of the
same graphene sample where strain/doping is inhomogeneous [66].

The intensity of the G band increases almost linearly as the number of
graphene layers increases [68—70]). Ambiguities can arise when compar-
ing the G band intensity of monolayers and bilayers on epitaxial gra-
phene [66], but the G band intensity still serves as a useful indicator of
layer thickness.

The intensity ratio of the G and 2D bands of epitaxial graphene differs
significantly from that of exfoliated graphene [68—70]).

Si-face epitaxial graphene tends to have a narrower G peak than C-face
epitaxial graphene, because of its higher crystallinity [68-70]).

The 2D-band intensity depends strongly on the Fermi level for mono-
layers [71]. Therefore, substrate-induced doping eftects and strain eftects
affect the 2D band intensity. The 2D band is further influenced by the
number of layers [67]—its position is monotonically blue shifted with
increasing layer thickness.

The shape of the 2D band is indicative of the number of layers. Mono-
layer graphene has a 2D band, which can be fitted with a single Lorent-
zian [65]. The asymmetry of this peak increases with increasing number
of layers [64]. It is further influenced by the stacking of the graphene
layers (Fig. 4.2).
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Figure 4.2 Raman spectra of a 4H-SiC substrate (a) of a graphitic residue (b,b’) of 5-10
layers of few-layer graphene (FLG) produced on a 4H-SiC substrate (c) of 70-90 layers
epitaxial FLG (d), of exfoliated graphene (e). The solid lines are Lorentzian fits. Raman
spectroscopy is an invaluable tool in the study of graphene. Quantitative information
is derived from these Raman spectra, but care must be taken when comparing mate-
rial on different substrates. (Reprinted with permission from Ref. [72]. Copyright (2008), AIP
Publishing LLC.)

4.3.2 XPS

XPS is a surface science technique, which is routinely used to reveal in-
formation on the elemental composition, empirical formula, chemical state,
and electronic state of the elements within a material. XPS analysis relating
to the XPS spectra can be obtained by irradiating a sample with X-rays
and measuring the kinetic energy of electrons that are emitted from the top
1-10 nm of the material being investigated. Surface atoms have characteristic
peaks in the XPS spectrum. The energy and intensity of these peaks en-
able identification and quantification of all surface elements present (except
hydrogen).The surface sensitivity of XPS makes it a valuable tool in the study
of graphene—since graphene is intrinsically only a few layers thick. XPS can
provide quantitative information such as the number of layers, and identifica-
tion of impurities present from patterning or processing. XPS has been used
to identify metal impurities and the formation of carbides from CVD growth
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Figure4.3 N1sand C1sXPS spectra of functionalized (f-) and as-prepared GNRs. Peaks at
~406 and ~400 eV in f-GNRs, respectively, indicate the presence of nitrophenyl groups
and lower oxidation states, for example, NH, on the surface of the GNRs. (Reprinted with
permission from Ref. [75]. Copyright (2010), American Chemical Society.)

processes 73], estimating the thickness of epitaxial graphene [74], measur-
ing oxide formation at the interface between epitaxial graphene and the SiC
substrate [58], and detecting chemical attachment to graphene [75].

XPS is also an invaluable tool in the analysis of graphene both before
and after any chemical modification. Tour and coworkers [75] used XPS
to verify attachment of 4-nitrophenyl groups to graphene nanoribbons
(GNRs) following treatment with diazonium tetrafluoroborate salts. In
these experiments, XPS analysis was conducted on thick films of GNRs on
§i/Si0, substrates. Fig. 4.3 shows the N1s XPS spectra of the functional-
ized () and control GNR samples. No nitrogen was present in the control
GNR sample, suggesting that all of the nitrogen content of the functional-
ized GNRs was related to the treatment with diazonium salt. No boron or
fluorine signals were present in the spectra of the samples, eliminating the
possibility of noncovalent physisorption of the diazonium salt or the pres-
ence of residual bf, counter ions.

The N1s XPS spectrum of functionalized GNRs (Fig. 4.3, labeled
Jf~GNRs) has two distinct peaks. The sharp peak at approximately 406 eV
corresponds to the nitrogen in the nitro group and confirms the presence
of nitrophenyl groups on the GNR surface. The broader peak at around
400 eV is associated with the presence of reduced nitrogen species. It is
suggested that these may be due to the transformation of nitro groups via a
number of mechanisms: (1) reduction of the nitro groups to amine groups
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by X-ray irradiation in the XPS chamber [76]; (2) in situ electrolytic re-
duction of the nitro groups by electrons from neighboring islands of intact
graphene; or (3) the 400 eV peak could correspond to diazenyl groups in-
troduced by electrophilic attack of the diazonium cation on aromatic rings
(azo coupling reaction).

XPS analysis also revealed a broadening in the peak in the Cls XPS
spectrum (inset Fig. 4.3) after nitrophenyl grafting. Sinitskii et al. [75]
attributed this effect to either: (1) the presence of C—N bonds from
4-nitrophenyl groups bonded to the GNR sample, which results in the
appearance of a new component at 285.7 eV and thus broadening of the
main C peak at 284.8 eV; or (2) an increase in the number and contribution
of graphene-derived sp®> C bonds.

4.3.3 Electrical Characterization

Electrical characterization of graphene devices and sensors can be per-
formed using simple current—voltage (I-1/) measurements, Hall-bar mea-
surements, gated field effect transistor (FET) measurements, or capacitance
measurements. Electrical sensors are often based on a chemical FET or
CHEMEET device structure, where the current passing through a semi-
conducting channel, between two metal electrodes, is eftectively gated by
molecular species adsorbing or binding to the channel surface. The adsorp-
tion or binding can cause depletion or accumulation of carriers in the chan-
nel resulting in a conductivity modulation. Thus, the CHEMFET device
can be used to detect molecular-binding events, yielding an electrical signal
output. CHEMFETS are discussed further in Section 4.3.4.5. Graphene is
an ideal material for the construction of FET biosensors because it is a zero-
bandgap semiconductor, and the bandgap can be tuned by surface modi-
fication, thus making graphene FETs highly sensitive to charged-binding
species [77].

4.3.4 Electrochemical Characterization (Electrochemistry
Techniques)

There are several sensing techniques which utilize graphene as the active
sensor element including electrochemical, optical (surface plasmon reso-
nance), and electromechanical sensors. However, for the purposes of this
chapter, we will concentrate on electrochemical techniques. Graphene is
particularly suitable for electrochemical sensing due to its inherently high
surface-to-volume ratio, its excellent electronic properties, and its high sen-
sitivity to adsorbed materials.
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Graphitic materials, such as glassy carbon, graphite, and carbon nanotubes
(CNTs), have been extensively used in electrochemical sensing and thus sub-
stitution of these materials with graphene, with its inherently superior prop-
erties, is a logical step toward higher sensitivity sensors. Indeed, graphene has
been reported to show favorable electrochemical responses when compared
with other electrode materials, such as glassy carbon electrodes, graphite,
and CNTs. For example, Zhou et al. [78] observed that graphene exhibits a
wide electrochemical potential window of about 2.5V in 0.1 M phosphate-
buftered saline (PBS) solution at pH 7. The wide electrochemical window
implies that a graphene electrode can be used in electrochemical reactions
over a wide voltage range without itself reacting with the electrolyte.

Electrochemical biosensors provide an attractive means to analyze the
content of a biological sample due to the direct conversion of a biologi-
cal event to an electronic signal [79]. Common electrochemical techniques
include cyclic voltammetry, chronoamperometry, chronopotentiometry,
impedance spectroscopy, and various FET-based methods. Surface modi-
fication techniques, the various electrochemical transduction mechanisms,
and the choice of the recognition receptor molecules all influence the ulti-
mate sensitivity of the sensor.

Typically in (bio-)electrochemistry, the reaction under investigation
would generate a measurable current (amperometric); a measurable potential
or charge accumulation (potentiometric); or demonstrably alter the conduc-
tive properties of a medium (conductometric) between electrodes [80]. Other
types of electrochemical detection techniques include impedimetric, which
measures impedance (both resistance and reactance) [81,82], and field effect,
which uses transistor technology to measure current as a result of a poten-
tiometric gating effect [83].

Since electrochemical reactions occur at the surface of the electrode,
the electrode material, surface, and dimensions (surface area) are all critical
parameters. Electrochemical sensing usually requires a reference electrode, a
counter or auxiliary electrode, and a working electrode (the sensing or redox
electrode). This section reviews the commonly used electrochemical sens-
ing techniques, which are also applicable to graphene sensors.

4.3.4.1 Amperometry

Amperometry is an electrochemical technique often applied in commercial
biosensors. Amperometry takes advantage of the fact that certain chemical
species are oxidized or reduced (redox reactions) at inert electrodes; the
reactions driven by a constant applied potential. Amperometry is performed



102 Silicon Carbide Biotechnology

using a two or three electrode electrochemical cell, with a working elec-
trode, a reference electrode, and a third counter electrode. The working
electrode is usually constructed from a metal such as platinum or gold, but
can be made of carbon. The reference electrode, usually Ag/AgCl, provides
a fixed potential against which the potential applied to the working elec-
trode is measured and controlled. The third electrode, the counter electrode,
can be made of a conductive material, which does not react excessively with
the bulk electrolyte solution. Common materials used as counter electrodes
are platinum or silver wire. Platinum is often used because of its inert nature.
The counter electrode supplies current to the working electrode, and its size
should be larger than that of the working electrode. Reactions occurring
at the counter electrode surface are unimportant as long as it continues to
conduct current well. To maintain a constant current between the counter
electrode and the working electrode, the counter electrode will often oxi-
dize or reduce the solvent or bulk electrolyte. There is a small current flow
between the counter electrode and reference electrode and for this reason
the potential of the reference electrode does not change.

Redox Reactions

If the working electrode is driven to a positive potential, relative to the ref-
erence electrode, an oxidation reaction can occur at the working electrode
of the electrochemical cell. If a negative potential is used to drive the reac-
tion, this results in a reduction reaction. When applied to biosensors, the
working electrode monitors the oxidation or reduction of a species near the
surface of the electrode.

Amperometric devices continuously measure current resulting from the
oxidation or reduction of an electroactive species in a biochemical reaction.
Typically, the current is measured between the working and counter elec-
trodes, at a constant potential, applied between the working and reference
electrodes, and this is referred to as amperometry. Amperometric sensing is
often used in enzyme-based sensors, where the enzyme catalyzes a redox
reaction. For example, the enzyme glucose oxidase catalyzes the oxidation
reaction of glucose to gluconic acid, where two electrons are produced per
glucose molecule. These electrons reduce the working electrode [84].

Amperometry is also used in immunosensors (antibody-based sensors).
In this case most analytes (eg, proteins, hormones) are not electrochemi-
cally active and cannot participate directly in redox reactions. Instead, the
antibody or antigen is labeled with an electrochemical mediator such as an
enzyme, which can undergo a redox reaction.
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Potentiometry

Potentiometric devices measure the accumulation of a charge potential at
the working electrode, relative to the reference electrode in an electro-
chemical cell, when zero or no significant current flows between the elec-
trodes. Therefore this technique can be used to provide information about
the ion activity (sometimes referred to as the electromotive force) of an
electrochemical reaction.

Conductometric Devices

Conductometric devices can be considered as a subset of impedimetric
devices, based on measuring capacitance changes. Electrochemical imped-
ance devices are reviewed later (Section 4.3.4.4). One approach, using con-
ductometric devices, is to directly monitor the changes in conductance
of an electrode as a result of the immobilization of bioreceptors such as
enzymes, complementary antibody—antigen pairs, etc. onto the electrode
surface [79].This technique has developed with semiconductor technology
and the advent of nanostructured FET devices. There is an increased inter-
est in conductometric immunosensors in combination with nanostructures,
and especially nanowires, for biosensing [85]. There are several reports of
conductometric sensing for detection of analytes at very low concentra-
tions, for example, drug detection in human urine [86].

4.3.4.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is the most common, simple, fast, and perhaps
the most straightforward electroanalytical technique for acquiring both
qualitative and quantitative information about any electroactive species (e,
a species that can be oxidized and/or reduced). This reversible technique
is very useful in obtaining information about fairly complicated electrode
reactions. CV applies a linear potential sweep to a working electrode at a
steady scan rate, first from a negative potential to a positive potential and
subsequently in the reverse direction. The resulting current at the electrode
surface is measured at each applied potential. CV is, therefore, an ampero-
metric technique.

CV can be used to obtain information about the redox potential and
electrochemical reaction rates (eg, the chemical rate constant) of ana-
lyte solutions. The scan rate must be sutficiently long to allow chemical
reactions to occur to a meaningful degree. A voltage is measured be-
tween the reference electrode and the working electrode, while current
is measured between the working electrode and the counter electrode.
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Cyclic voltammogram
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Figure 4.4 A schematic diagram of a cyclic voltammogram highlighting the peak
cathodic potential (Ep J» peak anodic potential (Ep ) cathodic current (ip J, and anodic
current ﬁp -

The obtained measurements are plotted as current versus voltage in a
voltammogram.

A typical voltammogram is illustrated in Fig. 4.4. Generally, the voltam-
mogram will contain an oxidative and reductive peak.As the applied poten-
tial increases from 171 toward 172, and toward the electrochemical oxidative
potential of the analyte, the current increases from the capacitive (resting)
current. This results in a peak, called the peak anodic (oxidative) potential
(Epa).The current then decreases as the applied potential surpasses this point.
In the reverse cycle, the applied potential sweeps into the negative direction
and the measured current becomes increasingly negative until it reaches
the electrochemical reductive potential of the analyte. Once the applied
potential surpasses this point, a peak polar to the anodic peak is formed and
the peak cathodic (reductive) potential (Epc) can be determined. The difter-
ences between the cathodic and anodic current from the resting current are
denoted as e and - respectively.

As the reaction proceeds, the oxidative and reductive CV curves be-
come closer and closer together. This indicates that the reaction is nearing
completion.
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CV can be conducted using a redox couple, often:
Fe, (CN);” & Fe, (CN);~ (4.2)

The ferri/ferrocyanide couple provides an ideal electrochemical probe
for the study of chemically modified surfaces. This probe is particularly
insightful when functionalizing the surface of an electrode. For exam-
ple, a graphene electrode functionalized with an amino silane (APTES,
3-aminopropyl-triethoxysilane) layer can be characterized by monitoring
the redox peak current of the electrode, corresponding to the oxidation
potential of Fe(II). Before functionalization with APTES, this peak has a
higher current value than after functionalization. This current change in-
dicates successtul chemical modification of the surface with APTES as the
formation of the C—O—Si bond, between the graphene electrode and the
APTES molecule, impedes the transfer of electrons between the electrode
surface and the Fe(CN) *7/* electrolyte.

4.3.4.3 Chronoamperometry

Chronoamperometry is a time-dependent technique where a square-wave
potential is applied to the working electrode. The current of the electrode,
measured as a function of time, fluctuates according to the diffusion of an
analyte from the bulk solution toward the sensor surface. Chronoamperom-
etry can therefore be used to measure current—time dependence for the dif-
fusion controlled process occurring at an electrode. This varies with analyte
concentration. Chronoamperometry is a sensitive technique which does
not require labeling of the analyte or bioreceptor and has been applied in
many studies independently or alongside other electrochemical techniques
such as CV, for example, Martins et al. utilized chronoamperometry when
studying the adsorption of human serum albumin to self-assembled mono-
layers (SAMs) on gold substrates [87].

4.3.4.4 Electrochemical Impedance Spectroscopy

Impedance is a measure of the ability of a circuit to resist the flow of elec-
trical current. Electrochemical impedence spectroscopy (EIS) uses the ap-
plication of a small sinusoidal potential to the working electrode in an
electrochemical cell, while measuring the resulting current response. By
varying the excitation frequency, f, of the applied potential over a range of
frequencies, one can calculate the complex impedance; the sum of the real
and imaginary impedance components of the system as a function of the
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frequency (ie, angular frequency w). Therefore, EIS combines the analysis of
both real and imaginary components of impedance, namely, the electrical
resistance and reactance.

In electrochemical sensing, impedance techniques are useful to moni-
tor changes in electrical properties arising from biorecognition events oc-
curring at electrode surfaces. For example, changes in the conductance of
the electrode can be measured as a result of protein immobilization and
antibody—antigen reactions on an electrode surface [88—90]. The increased
binding of molecules at the electrode surface impedes electron transfer from
a redox couple to the electrode.

4.3.4.5 CHEMFET

An FET uses an electric field to control the conductivity of a channel be-
tween two electrodes (ie, the source and drain) in a semiconducting material.
Control of the conductivity is achieved by varying the electric field poten-
tial, relative to the source and drain electrode, at a third electrode, known as
the gate. Depending on the configuration and doping of the semiconduct-
ing material, the presence of a sufficient positive or negative potential at the
gate electrode would either attract charge carriers (eg, electrons or holes)
or repel charge carriers in the conduction channel. This would either fill
or empty the depletion region of charge carriers and thus form or deform
the effective electrical dimensions of the conducting channel. Thus, the gate
can be used to control the conductance of the channel between the source
and drain electrodes.

FETs commonly used in biosensing applications are ISFET (ion-
selective field-effect transistor), EnFET (enzyme field-effect transistor),
or immunoFET (antibody-based) devices [91-95]. The generic name for
chemical sensing FETs is CHEMEFETs. In a CHEMEFET device, the gat-
ing action is related to the interaction of molecules with the electrode
channel surface [96]. A reference electrode, also present in the analyte
solution, completes the circuit via the gate-voltage bias [91,97]. Bind-
ing events at the channel surface influence the presence of accumulated
charge carriers near the channel surface. Surface charge accumulation is
then proportional to analyte concentration. The change in surface charge
produces a modified electrical signal in the form of a change in the chan-
nel conductivity [94,98].

Several groups have developed silicon nanowires [99], CNTs [100],
or graphene channels [8,9]) CHEMFET sensors. The many emerging
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applications for analytical CHEMFET sensors [95] and graphene CHEM-
FET sensors are reviewed in Section 4.7.

4.3.5 Scanning Probe Techniques

The study of graphene using scanning probe microscopy techniques en-
ables examination of a number of crucial properties including morphology
and surface potential. Scanning tunneling microscopy (STM) is an impor-
tant surface science technique and measures the tunneling current between
an atomically sharp, metallic tip and a conducting surface. STM is capable
of atomic resolution imaging of graphene. It is invaluable in studying the
growth of graphene, and is used extensively to understand the processes
involved in CVD graphene growth on metals. STM is used to study crys-
talline structure, boundaries, terraces, and step edges [101,102]. Data from
STM measurements are used to provide a better physical understanding of
graphene growth processes, which are used in process optimization. STM is
also useful for studying the edge states of graphene, and understanding the
molecular formation of GNRs [103].

Atomic force microscopy (AFM) is a commonly used technique to ex-
amine topographic features of samples. The technique employs a sharp tip,
supported by a cantilever, to raster scan over a sample. The tip is held in close
proximity (or indeed in contact) with the surface as it traverses the sample.
Subtle deflections of the tip caused by changes in the surface topography
are measured using a laser, which is reflected off the back of the cantilever to
a detector. AFM is capable of providing nanoscale resolution topographical
images of both insulators and conductors and is thus capable of discern-
ing the number of layers within a graphene sample. Substrate roughness
1s commonly monitored using AFM and this has been applied to examine
the effect of graphene functionalization with amine functional groups and
subsequent biofunctionalization with bioreceptor molecules [10].

Kelvin probe microscopy (KPM) is a noncontact variation of AFM that
measures surface potential. KPM has been used in graphene research to
probe the electronic uniformity of the surface, provide morphological in-
formation, and determine local graphene thickness [104].The technique has
further been used to study the local work function of graphene [105,106],
probe chemical variations [107], or examine the effect of interlayer screen-
ing of graphene sheets [108]. KPM has been used to measure the local elec-
tronic transport properties of functionalized graphene [109], giving insight
into the chemical doping effect of the attached functional groups. This is
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used to understand the active binding regions in graphene, and therefore
the mechanisms involved in chemical sensing.

4.3.6 Contact Angle

The contact angle is a quantitative measure of the wettability of a surface
or material (wetting of a solid by a liquid). Characteristics such as surface
roughness, surface energies, surface chemistry, and surface coatings play a
role in a material’s wettability. Contact angle measurements are commonly
used to study the surface properties of graphene samples and are particularly
useful in studying the eftects of chemical functionalization of the surface.
The contact angle is defined geometrically as the angle formed by a liquid
at the three-phase boundary where a liquid, gas, and solid intersect. The
contact angle is described by the Young’s equation (Eq. 4.3) using interfacial
surface tensions between solid and liquid. The contact angle may also be
directly measured to calculate the ratio of interfacial surface tensions if the
interfacial surface tensions are unknown.

Y =YL+ Y cosO (4.3)

Here 6 is the contact angle, y,, is the solid/liquid interfacial free energy,
Y,y 1s the solid surface free energy, and 1y, is the liquid surface-free energy.
Young’s equation is used to describe the interactions between the forces
of cohesion and adhesion between sample and fluid and measure what is
referred to as surface energy.

A water droplet with a contact angle over 90 degrees indicates a hydro-
phobic surface. This condition is exemplified by poor wetting, poor adhe-
sion, and the solid surface-free energy is low. A droplet with a small contact
angle indicates a hydrophilic surface. This condition reflects better wetting,
better adhesion, and higher surface energy. Contact angle measurements
have been used by Tehrani et al. to study the functionalization of graphene
surfaces with surface amine groups [10].

4.3.7 Fourier Transform Infrared Spectroscopy, Ellipsometry

Another chemical analytical technique that can be used to analyze surface
chemistry is infrared (IR) spectroscopy. IR spectroscopy interrogates the
vibrational characteristics of chemical functional groups in a sample. Differ-
ent chemical bonds absorb IR radiation at different wavelengths and an IR
spectrum displays intensities of the absorptions as a function of wave number.
Different functional groups can be identified from characteristic vibrational
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frequencies of functional groups present within the sample. Functional groups,
such as OH, C=0O, NH, are readily identifiable in IR spectra.

FTIR instruments employ interferometric techniques for the collection
of spectral information and the spectrum is calculated as an inverse Fourier
transform of the interferogram. FTIR spectroscopy was used to study the
chemical composition of modified HOPG surfaces, and thus used to con-
firm that functionalization had taken place [10]. FTIR has also been used
to assess graphene functionalization in a similar way [76].

Ellipsometry is an optical technique, which characterizes the dielectric
properties of thin films. Spectroscopic ellipsometry can be used to analyze
the growth of thin films on graphene electrodes [110].

4.4 FUNCTIONALIZATION CHEMISTRIES

The surface chemistry of graphene can be modified in a similar manner
to that of HOPG, glassy carbon, or CNTs [111-113]). Chemical func-
tionalization of graphene can be used to tailor the electronic properties of
graphene via doping and bandgap engineering effects, produced by chem-
ical modification or adsorption of molecules onto the graphene surface
[76,107,114=118]. Chemical modification of graphene can also be used as
the basis for graphene sensors. Chemical specificity is induced by binding
highly selective “receptor” molecules to the graphene surface. Such “recep-
tors” may include amino acids, enzymes, antibodies, aptamers, or indeed any
selective and specific molecule. It is possible to adsorb receptor molecules—
and this process 1s considered in Section 4.4.1. However, the most reli-
able method for attaching a receptor molecule to graphene is via covalent
bonding, usually using a linking molecule or functional group. There are a
host of potential linking chemistries and functional groups, which can be
derivatized. Examples of graphene functionalization include halogenation,
hydroxylation, epoxidation, carboxylation, amination, alkylation, azidation,
and many more. These methods are reviewed in Sections 4.4.2 and 4.4.3. A
variation of some of these chemical modification processes is electrochemi-
cal functionalization (see Section 4.4.3). Electrochemically enhanced func-
tionalization can be used to increase reaction rates and increase the degree
of functionalization [10].

Alternative methods for integrating a specific receptor molecule into a
graphene sensor utilizes an intermediate polymer layer. The polymer is coat-
ed onto the graphene and receptor molecules can then bind with functional
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groups on the polymer. This method avoids direct chemical modification of
graphene, as will be discussed in Section 4.4.4.

Once graphene surfaces have been chemically functionalized, these sur-
faces can be used in sensing applications. However, it is the addition of
selective receptor molecules onto the graphene surface, which introduces
specificity into the sensor. Graphene biosensors can be fabricated by cova-
lent immobilization of proteins or other molecular receptors to graphene
surfaces through linking groups [10]. Covalent immobilization of receptor
molecules onto graphene requires a chemical reaction of the functional
groups of the receptor, with functional groups bound to the graphene sur-
face. Such methods are discussed in Section 4.5.

4.4.1 Noncovalent Attachment

Noncovalent interactions primarily involve hydrophobic, van der Waals, and
electrostatic forces and require the physical adsorption of molecules on the
graphene surface [119]. Perhaps more interesting are the noncovalent at-
tachments which rely on the interaction of T molecular orbitals of a planar
molecule, with the sp? T-bonded system present in graphene. Noncovalent
interactions can be used to modity the chemistry or solubility of graphene,
by introducing hydrophilic ligands onto graphene—since pristine graphene
is hydrophobic [120].

There are several reported examples of T-stacking of planar molecules
on top of graphene using pyrene molecules [121,122]. These pyrenes may
themselves be derivatized, for example, with polymer chains or function-
al groups which modify the surface chemistry of the pyrene/graphene-
stacked structure [122].

Fig. 4.5 illustrates the T-stacking of planar molecules on a graphene sub-
strate. Other planar molecules that can form T interactions with graphene
include porphyrins [123] and phthalocyanines [124—126].

Noncovalent functionalization via T-interactions (also used for CN'Ts)
is an attractive functionalization method, because it offers the possibility of
attaching functional groups to graphene without disturbing the electronic
sp? network [127,128]. Kodali et al. [129] have shown that noncovalently
functionalized epitaxial graphene with pyrenebutanoic acid-succinimidyl
ester (PYR-INHS) can be prepared without disrupting graphene’s electron-
ic structure.

Polymers can also be noncovalently bound to graphene. Sulfonated poly-
aniline has been used to produce a water-soluble graphene composite [130],
while graphene functionalized with polyaniline (PAni) has also been used as
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Figure 4.5 m-Stacking of a planar pyrene molecule on graphene substrate.

a high-performance flexible electrode [131,132]). The functionalized mate-
rial offers enhanced electron transfer from graphene to the PAni film.

Zhang et al. [125,126]) have investigated the theoretical binding of or-
ganic donor, acceptor, and metal atoms on graphene sheets. These calcula-
tions revealed the effect of the different noncovalent functionalizations on
the electronic structure and transport properties of graphene. The adsorp-
tion of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone and tetrathiafulvalene
induces hybridization between the molecular levels and the graphene va-
lence bands. This transforms the zero-gap semiconducting graphene into
metallic graphene. However, there is some debate over whether the current
voltage (I —V) response of noncovalent modification by organic molecules
is sufficient to significantly alter the transport properties of graphene for
sensing applications. Noncovalently bound molecules can be functionalized
with side chain groups, which can subsequently be used to attach biorecep-
tor molecules. These receptors can then be used to interact with target bio-
markers. Noncovalent binding in sensor applications is reviewed in detail
in Section 4.4.4.

4.4.2 Chemical Methods

4.4.2.1 Acid or Other Wet Treatments

One of the simplest methods for graphene functionalization is graphene
oxidation, using mild to strong acid treatments, for example, H SO , HNO..
These can produce oxidized surfaces with a variety of possible terminations,
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for example, CO, C—OH, C—0O—C, COOH. These methods have also
been used to oxidize HOPG [133] and CNTs [134,135].

Treatment of graphite with strong acids is also a method for producing
graphene [136]. The strong acids oxidize the graphite to GO [137] and
subsequently induce exfoliation by overcoming the large interlayer cohe-
sive van der Waals energy (5.9 kJ/mol carbon) [138,139]. GO can then be
reduced to rGO, also referred to as graphene in some papers. An example
of this type of graphene production process is oxidation of graphite using
Hummers’ modified process [16].This uses a mixture of sulfuric acid, sodi-
um nitrate, and potassium permanganate in an aggressive chemical process,
which disrupts the sp>~bonded network and introduces hydroxyl or epoxide
groups [140,141] in the basal plane, while carbonyl and carboxylic groups,
together with lactone, phenol, and quinone, attach to the edges [142].

When developing sensors using oxidized graphene surfaces, one must
be careful not to cleave the graphene from its supporting substrate. Con-
trolled oxidation of graphene is thus essential in maintaining the integrity
of the graphene layer and also in avoiding complete conversion to GO and
hence severe degradation of the layer’s electronic properties. The electro-
chemical oxidation of graphite [143] and CNTs [144—-146] is well docu-
mented and serves as a starting point for understanding the oxidation of
epitaxial graphene. The electrooxidation of graphitic surfaces is known to
begin when the surface charge becomes sufficiently positive to surmount
the overpotential; at this point oxygen atoms in the electrolyte form cova-
lent bonds to the surface via the conversion of conjugated carbon atoms
from sp? to sp’.

Controlled electrochemical oxidation of epitaxial graphene can be
performed using nitric acid (HNO,) under potentiostatic conditions [12].
Selective exposure to the nitric acid allows selective oxidation of the epi-
taxial graphene substrate. Cyclic voltammetry of epitaxial graphene in 1 M
HNO,, recorded against the Pt counter/reference electrode, is irreversible
with an oxidation peak at about +0.6 V. Thus, the application of a potential
of +0.8V to the epitaxial graphene yields controlled oxidation of the epi-
taxial graphene area that is in contact with the acid.

The hydroxyl, epoxide, and carboxyl groups of oxidized graphene can
all be used in further reactions [147,148]. However, the carboxyl termi-
nation is the most useful for coupling with amine-terminated molecules,
forming an amide bond.This coupling is the basis for attachment of nucleic
acids, enzymes, antibodies, and other bioreceptor molecules to carboxyl-
terminated graphene.
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4.4.2.2 Plasma Methods

Perhaps the simplest, quickest, and most production friendly functionaliza-
tion method, in terms of scale-up, is plasma functionalization. Gas-phase
plasma reactions are very clean, fast, and controllable. Plasma functionaliza-
tion is used to control hydrophobicity/hydrophilicity of graphene, which
is useful for graphene in composites (where graphene needs to bind with
polymer chains). Plasma functionalization can also be used to prevent ag-
gregation of exfoliated graphene flakes. Plasma treatment of CNTs and
graphite (HOPG) has been widely reported [149,150].

However, plasma methods can be limited (by the gases that are avail-
able on commercial plasma systems) in terms of the functional groups that
can be attached, for example, oxidation (using an oxygen plasma), capable
of producing CO, C—O—C, COOH, and ammonia (NH, termination),
fluorination/chlorination. An even more critical limitation of plasma func-
tionalization is the potential damage to the graphene surface from plasma
processes. Plasma reactions involve reaction of high-energy radicals or ions
with the graphene surface. Such reactions inevitably create imperfections in
the graphene lattice, which can severely degrade the carrier transport prop-
erties. This was reported by Baraket et al. [151], who observed an increased
D-peak (sp”) in the Raman spectra of plasma-functionalized graphene.

As discussed in Section 4.4.1, chemical functionalization methods also
induce an increased Raman D peak, and have been observed to degrade
the electrical conductivity of graphene devices. If plasma functionalization
can be controlled to minimize damage to the graphene, it may be no more
detrimental to the electronic properties of graphene than wet chemical
modification procedures. Plasma processes can be eftective for introducing
functional groups onto the graphene surface, for subsequent attachment of
bioreceptors in sensor applications [151]

Plasma Chlorination and Fluorination
Chlorination, fluorination, and hydrogenation plasma treatments have all
been used to modify graphene [152]. XPS and Raman characterization of
treated graphene surfaces revealed how the carbon network in graphene and
the electronic properties and band structure of graphene were modified by
functionalization. In contrast to pristine conductive graphene, graphane—
the product of covalent bonding of hydrogen to graphene—is reported to
be highly insulating.

Fluorination of CVD graphene, grown on copper foils, using xenon
difluoride (XeF,)) gas, has been reported by Li et al. [153]. Graphene could be
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fluorinated on either one side or on both sides, by treating the graphene in a
XeF, etch system. Double-sided fluorination was achieved by transferring the
graphene film to an SOI substrate first. This allows the XeF, gas to etch away
the underlying silicon layer and fluorinate the backside of the graphene film.
Exposure of graphene to XeF, gas results in fluorine chemisorption, which
dramatically changes the optical and electronic properties of the graphene.
Most immediately evident is a disappearance of optical contrast with the sili-
con dioxide substrate upon fluorination, suggesting an insulating nature for
fluorinated graphene. Indeed, Robinson et al. observed a bandgap of 2.9 eV
in fluorinated graphene—which was electrically insulating [154]. Sherpa et al.
performed fluorination of epitaxial graphene using SF, plasma treatments and
investigated the effect on the work function of fluorine-modified graphene
[106]. Fluorination modified the graphene bandgap by up to 0.56 eV.

Photochemical reactions can also be used to produce chlorinated gra-
phene. Uniform 8% coverage with stoichiometry C, Cl was observed, with
the basal plane graphene partially chlorinated and exhibiting a nonzero
bandgap and a higher sheet resistance than pristine graphene, which can be
attributed to increased sp? bonding—as evidenced by a D peak (1330 cm™)
in the Raman spectrum of the chlorinated graphene [155,156].

Relative to hydrogen and fluorine plasma treatments, chlorine plasma
reactions with graphene have been reported to exhibit the slowest kinet-
ics, with the slowest increase of disorder over reaction time (in minutes),
compared to seconds for F and H plasmas. An advantage of chlorination
over fluorination and hydrogenation is that chlorination plasma treatment
mostly preserves high mobility [157,158]) but also allows control of the gra-
phene Fermi level and the preparation of controllable and effective bonding
structures [152]. Indeed, GNRs had p-doping after chlorination and were
not extensively structurally damaged by the Cl-plasma treatment.

It is evident that functionalization using Cl, F and H degrades the elec-
trical conductivity of graphene and that a high degree of functionalization
has been shown to destroy the network of graphene for CI, F and H treat-
ments, rendering the modified materials insulating [116].

Plasma Amination

Ammonia plasma treatments have been used to controllably functionalize
CVD graphene with nitrogen and primary amines [151], thereby tuning
the chemical, structural, and electrical properties of the modified graphene.
Using low-energy ammonia plasmas avoids generating extensive defects in
the graphene basal plane [159]. Mixed Ar/NH, plasmas contain reactive
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species including Ar™, NH;, NH," ions along with H, and H, N, NH, and
NH, radicals. Raman and XPS data show the modification of the graphene
surface through the emergence of a nitrogen peak in the XPS spectra and
corresponding observation of the sp®> D peak in the Raman spectra of gra-
phene after ammonia plasma treatment. After washing, no change of the
Cls and N1s in the high-resolution XPS spectra was observed, confirming
that the functional groups were stable and covalently bound. Amine termi-
nation of graphene was inferred from contact angle measurements before
and after ammonia plasma treatment where the surface changed from hy-
drophobic to hydrophilic. The trade-off between chemical functionalization
of graphene and reduced conductivity, due to the change in hybridization
of carbon atoms to sp®, which creates scattering sites and can act as a car-
rier trap that reduces carrier density, did not adversely affect the graphene
conductivity. This was attributed to n-doping of the graphene films. Sheet
resistances of amine-terminated graphene increased by only 6.5 times from
1.2 to 8 kQ/sq at the highest concentrations. This compares to a 1000-
fold increase in sheet resistance of fluorinated or oxygenated graphene.
The amine-terminated graphene surface was used to attach single-stranded
DNA (ssDNA) probes, which were used to detect complementary target
ssDNA.The FET was highly selective to nonspecific ssDINA and had a sig-
nificantly larger current response than a comparable rGO device.

4.4.2.3 Amination

As well as ammonia plasma treatments, there are several wet chemistry
methods for amine functionalization of graphene including diazotization
[76], thiol chemistry [160], and surface silanization using aminosilane de-
rivatives, for example, APTES [8,9]). Some of these methods (diazotization
being one) directly introduce an amine group onto the graphene surface.
However, other methods, such as APTES attachment, require an additional
surface treatment of graphene prior to amine termination. For example,
APTES is attached to a graphene surface, which has first been hydroxyl-
ated. Indeed, APTES can be attached to a variety of substrates provided they
contain surface hydroxyl groups.These hydroxyl groups then react with alk-
oxysilanes to form covalent substrate—O—C bonds. Diazotization, APTES
functionalization, and azide are discussed in detail in the following sections.

4.4.2.4 Diazotization
The reduction of diazonium salts to phenyl radicals has been widely em-
ployed for grafting aryl groups to the surface of sp*-hybridized carbon
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materials including glassy carbon, HOPG, and CNTs [161]. Recently, this
type of chemistry has also been applied to chemically functionalize graphene,
by several research groups, through spontaneous electron transfer from the
graphene layer to the diazonium salt [75,76,162—166]. The aryl diazonium
cation accepts an electron from the substrate and generates an aryl radical
by releasing a nitrogen molecule. This covalent modification strategy has
recently been applied to epitaxial graphene on SiC [167], chemically con-
verted graphene [168], MEG [169,170]), and other sensing platforms [171].

Surface modification with nitrophenyl groups has been achieved
through the spontaneous reaction of the diazonium salt (4-nitrophenyl
diazonium tetrafluoroborate, denoted as 4-NPD) with a graphene layer, as
llustrated in Fig. 4.6. The rate of graphene functionalization can be signifi-
cantly increased by electrochemical enhancement (see Section 4.4.3). The
functionalization changes the electronic structure and transport properties
of the epitaxial graphene from near-metallic to semiconducting.

Site-Dependent Functionalization Using Diazonium Molecules

The basal plane and edge sites of graphene layers have been reported to
have different reactivity to diazonium functionalization [169,170]). Using
spatially resolved Raman spectra obtained from both edge and basal regions
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Figure 4.6 (a) Schematic illustration of the spontaneous grafting of aryl groups to
epitaxial graphene via reduction of 4-NPD tetrafluoroborate. (b) Transmission FT-IR
spectrum of NP-functionalized epitaxial graphene (EG). (Reprinted with permission from
Ref. [76]. Copyright (2009), American Chemical Society.)
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of MEG, Lim et al. revealed that 4-bromobenzene diazonium tetrafluorob-
orate (4-BBDT) molecules were noncovalently functionalized on the basal
region of MEG, while they were covalently bonded to the edges of MEG.
A chemical doping effect was induced in the graphene by noncovalently
functionalized 4-BBDT molecules on the basal plane region.

4.4.2.5 APTES

Organosilanes are examples of molecules used to form SAMs on a wide
variety of hydroxylated surfaces. APTES is one of the most widely used
organosilanes for surface modification as it is an economical and efficient
method. In biosensing applications, APTES functions as a linker molecule;
one end of the APTES molecule binds to the device surface, while the
other end immobilizes specific bioreceptor molecules [172].

The reaction mechanism is thought to start with hydrolysis of the eth-
oxy groups in APTES forming silanols, which subsequently condense with
surface hydroxyl groups to form a monolayer of APTES molecules. The
surface-bound APTES molecules also cross-link to form a siloxane network
with the amino groups protruding from the surface and are capable of bind-
ing biological recognition molecules such as DNA, ligands, and antibodies.

However, the process is not always uniform and multiple APTES layers
can form at the surface of the device. Organosilane SAM formation is ex-
tremely sensitive to the amount of water present within the system, as they
are able to readily react with water to form silanols [173].There may also be
nonuniformity in the structure of each layer and therefore the reactivity of
APTES layers may differ from one to another. These issues are problematic
for biosensing applications due to lack of reproducibility, a trait which is
vital for clinical applications [37,38]).

Before the sensor surface can be functionalized with APTES linking
molecules, the sensor surface must first be moditied to contain hydrox-
yl groups. This is generally achieved using one of two methods; piranha
or Fenton reactions. The piranha solution consists of three parts H,SO,
to one part hydrogen peroxide (H,O,) at 30% making it extremely ox-
idizing and highly corrosive. The Fenton reaction takes place between
iron(Il) sulfate, ethylenediaminetetraacetic acid, and H,O,. Both piranha
and Fenton reactions generate a hydroxyl-terminated substrate surface.
To further increase the amount of hydroxyl groups, the substrate is often
rinsed in deionized water ensuring complete hydroxylation. APTES func-
tionalization of the substrate should be immediately after hydroxylation is
complete [173].



118 Silicon Carbide Biotechnology

APTES functionalization of Fenton-hydroxylated epitaxial graphene
devices has recently been demonstrated to obtain an amine-terminated
surface [8,9]). Antibodies targeted against the pregnancy hormone, human
chorionic gonadotropin (hCG), were subsequently grafted to the amine-
terminated graphene to produce an amperometric immunosensor. Hydrox-
ylation of the sensor surface using the reaction was first undertaken to yield
an —OH terminated graphene layer. Epitaxial graphene samples were then
immersed in a solution of hydrogen peroxide and iron(Il) sulfate and main-
tained at pH 3 for 30 min.

Azide Functionalization
Organic azides have the generic formula R—N,, where the azide functional
group can be described by the resonance structures (a) and (b):

-+ + =
R/N—N:N —> R/N—N—N (44)
(@) (b)
Azides are thermally or photochemically unstable and break down, los-
ing nitrogen, to yield nitrene radicals:

R-{ (4.5)

The nitrene can react with graphene via an electrophilic [2 + 1] cyclo-
addition reaction a biradical pathway, after intersystem crossing |174]. Ni-
trene functionalization was observed to open a bandgap epitaxial graphene.

4.4.3 Electrochemically Activated Methods

4.4.3.1 Diazotization

Enhanced reaction rates for diazotization of graphene surfaces also can be
achieved using an electrochemical method [10]. Graphene devices were im-
mersed into a solution of 2 mM and 0.1 M tetrabutylammonium tetrafluo-
roborate in acetonitrile. The electrochemical reaction between graphene
and 4-NPD was performed with a conventional three-electrode cell, which
included an Ag/Ag+ reference electrode, a platinum wire counter electrode,
and the epitaxial graphene channel as the working electrode. Cyclic voltam-
metry was used to monitor the completion of the reaction. Following at-
tachment of nitrophenyl groups to the graphene surface, reduction of the
nitro group to phenylamine was then performed using chronoamperom-
etry. This electrochemically enhanced reduction process has several advan-
tages compared to previously reported diazotizations [76,161,175,176]. It
a much faster process (just a few minutes) than other methods, which take
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several hours [167]; it does not need to be performed in a dark environ-
ment and purging argon or nitrogen gas for the exclusion of oxygen is not
required [22,23,177]).

The surface-bound amino group can subsequently be used to covalently
bind to virtually any biomolecule containing a carboxyl group—forming
an amide link. Tehrani used this technique to develop a graphene immuno-
sensor for detection of the oxidative stress marker 8-hydroxydeoxyguano-

sine (8-OHAG).

4.4.3.2 Electrochemical Oxidation

Electrochemical oxidation of graphene, performed using a strong acid such
as HNO,, is a useful method for introducing functional groups to graphene
surfaces. Electrochemical oxidation of pristine epitaxially grown graphene
was reported to create numerous surface defects [178]. A similar effect has
been observed on the walls of CNTs, leading to an enhanced response in
a CNT sensor. It has been suggested that electrochemically oxidized gra-
phene or graphene with large amounts of defects could be used for highly
sensitive electrochemical sensing |178]. Electrochemical methods can be
used to oxidize selected areas of a graphene device, thereby enabling subse-
quent attachment of molecules to only a portion of the graphene [12,179].

4.4.4 Polymer Coating of Graphene

4.4.4.1 Larger Molecules

An alternative way of attaching bioreceptor molecules, for example, anti-
bodies to a graphene sensor electrode, is through grafting to a noncovalent
intermediate layer such as pyrene [157,158]) or PAni [180]. This avoids the
introduction of defects into the graphene substrate and preserves graphene’s
electrical characteristics [42,43]). Intermediary pyrene or PAni layers allow
efficient electron transfer to the graphene electrode.

The conductive polymer PAni has been at the center of many biosens-
ing studies [181]. PAni is a promising platform for electrochemical biosens-
ing devices due to its ease of synthesis and excellent stability. It has also
proven to be an effective technique to functionalize nanosensor surfaces,
for example, silicon [182]. The formation of PAni from the aniline mono-
mer can be achieved via electropolymerization or chemical polymerization.
PAni can be prepared in a number of different morphologies, ranging from
nanospheres to fibers. The nano forms of PAni are widely used for sens-
ing applications due to their high surface area, low diffusional resistance,
and high current density [183]. PAni functionalized electrodes, prepared by
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electropolymerization of an aniline monomer solution using a potentio-
stat or galvanostat, produce a PAni film on the electrode surface—the film
thickness being controllable through modulation of the electrochemical
polymerization process [184].

Development of biosensors using PAni-coated graphene electrodes re-
quires correct orientation of the antibody on the PAni—graphene support.
This is crucial to ensuring that antibody activity is preserved after grafting
and that binding sites in each antibody are available for antigen bind-
ing. PAni-modified graphene-screen printed electrodes [8,9]) have been
used in the development of an hCG (pregnancy hormone) immunosen-
sor. The sensor functionalization method preserves the chemical structure
of graphene and allows subsequent binding of the bioreceptor antibody;,
anti-hCG. A PAni amine layer is obtained by in situ electropolymeriza-
tion of aniline on the graphene electrode and these amine groups can
react with the —COOH groups at the crystallizable fragment (Fc) region
of the antibody, activated by carbodiimide chemistry, to ensure success-
ful antibody binding. The antibody is bound to the PAni through its Fc
terminal (thus allowing the paratope regions free to bind to the antigen
epitopes). The resulting biosensor was used in the detection of hCG in
biological samples.

4.5 BIOFUNCTIONALIZATION

Biofunctionalization plays a critical role in the development of biosensors,
which have many applications in clinical diagnosis and monitoring of health
conditions and diseases. Biofunctionalization of graphene surfaces endows
them with highly selective and specific biological recognition capabilities.
Following chemical modification of graphene sensor surfaces, using chemi-
cal functional linking groups, biofunctionalization can be carried out to
attach receptor molecules to the sensor. Attachment of receptor molecules
to the sensors results in the ability to efficiently and selectively sense low
concentrations of biomolecules or biomarkers.

Various types of receptor molecules can be used, such as enzymes, an-
tibodies, or nucleic acids. Although each type of receptor may work in a
slightly different manner, they generally utilize spatial and chemical com-
plementarity to recognize and selectively bind with target molecules. An-
tibodies are the most common example of such a selective bioreceptor.
Antibodies, sometimes called immunoglobulins, are proteins produced by
an organism’s immune system in response to foreign bodies. They have an
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Figure 4.7 lllustration showing the antibody’s Y-shaped structure. The antigen-binding
site, or paratope, is situated at the top of the antigen-binding fragment (Fab) region. The
complementary antigen’s epitope is specific to the paratope and selectively binds to the
antibody at this site. The crystallizable fragment (Fc) region is also shown.

extremely high affinity to their target biomolecule and are used routinely
in many immuno-based assays, including ELISAs.

Antibodies are large,Y-shaped, multidomain proteins which contain spe-
cific binding sites for a complementary antigen, known as paratopes. These
binding sites (analogous to a lock) are specific for one epitope (similarly
analogous to a key) on a particular antigen as illustrated in Fig. 4.7. The
arms of the antibody’s Y-shaped structure are the antigen-binding fragments
(Fab) region.The paratopes are situated at the end of the Fab fragment.The
crystallizable fragment (Fc) region is located at the base of the antibody.

Correct conformation of an antibody is crucial for selective binding to
complementary antigens. Antibodies maintain their conformation through
disulfide bridges; however, these are highly reactive and easily broken. As
such, when covalently bound to the sensor surface, the antibody may be-
come unstable and susceptible to loss of vital traits such as affinity and speci-
ficity. This can be problematic in immunosensor applications. Problems may
arise from the antibody not binding to the specific epitope or the antibody
binding to other species within the sample. However, these eftects can be
minimized by using smaller, recombinant antibody fragments such as Fab
fragments instead of whole antibodies. Not only does this improve specifici-
ty but it can also aid sensitivity of the sensor by overcoming steric hindrance
effects, resulting in increased antibody coverage of the sensor surface [185].

Other bioreceptor molecules which are commonly employed include
aptamers (artificial oligonucleotides), small molecules, cells, peptides, pro-
teins, and nucleic acids. Each of these different bioreceptor types possess
specific merits, which lend themselves well to particular applications. For
instance, aptamers are short, single-stranded nucleic acid oligomers (DNA or
RNA) whose structure is dependent upon their sequence. The structure of
aptamers may include a series of loops, bulges, hairpins, etc., which can fold
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further to form more complex structures. This allows aptamers to form com-
plementary shapes wrapping around all or part of their target or to fit snugly
into gaps within the surface of much larger targets. Aptamers are reported
to be more stable than antibodies and can be developed in a much shorter
timeframe and so offer an advantage where a new biosensor product might
require rapid development or where a longer product shelf-life is required.

4.5.1 Selective Antibody Orientation

It 1s important when antibodies are immobilized on a surface that they
maintain their conformation and function. As such it is sometimes nec-
essary to control the orientation of the antibodies. When antibodies are
immobilized on a sensor surface, they may randomly adopt a number of
orientations. As illustrated in Fig. 4.8, the antibody may attach “end-on” (Fc
attached to the surface, Fig. 4.8a), “head-on” (Fab attached to the surface,
Fig. 4.8b), sideways (Fig. 4.8¢), or they may lie flat on the surface (Fig. 4.8d).
Indeed, it is likely that the actual orientation will comprise a combina-
tion of these possible positions and result in uncontrolled and unpredictable
antibody-binding efficiencies leading to poor sensor sensitivity and repro-
ducibility.

It is therefore desirable to control antibody grafting such that the Fc
fragment binds to the sensor surface. This ensures that the antigen-binding
sites (on the Fab fragment) protrude away from the electrode surface, thus
allowing more efficient binding to target antigens. Oriented antibody im-
mobilization is expected to yield an analytical improvement of the final
immunosensor. Several approaches have been developed to achieve this, as
reviewed by Wan et al. [186].

One of the simplest processes which can be adopted for controlling
antibody orientation uses EDC/NHS chemistry. This method activates the
carboxylic group at the Fc terminal via carbodiimide chemistry [187].

(b) (d)

(C)

Figure 4.8 lllustration of possible different orientations of randomly immobilized anti-
bodies: (a) end-on, (b) head-on, (c) sideways, (d) flat on the surface.
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Figure 4.9 Activation of an antibody by EDC/NHS chemistry. EDC first reacts with the
terminal carboxyl of the antibody to form an unstable reactive O-acylisourea (a) before
a substitution occurs between EDC and NHS to form a more stable NHS ester (b). This is
then reacted with the amine group on the sensor surface to peptide bond the antibody
to the sensor surface (c).

4.5.1.1 EDC/NHS Activation of Antibodies

The carboxylic group of the antibody can be activated via 1-ethyl-3-(3-dim
ethylaminopropyl)-carbodiimide (EDC, sometimes written as EDAC)/N-
hydroxysuccinimide (NHS) chemistry, which enables the formation of pep-
tide bonds between an amine-terminated biosensor surface and a carboxylic
group on the antibody [188], as illustrated in Fig. 4.9.

EDC/NHS chemistry generates reactive intermediates, NHS ester
—COONHS)-terminated antibodies, by reacting the antibodies with the
water-soluble carbodiimide. EDC acts to dehydrate the carboxylic groups
into an active O-acylisourea intermediate. This is quickly displaced by nu-
cleophilic attack from a primary amine. NHS reacts with the O-acylisourea
intermediate to form a semistable NHS ester, which favors conjugation
with amines. Exposure of the —COONHS-terminated antibody to an
amine-terminated surface results in the formation of a peptide bond, thus
covalently attaching the antibody to the biosensor surface [189].

As EDC/NHS chemistry facilitates the conjugation of the carboxyl
group to amines without becoming part of the final linkages between
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molecules, the process is referred to as a zero-length cross-linker [190].This
process is commonly used to attach proteins or peptides to carboxyl/amine-
modified surfaces.

The EDC/NHS method has been utilized by Teixeira et al. [8,9]) in
the development of an epitaxial graphene sensor for the detection of the
hormone hCG—utilized in pregnancy testing. Teixeira et al. employed
di-fert-butyl dicarbonate (-BOC) to protect the amine groups on the anti-
bodies and thus prevent cross-linking and aggregation between antibodies.
The process also ensured that the carboxylic groups present on the antibody
bound only to the amine functional groups on the sensor surface.

EDC/NHS activation of the antibodies was then undertaken before
the amine-terminated graphene sensor was exposed to activated antibodies.
Following attachment of the antibodies to the graphene sensor surface, the
~-BOC protecting groups were removed to restore the amine groups on the
antibody. Exposure for 1 h to trifluoroacetic acid was used to cleave the am-
ide bond between the -~-BOC and the antibody. The process also hydrolyzes
the ester, generated by the activation of the carboxylic groups by EDAC and
NHS, back into carboxylic groups. Finally, the authors applied a 5% bovine
serum albumin (BSA) in PBS solution for 10 min to the functionalized sur-
face to block nonspecific binding of the target biomarker to any remaining
free surface amine groups.

4.5.2 Blocking Nonspecific Binding

Blocking of nonspecific interactions is an essential step in all types of im-
munoassays. This process minimizes background noise, which may oth-
erwise be introduced through the target analyte binding to components
of the sensor other than the active bioreceptor molecules or through any
nonspecific binding. Nonspecific binding is mediated through interactions
within a sample and/or between a sample and the surface of the immu-
noassay. Therefore, measures should be taken to block nonspecific binding
before sample analysis is undertaken.

The blocking agent typically binds to areas of the sensor surface which are
not biofunctionalized and also to antigen-binding sites on antibodies. When
the antigen is introduced to the sensor, the blocking agent dissociates from
the epitope-binding region of the antibody, leaving the specificity region
available for the antigen to bind. This occurs as a result of the high affinity
the complementary antigen and antibody pair have for one another, which
dominates the lower affinity the antibodies have for the blocking agent [191].

The blocking agent used is generally derived with respect to the anti-
body used for the analysis. The origin of the blocking serum must not be
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the same as the origin of the antibody, for example, goat serum should not
be selected when a goat-derived antibody is being used. A serum derived
from an unrelated species is highly recommended.

The selection of an appropriate blocking system is essential to the de-
velopment of a specific and sensitive assay. The use of BSA as a blocking
reagent is well documented and has been proven to be an effective blocker
of nonspecific protein surface binding on medium and high binding sur-
faces, as well as many preactivated covalent surfaces. BSA is typically used at
a 0.5-3% concentration range. BSA is inexpensive and may be stored dry or
as a sterile solution at 4°C. However, there are a number of limitations as-
sociated with BSA, including lot-to-lot variability—primarily related to the
fatty acid content (BSA used as a blocking reagent should be fatty acid free)
and lack of molecular diversity (many single molecule blocking reagents
lack the diversity to block some surfaces that feature hydrophobic, ionic,
and covalent characteristics). Despite these disadvantages, BSA is the most
frequently used blocking agent for antibodies or protein bioreceptors across
all immunoassay techniques [191].

4.6 EFFECT ON TRANSPORT PROPERTIES

Monolayer graphene is a semimetal with a zero bandgap [192—-194]. There-
fore, in order to develop eftective graphene FETs, a bandgap must be
opened in the graphene layer. The challenge is then to maintain the high
carrier mobility in this nonzero-bandgap graphene. Several approaches have
been developed to open the bandgap of graphene by preparing GNRs, na-
nomeshes, or by functionalizing graphene [1,114,155,195]. Bandgap open-
ing in graphene on SiC has sparked a lot of interest because of the viability
of the growth process. Recently, scanning tunneling spectroscopymeasure-
ments taken on GNRs grown on the terrace structure of SiC have shown a
gap of typically 1 eV for 1-nm wide armchair GNRs [196,197]. Graphene
grown on SiC tends to be electron doped and the Fermi level lies above
the gap.To be viable for electronics, graphene requires hole doping, or Fer-
mi level modulation by applying a gate voltage. In addition, edge disorder
causes further problems in the development of nanoribbon transistors, as
small fluctuations of the channel width (on the order of nm) can cause a
noticeable change in bandgap [198].

Substitutional doping is another promising route for opening a band-
gap in graphene. Nitrogen atoms incorporated into graphene have been
used to create n-type doping in graphene [199,200]. A bandgap and doping
may also be induced by the substrate supporting the graphene layer, or by
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additional graphene layers. For example, monolayer graphene on SiC has a
bandgap of 0.26 ¢V [201], related to charge transfer from the 4H-SiC sub-
strate to the graphene layers. This charge transfer is suggested to originate
from the breaking of sublattice symmetry because of the graphene—substrate
interaction [56,202]. Increasing the number of graphene layers on SiC is
observed to decrease the bandgap; each subsequent graphene layer reducing
the bandgap from 0.26 eV for the layer closest to the SiC, to a negligible
bandgap by layer four, due to shielding of the interface charges [56,203].

The number of graphene layers grown on SiC is thus an important
consideration in any device or sensor. The first layer of carbon in epitaxially
grown graphene grown on the Si-face of SiC has poor electronic properties
and acts as a buffer layer [11]. Only subsequent graphene layers are useful for
electronic devices or sensors. These subsequent graphene layers are reported
to be n-type due to the 4H-SiC substrate—graphene charge transfer [204].

Chemical functionalization of the graphene surface is also a viable
method for tuning the electronic properties of graphene, but raises the inter-
esting question: How does chemical functionalization influence the bandgap?
Functionalization of graphene can have a significant effect on the bandgap in
graphene and on the carrier type of doping. In a similar vein to CNTs, the
atomically thin structure of graphene causes the material to be electronically
sensitive to the presence of adsorbed atoms and molecules [205,206].

Surface adsorbents such as hydrogen (forming graphane) [207] or fluo-
rine (Huorographene) [19] open up the bandgap in graphene. One must
be careful to control the degree of functionalization though, as complete
hydrogenation of graphene generates an insulator. Proof-of-concept nitro-
gen gas sensors have been demonstrated, which are capable of detecting
individual adsorption events [205]. Using adsorbed ammonia adsorption
on GNRs has been reported to yield n-type doping in GNRs [131,132]).

Single-layer graphene devices, fabricated using graphene grown on
4H-SiC, were found to be extremely sensitive to low concentrations of
NO, [11].The as-grown graphene is n-type doped, but exposure to higher
concentrations of NO, results in a shift of the carrier type from n to p,
thought to be related to hole doping from the adsorbed NO, molecules.
N-type material can be regenerated by desorption of NO, from the gra-
phene surface.

The sensitivity of graphene to atoms and molecules adsorbed on the
surface is indicative of its suitability for use in chemical sensors. Just a few
extra electrons from atoms or molecules adsorbed on the surface of gra-
phene can give rise to notable relative changes in carrier concentration
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[208]. Both electron donating and accepting species have been experimen-
tally verified on graphene, such as the strongly electronegative tetrafluoro-
tetracyanoquinodimethane and 7,7,8,8-tetracyanoquinodimethane.

As well as adsorption of molecules onto graphene surfaces, doping and
bandgap changes can be induced in graphene via covalent modification of
graphene. Experimental data regarding the bandgap induced by covalent
modification of graphene are relatively sparse, but covalent functionaliza-
tion of epitaxial graphene with nitrene has been observed to open a band-
gap in graphene [174]. Other methods reportedly used for bandgap tuning
include oxidation [209] and diazotization [179].

Chemical modification of epitaxial graphene, using diazotization, has also
been shown to affect the conductivity of graphene—more than doubling its
room temperature sheet resistance (from 1.5 to 4.2 k€)/sq) [76]. This is due
to the conversion of the carbon atoms in the graphene lattice from sp? to sp*
hybridization, opening a bandgap, which causes a barrier to electron flow.

Greenwood et al. also concluded that grafting of graphene with dia-
zonium 3,5-bis-tert-butylbenzenediazonium results in bandgap opening, at-
tributed to the breaking of sublattice symmetry of graphene under strain
[56,68=70,210,211]. Functionalization using diazonium derivatives can
therefore be used to change the electronic properties of epitaxial graphene
from metallic to semiconducting. Functionalization of epitaxially grown gra-
phene, where the basal plane of graphene is exposed to diazonium solution,
was observed by Loh et al. [169,170]) to resemble chemical modification of
the basal plane pyrolytic graphite. The similarity to HOPG was also observed
by Tehrani et al. [10], who performed development work on HOPG, before
transferring processes to few-layer and multilayer epitaxial graphene.

As well as being used to modify the bandgap and doping of graphene
layers, functionalization is used in the development of graphene sensors.
For example, binding events such as when a nucleic acid fragment binds to
its complementary ssDINA sequence, attached to a CVD graphene device,
have been used for highly sensitive detection of DNA hybridization [212].
Graphene sensors are reviewed in Section 4.7.

4.7 APPLICATIONS

Biomolecular analysis has a very important role in a number of applica-
tion areas including medicine, environmental testing, food and biosecurity,
and forensic science. Analytical methods and tools should be capable of
providing fast, reliable, and sensitive results, ideally at the point of testing or
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point-of-care. Biosensors offer a number of advantages over current existing
techniques such as mass spectrometry or ELISA tests, which are often labor
intensive, require expensive equipment, and in the case of medical testing,
results can take a long time to reach the patient resulting in a delay in any
required intervention.

Graphene and graphene-related materials have been used to fabricate
biosensors for the detection of a number of clinically relevant biomarkers,
including glucose [111,112,213-215]), bacteria, DNA [77], and biomarkers
relevant to cancer [8—10,216]).

Biosensors comprise a selective interface in close proximity to or inte-
grated with a transducer, which feeds back information about interactions
between the surface of the electrode and the local environment. Graphene’s
exceptional electronic properties offer tremendous potential in this area
[217]. Graphene-based biosensors have been demonstrated to exhibit high
sensitivities, low detection limits, and long-term stability [8—10]). The highly
sensitive electronic response of graphene to its chemical environment allows
for the detection of ultralow concentrations of analytes, with limits of detec-
tion as low as 50 M being reported [218]. This level of sensitivity supersedes
existing analytical techniques such as ELISAs and could facilitate early diag-
nosis of medical conditions using noninvasive saliva or urine testing, where
levels of biomarkers are typically in much lower concentrations than blood
and are generally considered beyond the limit of current technologies.

Following chemical functionalization of graphene (Section 4.4), attach-
ment of “bioreceptor” molecules imparts highly specific and selective rec-
ognition capabilities for detection of a particular analyte of interest.Various
“bioreceptor” types can be employed (summarized in Section 4.5) depend-
ing on the application of use.

Many research groups have focused on the development of graphene-
based glucose sensors. Graphene-based glucose oxidase biosensors have
been demonstrated for the detection of glucose by several groups and have
been shown to exhibit low detection limits, good sensitivity [111,112]) and
selectivity, and fast response times [111,112,213-215].

Kang et al. [213] fabricated chitosan/graphene/glucose oxidase modified
electrodes for direct electrochemical glucose sensing. Chitosan (a natural bio-
polymer) was used to immobilize the glucose oxidase enzyme (the biorecep-
tor) on the electrode. The study reported their sensors displayed a wide linear
detection range from 0.08 to 12 mM, with a detection limit of 0.02 mM.

In another study, nitrogen-doped, chemically exfoliated graphene was used
in glucose biosensing [214]. Nitrogen plasma treatment of graphene—chitosan
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on glassy carbon electrodes was undertaken prior to immobilization of glu-
cose oxidase. Detection of glucose was demonstrated with a good response
and selectivity to concentrations of glucose as low as 0.01 mM in the presence
of other nonspecific substances.

In an initial study using CVD-grown graphene, Huang et al. [215] dem-
onstrated the selective, real-time detection of glucose. CVD graphene FETS
were functionalized with 1-pyrenebutanoic acid succinimidyl ester, before
being incubated with glucose oxidase. Exposure of the device to glucose
resulted in an obvious change in the measured conductance with a detection
limit of 0.1 mM being reported. The same study also reported graphene FET
sensors for the detection of glutamate. These sensors were functionalized with
glutamic dehydrogenase bioreceptor molecules instead of glucose oxidase. In
this case a more sensitive detection limit of 5 WM was achieved for glutamate.

Graphene-based immunosensors have also been demonstrated which
employ epitaxial or CVD graphene materials. Guy and coworkers [8,9]) de-
veloped a chemically modified epitaxial graphene biosensor for the detec-
tion of the biomarker hCG. hCG is a key diagnostic marker of pregnancy
and has been reported to be an important biomarker in a number of cancers
[219]. Patterned multilayer epitaxial graphene devices were functionalized
with APTES to produce amine-terminated surfaces. Antibodies targeted
against the hCG biomarker were subsequently immobilized on the APTES
functionalized devices. A detection limit of 0.62 ng/mL was achieved with
these devices, with a linear response to the biomarker reported in the range
0.62-5.62 ng/mL.

The same group recently demonstrated that the epitaxial graphene sen-
sor could be adapted to the detection of other biomarkers by simply chang-
ing the antibody bioreceptor [10]. Tehrani et al. [10] used an electrochemical
functionalization process to graft phenylamine groups to epitaxial graphene
devices. The cancer risk biomarker (related to oxidative stress), 8-OHdG,
was then attached to the amine functional groups on the graphene surface.
The sensors were capable of detecting 8-OHdG concentrations as low as
0.1 ng/mL (0.25 nM).This result showed that the graphene sensors are five
times more sensitive than reported ELISA tests (0.5 ng/mL).

Yang and Gong [216] developed an immunosensor based on exfoliated
graphene for the detection of the cancer biomarker prostate-specific antigen
(PSA).A detection limit of 0.08 ng/mL was reported with a linear detection
range of 0.1-100 ng/mL, well within the relevant clinical PSA concentra-
tion ranges. Good selectivity was also demonstrated through monitoring the
response of the sensor to PSA in the presence of other nonspecific molecules.
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Immunosensors based on CVD graphene have been reported by Eissa
et al. [220]. Monolayer CVD graphene supported on a glass substrate was
covalently functionalized by electrochemical reduction of carboxyphenyl
diazonium salt. The carboxyphenyl-modified graphene was activated using
EDC/NHS chemistry prior to attachment of antibodies targeted against
ovalbumin. Impedance spectroscopy was used to monitor binding between
the surface-immobilized antibodies and ovalbumin. A linear response was ob-
served for ovalbumin concentrations ranging from 1.0 pg/mL to 100 ng/mL,
with a detection limit of 0.9 pg/mL. The same group also reported im-
pressive detection limits (0.85 pg/mL) when graphene screen-printed elec-
trodes were employed in immunosensor applications [221].

A number of DNA sensors have been reported in the literature. Dubuis-
son and coworkers [218] used anodized epitaxial graphene, with inherent
carboxyl functional groups from the anodization process, activated using
EDC/NHS chemistry. Probe DNA consisting of amine-terminated ssDINA
(complementary to the target DNA) was immobilized on the graphene
electrodes. Impedance spectroscopy was carried out, which showed that
exposure to the target DNA produced a linear response for the measured
range 0.05 pM-1 uM, with a detection limit of 0.02 pM. The study also
demonstrated the selective nature of the sensor by monitoring its response
when exposed to noncomplementary strands of DNA.

Dong et al. [212] fabricated large graphene transistors from CVD gra-
phene on glass substrates. Their study reported that the devices were capable
of detecting hybridization of target DNA to surface-bound complemen-
tary DNA with a detection limit of 0.01 nM and the ability to distinguish
single-base mismatch.

In another study using CVD graphene [222], aptamer-modified gra-
phene FETs were reported for the detection of immunoglobulin E (IgE).
Selective detection of IgE was demonstrated, with the detection range of
the sensors reported as 0.29-160 nM.

Bonanni and Pumera [223] developed an impedimetric graphene plat-
form for the detection of DNA hybridization and single-nucleotide poly-
morphism related to the development of Alzheimer’s disease. By comparing
the performance of different graphene platforms (each with a varying num-
ber of graphene layers within a nanoribbon structure) they reported a de-
tection limit in the picomolar range for the detection of single-nucleotide
polymorphism.

These numerous reports of graphene biosensors indicate the potential of
future health diagnostics based on graphene technology.
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5.1 INTRODUCTION

The research field of bioelectronics, at the fascinating intersection of the
worlds of electronics, biology, and biotechnology, has attracted enormous
interest in the last few years, due to both the novel perspectives that open
up and the potential of applications in terms of devices for diagnostics and
healthcare [1]. Bioelectronic devices involve electronic elements such as,
for example, electrodes, transistor devices, piezoelectric crystals, magne-
toresistance recording media and scanning tunneling microscopy (STM)
tips, which are interfaced with biological or biologically derived systems
(eg, microorganisms, living tissues, enzymes, antibodies, nucleic acids, en-
gineered proteins, aptamers, etc.). As discussed in other chapters of this
book, applications of such innovative technology are mainly focused on
sensing, ranging from the detection of biomolecules, disease markers, bio-
logical analytes, pass-through monitoring of biophenomena, up to medi-
cal applications (actuators, prosthetics, etc.). Indeed, the growing interest of
the scientific community on bioelectronics is increasingly concerned with
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conceiving and realizing advanced tools and systems, which are expected
to revolutionize the concept of personal care and healthcare, aiming at ease
of use, low cost, high performance, and complete adaptability/integrability
with living beings.

Contemporary work continues to be carried out on the research of
innovative advancements and outperforming technologies for biomedical
applications. One of the main aspects on which the efforts of researchers have
focused concerns the discovery and improvement of materials with better
chemical, electrical and mechanical properties, according to the specific bio-
medical applications to which they are intended. In this context, as proposed
in this book, the superior properties of silicon carbide (SiC) have made it the
material of choice for an increasing number of promising biomedical devices.

In chapter: Silicon Carbide Materials for Biomedical Applications an
in-depth introduction to SiC was presented. Here a fast review of the critical
material characteristics is presented in order to set the stage for using SiC for
bio- and electrochemical sensing. It is worth summarizing briefly that the
constituent silicon and carbon atoms composing the crystal structure of SiC
are arranged in SiC, tetrahedrons forming a bilayer structure. SiC peculiarity
consists in its ability to exhibit different crystal forms, that is, more than
250 special polymorphs [2]. In particular, SiC exhibits a particular two-
dimensional polymorphism, called polytypism [3]. Polytypic compounds are
characterized by stacking layers sharing the same structure for the lattice
planes and differing for the relative positions of the adjacent stacked planes.
SiC polytypes that result upon crystallization in binary structures made of
identical layers with a cubic (C), hexagonal (H), and rhombohedral (R)-like
arrangement of SiC bilayers are also characterized by the number of stacked
layers constituting a repetitive stacking sequence in the direction perpen-
dicular to the basal plane. Most of the possible polytypes are unstable, and
within the previous scheme, the most frequent SiC polytypes for electronic
device applications are the cubic 3C and both the hexagonal 4H [considered
as the benchmark material within the family of wide bandgap (WBG) semi-
conductors, due to its widest bandgap| and 6H. The physical properties of
SiC polytypes are almost identical, while the electrical ones depend specifi-
cally on the order in which the layers are arranged and on the number of
layers in a unit cell. Some of the main physical and electronic parameters
shown by 3C-SiC, 4H-SiC, and 6H-SiC are reported in Table 5.1.

Due to its robust properties, SiC is historically considered the most suit-
able material for the manufacturing of high-power, high-frequency elec-
tronic devices with superior performance with respect to Si-based ones.
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Table 5.1 Physical and Electronic Parameters of 3C—, 4H-, and 6H-SiC Polytypes [4]

3C-SiC 4H-SiC  6H-SIC
Dielectric constant, € 9.72 9.66 9.66
Bandgap (eV) 2.39 3.26 3
Thermal conductivity (W/cm°C) 3—4 3—4 3—4
Saturation drift velocity, v (cm/s) 2.7 X107 | 2X 107 | 2 X 107
Electron mobility @ 300 K, u_ (cm*/V s) <1000 <850 <450
Hole mobility @ 300 K, K, (cm?/V s) <40 <120 <100

Therefore, currently SiC is ideally considered as the best material for high-

gain and high-speed solid-state devices. However, SiC shows several prop-

erties suitable for biologically related applications as discussed in chapter:
Cytotoxicity of 3C-SiC Investigated Through Strict Adherence to ISO
10993, chapter: Study of the Hemocompatibility of 3C-SiC and a-SiC
Films Using ISO 10993-4 and chapter: In Vivo Exploration of Robust Im-
plantable Devices Constructed From Biocompatible 3C-SiC. Hereinafter,
the most important ones are listed:

Biocompatibility: the proved lack of cytotoxic effects when interfaced
with several mammalian cell cultures makes SiC a better substrate in
terms of both cell adhesion and proliferation [5].

Chemical inertness in harsh environments: a dissolution rate below 30 nm
per year [6,7] and an excellent corrosion resistance under normal bi-
ological conditions imply no adverse reaction and long-term stability
when SiC-based devices are implanted in the body.

Ideal mechanical properties for smart and long-term implants: Young’s
modulus higher than that of Si, high hardness (5.8 GPa), high elastic
modulus (424 GPa), and low friction coetficient (0.17) prevent easy
breakage of SiC when inserted in living tissues [5].

Electrical properties for highly sensitive devices: SiC bandgap increases
its sensing capabilities by reducing the number of electron—hole pairs
formed from the thermal activation across the bandgap; high breakdown
field ~2 MV/cm is two-fold higher than that of Si [8]; very high p- and
n-type charge carrier mobility; and metallic conductivity achieved by
heavily doping it with boron, aluminum, or nitrogen [9].

Optical properties: high refractive index, transparency to visible light, and
UV wavelength absorption; SiC nanoparticle photoluminescence makes
it an ideal material for optical-based biosensing.

Ease of functionalization: the wide reactivity of C and Si terminations
on the SiC surface allow a large number of functionalization routes
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(based, for instance, on self-assembled monolayers made of organosilanes
or short-chain alkenes used as a first step for the immobilization of other
biomolecules), in order to obtain a controlled and stable inorganic/ (bio)
organic interface [10].

» High thermal conductivity, similar to that of copper at room temperature [11].

Given the many outstanding properties that make SiC a particularly
suitable material for biomedical applications, a wide number of devices
based on SiC have been described so far in the literature, including cardiac
stents, biomembranes, orthopedic implants, imaging agents, drug delivery
systems, tissue engineering scaffolds, and biosensors [12]. Among these, bio-
sensors able to detect biologically relevant molecules, or signals directly
produced by living tissue, promise to have a central role in the development
of technologies for point-of-care diagnostics and fast, reliable, sensitive, and
portable sensors for healthcare applications. In general, biosensors are “ana-
lytical devices” incorporating a biological or biologically derived system
and are intimately associated with or integrated within a physicochemical
transducer, which in turn may be an optical, electrochemical, thermomet-
ric, piezoelectric, magnetic, or micromechanical tool. Their range of use
covers medicine, biomedical research, drug discovery, environment, food
monitoring, process industries, security, and defense. The scientific commu-
nity in the biosensing field is paying close attention to SiC technology in
the attempt to overcome the real and potential limitations showed by cur-
rent techniques dedicated to the clinical diagnosis of many diseases or the
detection of pathogenic agents and biomolecules. Interestingly, the majority
of SiC-based biosensors reported so far in the literature exploit electrical
detection mechanisms, mainly electrochemical ones (eg, differential pulse
voltammetry and cyclic voltammetry), where SiC is mainly used as an elec-
trode material or as a functionalized system for electrodes.

Recent achievements in bioelectronics show that SiC is one of the best
alternatives to the fast flourishing class of the organic semiconductors (OS).
OS are, in fact, gaining increasing interest with a number of working and
quite promising biomedical applications reported already [13]. These mate-
rials, including poly(3-hexylthiophene) (P3HT), polyaniline (PAni), poly-
pyrrole, and poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic acid)
(PEDOT:PSS), to cite few among a growing number, are characterized by
a -conjugated structure and have become a complementary alternative to
conventional inorganic semiconductors such as silicon, GaAs, etc. [14,15].
Some of the advantages of these compounds are of a technological nature,
the main one being the easy tailoring of their (multifunctional) properties
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by chemical design, incorporating functional groups while manipulating
the physical conditions to meet the specific low-cost requirements of pro-
cessing conditions. In fact, organic thin films are fabricated by inexpensive
solution-based processing techniques (eg, spin coating and inkjet printing)
or thermal evaporation at room temperature [15] even though quite sophis-
ticated processes have also been proposed to fully control their final prop-
erties in the solid state [16,17]. Moreover, conformability, biocompatibility,
and the peculiar conductive properties of many of these organic compounds
make them very promising for innovative bioelectronic devices. Indeed,
one of the most interesting properties of OS for biomedical applications is
the porous structure available by some of them (PEDOT:PSS being one of
the best examples). OS direct exposure to biological media demonstrates
one of their major advantages consisting of mixed ionic—electronic con-
duction, which is their ability to change their conductive properties as a
result of the exchange of ionic species with the liquid environments they
are exposed to [18]. As a direct consequence PEDOT:PSS has been used
for several applications, including displays [19], organic thin film transis-
tors (OTFTs) [20], microelectrode arrays (MEAs) [21-23], memory devices
[24,25], as well as chemical and biological sensors [14]. It is worthwhile
briefly discussing the role played by PEDOT:PSS since it is by far the most
used and promising OS material in neuronal interfaces and, even to a much
less extent, in biosensing. OTFTs based on PEDOT:PSS belong to the class
of organic electrochemical transistors (OECTs). Basically, OECTs are
three-terminal devices, mainly made of PEDOT:PSS thin layers, where the
transistor channel is defined as the region comprised between two planar
electrodes, source and drain, while the gate electrode is separated from the
transistor channel by an ionically conducting, electrically insulating electro-
lyte. The working principle of an OECT is based on the reversible electro-
chemical doping/dedoping of the transistor channel by injection of cationic
species from the electrolyte upon application of a positive voltage to the gate
electrode (ie, field-effect gating). OECTs based on PEDOT:PSS have been
successfully used as biosensors for applications ranging from enzymatic and
nucleotide sensing to cellular toxicology and for neurophysiology monitor-
ing [26,27]. All of the applications of PEDOT:PSS-based OECTSs reported
that the electrochemical nature of the detection/working principle plays a
key role, where electrochemistry comes into play not only in the reversible
doping/dedoping of the transistor channel, but also in the specific reactions
that can take place at the gate/electrolyte interface upon appropriate choice
of the gate material and/or functionalization of the gate surface. To date, the
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main drawback shown by OECTs is the lack of an intrinsic selectivity even
though several pathways via functionalization have been demonstrated. This
is one aspect that enforces the potential of alternative sensors based on SiC,
since SiC-based technology allows reliable strategies for specific selectivity
versus a given analyte, due to the high versatility of SiC in terms of the nu-
merous chemical functionalization pathways for this material. This is mainly
due to the material possessing the chemistry of both Si and C depending
on the termination layer at the surface.

Due to the relevant role of electrochemistry in the sensing mechanism
of a majority of SiC-based biosensors, in this chapter particular care will
be given to electrochemical devices based on SiC for biosensing applica-
tions. The aim is to contextualize these applications within the wide set of
examples reported in the literature, where OS, and PEDOT:PSS in par-
ticular as a case material of reference, plays a dominant role. Hence, we will
briefly describe the biomedical applications of SiC, from tissue engineering
and bio-inspired ceramics to biosensors, providing a detailed overview of
the current literature existing on SiC-based biosensors. A special focus on
electrochemically operated devices, where the detection of analyte mol-
ecules takes place due to electrooxidation/reduction (redox) mechanisms,
will be given and, whenever possible, a direct comparison between the per-
formance of SiC-based and PEDOT:PSS-based biosensors will be made.

5.2 SiC AND BIOMEDICAL APPLICATIONS

In the previous section it was mentioned that SiC has emerged, since the
beginning of the new millennium, as a very promising material for a wide
range of biomedical applications, as demonstrated by several examples al-
ready available in the literature [28]. Although the growth trend of the SiC
market is fast [29], most of the market will continue to be dedicated to
power electronic applications (Schottky diodes and transistors). The market
forecast is the expected outcome that, despite the strong interest toward
SiC bioapplications, this highly promising technology is still at an early
stage. Prior to extensively describing SiC-based biosensors in the next sec-
tion in terms of the most recently demonstrated biomedical applications,
a brief overview of the biomedical applications, complementary to that
of other chapters in this book, is provided where SiC has already gained a
significant role.

So far, among the main SiC biomedical applications there are those
where mechanical and chemical properties of this material play the major
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role, such as coatings for coronary heart stents, biomorphic ceramics, and
scaffolds for tissue engineering. The application of SiC as a passive stent coat-
ing was described in the early 2000s by several groups [30—34]. In particular,
a marked reduction in fibrin and thrombus deposits around the SiC-coated
implants was confirmed as well as negligible ion release into the surround-
ing biological environment [30]. Biomorphic SiC ceramics were used as a
base material for dental and orthopedic (mainly bone) implant technology,
taking advantage of their enhanced mechanical and biochemical properties.
In particular, SiC was exploited as an interesting alternative to titanium and
titanium alloy implants, in terms of both strength and density. Biomorphic
SiC ceramics coated with bioactive glass were reported for bone substitu-
tion [35], while SiC as a ceramic coating material of titanium-based total
hip replacement (THR) implants was also investigated with encouraging
results [36]. SiC was also used as a scaffold material for tissue engineering,
with the purpose of mimicking and/or replacing biological functions as a
strategy for restoring the functionality of damaged tissues, such as bones,
skin, cartilage, etc. SiC’s interconnected porosity facilitates cell seeding and
diftusion throughout the whole structure of both cells and nutrients. This
allowed use of SiC composites as bone scaftolds by supporting human os-
teoblast attachment and growth [35,37-39]. In this respect, suitable surface
treatments improve cell attachment. As an example, amine-functionalized
SiC nanowires (SICNWs) cross-linked to the extracellular matrix of a por-
cine tendon were described, with the purpose of optimizing the mechanical
strength, the resistance to degradation, and the overall biocompatibility of
the porcine tendon [40].

Nanoporosity of SiC was also exploited for the fabrication of freestand-
ing semipermeable membranes used as filters in liquid environments to-
ward biological molecules such as proteins [41]. The SiC-based membranes
showed a selective permeability toward proteins according to their molecu-
lar weight, passing proteins of up to 29 kD and excluding larger molecules
with a molecular weight of 44 kD (corresponding to a size of 4.7 and
5.0 nm, respectively). Interestingly, resistance to protein fouling of SiC bio-
membranes was also demonstrated [42].

Systems based on SiC are also used for the development of optically
based devices. For instance, 3C=SiC nanoparticles are added to 3T3-L1
fibroblasts as bioimaging agents. Analysis with fluorescent microscopy al-
lowed localizing the 3C-SiC nanoparticles inside the cells, verifying their
cell nontoxicity after 1 week of incubation [43].An a-Si/a-SiC photosensor
has also been developed for DNA detection [44], while a 3C-SiC-based
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superlens for near-field scanning optical microscopy (NSOM) has been
realized in order to promote biological imaging in fluidic environments
[45]. Finally, an evanescent waveguide was described as a useful system for
chemical sensing [46].

5.3 ELECTROCHEMICAL BIOSENSORS

SiC as active material in biosensors represents one of the most recent and
exciting solutions for biomedical and point-of-care diagnostics technology.
This class of devices has been investigated only in the last 5-6 years, making
this new branch of research one of the most innovative applications of this
outstanding material. Several biosensor structures where SiC plays a relevant
role have been described so far, due to its outstanding chemical, electronic,
and mechanical properties. Biosensors involving SiC as an active material in
the biorecognition process are mainly electronically based. In this case, SiC
is most often used as an electrode substrate or as a functionalizing element
of common electrode materials, such as glassy carbon, both in the form of
all-SiC nanostructures or nanocomposites in combination with Au, Pt, Pd,
TiO, and NiO nanoparticles. In particular, the electronic properties of SiC
allow the fabrication of devices where the biosensing events take place due
to changes in surface impedance or to electrochemical reactions resulting
from specific interactions between the SiC nanocomposite and the analyte
under analysis. As described in other specifically devoted chapters of this
book, SiC properties have been explored not only for devices conceived for
detecting and quantifying biomolecules dissolved in biological fluids, but
also in probes for in vivo monitoring of physiological signals.

5.3.1 SiC Biosensors

Biosensors exploiting SiC as an electrode or substrate material have been
used for high-sensitivity detection of several biomolecules. For instance,
Yang et al. originally reported the covalent bonding of DNA molecules on
3C-SiC films used as electrochemical electrodes [47]. The 3C-SiC surface
was first functionalized with diazonium salts, and then DNA molecules
were immobilized onto the so-modified surface. The DNA hybridization
was detected by recording the cyclic voltammetry (CV) curves of the ss-
and ds-DNA strands immobilized on the SiC-modified electrode surface
(Fig. 5.1a) immersed in a PBS butffer solution. The DNA probe was labeled
with a redox center of ferrocene portion. Two redox waves of ferrocene
portions present in the CV curve of ss-DNA disappeared after hybridization
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Figure 5.1 (a) Fluorescence micrograph of a SiC electrode functionalized with ds-DNA.
(b) CV of ss-DNA (solid line) and ds-DNA (dashed line) modified SiC electrode showing
the presence of redox waves according to the hybridization of the probe DNA. (Reprint-
ed with permission from [47]. Copyright (2011) American Chemical Society.)

of ss-DNA with complementary DNA, providing a fingerprint of the DNA
hybridization (Fig. 5.1b). DNA qualitative detection was also confirmed by
a decrease of the redox current.

SiC was also used by Oliveros et al. to build a long-term device to
predict silent myocardial infarction via the detection of myoglobin, a pro-
tein prevalent in the blood stream during an acute myocardial infarction
[48]. To this end, the authors covered a SiC surface with self-assembled
monolayers (SAMs) of aminopropyldiethoxymethylsilane (APDEMS) and
(3-aminopropyl)-triethoxysilane (APTES), and successtully functionalized
the SAM surfaces with the antimyoglobin antibody. When myoglobin in-
teracts with the antibodies, a change in device impedance can be measured
using an electrochemical cell. On this basis, they took advantage of electro-
chemical impedance spectroscopy (EIS) for myoglobin detection, studying
in sequence: the antimyoglobin immobilization; the changes in flat band
potential, changes of impedance in the space charge region of 3C-SiC after
formation of an APTES SAM; and, afterwards, the impact of adding a fixed
concentration of myoglobin (1 pwg/mL) on top of the sensor surface. Al-
though promising results are described for myoglobin detection, the bind-
ing of myoglobin on SiC-modified surfaces was not easy to identify, due to
a certain variability of the data that they obtained.

Singh et al. studied a composite SiC-carbon fiber electrode for the de-
tection of neuronal activity and biochemical sensing of electroactive neu-
rotransmitters, such as dopamine hydrochloride and vitamin C [49]. They
used CV measurements and EIS for the electrochemical characterization
of the device, while detection of both neurotransmitters was performed
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exploiting the analogous redox activity of labile hydroxyl groups on their
molecules, reaching a limit of detection below 10 wM. The authors also
reported the in vivo recording of action potentials from an anesthetized rat’s
brain with very high signal-to-noise (S/N) ratio (20—25 compared to 4-5
obtained with commercial tungsten electrodes). The SiC-based electrodes
showed a reversible electrochemical behavior revealed by their ability to
transfer electrical charge with the charging/discharging of the electrical
double layer. One of the most important findings of their work is that elec-
trodes show a capacitive interaction, which is highly desirable for chemical
and electrochemical stability of the electrodes.

Finally, electrodes made of SiC were used for in vivo measurement of
biological signals also by Godignon’s group, who has exploited the su-
perior characteristics of SiC to develop temperature and impedance
sensors for monitoring both myocardial ischemia and transplantation
organ/tissue ischemia [50-52]. They fabricated needle-shaped, minimally
invasive impedance probes, reported in Fig. 5.2a, based on SiC substrates
with lower leakage current compared to that of Si-based impedance sen-
sors, thus avoiding false impedance changes. The authors compared Si and

(a)

Impedance sensor

(300 x 300 pm) -
Bonding pads

o’ . 1
. - — ‘ .
of e — : »
AR AT c—
N - i i et

-
- -
Rl LT L Ly

In vivo experimental
(b) silicon carbide probe

10000 . : lischemia - IreperfusionI [ .

~«-100 kHz
46 kHz

Modulus (ohms)

Time (min)

Figure 5.2 (a) Needle-shaped SiC probe for impedance measurements. (b) Impedance
modulus from in vivo experiments for SiC-based impedance probes in rat kidney warm
ischemia. (Adapted with permission from Springer Science and Business Media [51].)
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SiC mechanical and electrical properties, demonstrating the superiority
of SiC for impedance-based needle probes [52]. In fact, their results indi-
cate that SiC outperforms Si in every aspect, showing: SiC needles with a
mechanical fracture 2.5 times higher than for Si needles (1053 £ 200 mN
vs. 452 £ 37 mN) allowing for critical loads; a four times higher modulus
of rupture for SiC devices (774 MPa vs. 188 MPa); and a 10-fold increase
in the frequency range for electrical measurements in SiC-based probes. A
typical in vivo experiment performed by inserting SiC-based impedance
probes in a rat kidney affected by warm ischemia, reported in Fig. 5.2b,
shows an impressive operation of these tools for the impedance/modulus
spectroscopic analysis. These results suggest that SiC should be preferably
used over Si in all biomedical applications in which device breakage must
be avoided or very precise electrical measurements are required.

Recently, SiC was also used as biocompatible substrate material for an
implantable biosensor, whose scheme is reported in Fig. 5.3a, employing
radio frequency (RF) for long-term, real-time, and continuous glucose
monitoring as reported in chapter: SiC RF Antennas for In Vivo Glucose
Monitoring and WiFi Applications [53]. The sensing mechanism is based
on the shift of the resonant frequency as a function of glucose level (the
higher the glucose level, the lower the resonance frequency), which is due
to glucose-related changes in blood permittivity and conductivity. Interest-
ingly, the device did not require direct contact with the liquid environment
containing the analyte with the active material (SiC). Resonance frequency
shifts corresponding to a 97- and 67-kHz shift per 1 mg/dL change in
blood glucose were measured (Fig. 5.3b). This innovative SiC-based RF
(a) (b)
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Figure 5.3 (a) Schematic of the SiC-based antenna glucose sensor. (b) Measured rela-
tive resonance frequency shift as a function of glucose concentration as presented in
chapter: SiC RF Antennas for In Vivo Glucose Monitoring and WiFi Applications. (Adapted
with permission from [53].)
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antenna was shown to work efficiently across the glucose level range of
medical interest, from the normal clinical condition to the monitoring of
critical health conditions such as hypoglycemia (below 60-65 mg/dL) and
hyperglycemia (above 240 mg/dL).

The properties of nanostructured SiC have been exploited in order to
obtain selective functionalizing systems suitable for the detection of bio-
molecules. Uniform and highly dispersed gold—silicon carbide (Au@SiC)
nanocomposites, prepared via ascorbic acid-assisted chemical reduction,
were used by Yang et al. for label-free electrochemical immunosensing of
human chorionic gonadotrophin (hCG) [54]. The device, using Au@SiC-
modified glassy carbon electrodes (GCE) as shown in Fig. 5.4a, provides a
good linear response range from 0.1 to 5 IU/L and 5 to 1000 IU/L with a
detection limit of 0.042 TU/L (Fig. 5.4b). The immunosensor showed good
selectivity and acceptable stability and reproducibility, resulting in a prom-
ising approach for the detection of hCG in clinical diagnostics. Yang et al.
achieved the simultaneous electrochemical determination of hydroquinone
(HQ) and bisphenol A (BPA) using a titanium dioxide—silicon carbide nano-
hybrid (TiO,-SiC) [55]. A GCE was modified with the TiO,-SiC nanohy-
brid and monodispersed ultrafine palladium nanoparticles were anchored
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Figure 5.4 (a) Sketch of the fabrication process of the SiC-based hCG immunosensor.
(b) Differential pulse voltammetry (DPV) curves of an immunosensor incubated with
different concentrations of hCG standard solution (from A to J): 0.0, 1.0, 10.0, 50.0,
100.0, 200.0, 300.0, 500.0, 700.0, and 1000.0 IU/L in 0.1 M pH 7.4 PBS containing 2 mM
[Fe(CN),***~ and 0.1 M KCl. Pulse width, 0.05 s; amplitude, 0.05 V. The inset shows the
calibration plot of the reduction current change (Al) versus concentration of hCG under
optimal conditions. (Adapted from [54]. Copyright (2014), with permission from Elsevier.)
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Figure 5.5 (a) DPVs obtained for the oxidation of mixture containing 200.0 mM HQ and
200.0 mM BPA at bare GCE (A), SiC/GCE (B), Pd/GCE (C), TiO,-SiC/GCE (D), Pd@TiO,/GCE
(E), Pd@SiC/GCE (F), Pd@TiO,-SiC (G) in 0.1 M, pH 6.0 PBS containing 10% ethanol. (b)
Calibration plots of the oxidation current at Pd@TiO,-SiC/GCE versus concentration of
HQ. (Adapted from [55]. Copyright (2014), with permission from Elsevier.)

on the TiO-SiC surface. The Pd@TiO,~SiC nanohybrid-modified GCE
exhibited electrochemical performance superior to those of TiO,-SiC and
SiC in the simultaneous detection of HQ and BPA (Fig. 5.5a). The detec-
tion limits of the Pd@TiO,-SiC nanohybrid electrode for HQ and BPA
were 5.5 and 4.3 nM, respectively (Fig. 5.5b).The authors demonstrated the
practical application of the modified electrode by the simultaneous detec-
tion of HQ and BPA in tap water and wastewater samples.

SiC nanoparticles were used for electrode modification as electrocata-
lysts for oxidation of insulin at physiological pH by Salimi et al. [56]. Their
device proved to work properly in a linear dynamic range up to 600 pM,
with sensitivity of 710 pA pM™ cm™ and a detection limit of 3.3 pM. In
addition, the authors also show that the interference effect of cooxidized
compounds can be diminished or eliminated by covering the surface of the
modified electrode with a Nafion film. The oxidation of insulin at the GC
electrode modified with SiC nanoparticles occurred at reduced overpoten-
tials in comparison to a bare GC electrode. This work proved SiC nanopar-
ticle-modified GC electrodes as detectors of insulin at the picomolar level
when coupled with a flow system. Rafiee-Pour et al. describe a biosensor
for micromolar-level detection of superoxide based on direct voltamme-
try of immobilized superoxide dismutase (SOD) onto the surface of a GC
electrode modified with SiC nanoparticles [57]. The excellent biocatalytic
activity of SOD toward superoxide dismutation was exploited and a pair of
well-defined and nearly reversible redox peaks was reproducibly recorded.
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Figure 5.6 Square-wave voltammetric responses as a function of different concentra-
tions of DA (0.2-35 mM) in the presence of 100 mM AA and 1.5 mM UA in 0.05 M phos-
phate buffer solution at a SiC coated GCE. In the inset the corresponding calibration
curve is reported. (Reproduced from [58], with permission of the Royal Society of Chemistry.)

The authors reported a sensitivity and detection limit of 1.416 nA/pM,
1.66 wM, and 1.375 nA/pM, 2.1 puM for cathodically or anodically de-
tection of superoxide, respectively. Dopamine (DA), a neurotransmitter of
the central nervous system whose abnormal values can be related to neu-
rodegenerative diseases (Alzheimer’s, Parkinson’s), has been detected with
high sensitivity and selectivity by Wu et al. using GCE coated with SiC
nanoparticles (SiC-GCE) [58]. CV measurements were performed to high-
light the electrocatalytic activity of SiC-GCE with respect to bare GCE
(vs.Ag/AgCl) toward DA, ascorbic acid (AA), and uric acid (UA) (Fig. 5.6).
Well-defined and resolved CV responses were obtained for the oxidation
of DA, AA, and UA with the SiC-GCE electrode, showing a similar elec-
trochemical behavior for these three molecules, expressed by a negative
voltage shift of the CV curve. In order to demonstrate the selectivity of
the SiC-GCE electrodes for the DA detection, a batch with a mixture of
the three analytes was prepared and CV curves acquired versus a reference
Ag/AgCl electrode. Separated oxidation peaks could be observed, suggest-
ing the possibility of discriminating between AA, UA, and DA, with a sensi-
tivity toward DA of 16.9 A/M cm? and a detection limit of 50 nM. Another
application of SiC nanoparticles-modified GCE (SiCNP/GCE) sensors for
DNA bases was developed by Ghavami et al. The device was shown to be
able to perform a selective and simultaneous determination of purine (gua-
nine G and adenine A) and pyrimidine (thymine T and cytosine C) with a
sensitivity down to the micromolar range [59].The oxidation of individual
and a mixture of DNA bases on SICNP/GCE electrodes was investigated in
a PBS solution by acquiring CV curves and differential pulse voltammetric
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(DPV) responses and comparing them to those obtained using a bare GCE
electrode. Independent oxidation peaks appeared for T, C, and for G and
A bases when the SICNP/GE electrode was used, while negligible oxida-
tion peaks were found in the case of a bare GCE electrode. From the linear
relationship between the DPV oxidation peak current of each DNA base
and their concentration, detection limits of 0.015 wM for G and A, and
0.14 pM for T and C were calculated, respectively. The very easy electro-
chemical detection of DNA bases at a GCE electrode modified with SiC
nanoparticles results in an easier and cheaper sensor technology than those
generally employed for DNA bases detection.

An electrochemiluminescence (ECL) sensor for adrenaline, based on a
GCE modified with a composite tyrosinase/SiC/chitosan film, was devel-
oped by Ye et al. (Fig. 5.7a) [60]. The working principle of this ECL sen-
sor is based on the tyrosinase catalysis of adrenaline to produce hydrogen
peroxide. In order to realize a step forward toward real applications, like in
medical samples, the authors also studied the electrochemical response of
several possible interferents, such as citric acid, noradrenaline, vitamin C,
and DA. In the presence of these species (whose concentrations were 50
times higher than that of adrenaline) the response of the ECL sensor had no
significant enhancement. In addition, several metal ions, such as Fe**, Ca",
Mg**, Pb**, Cu*', and Zn?", did not cause interference, demonstrating the
very high selectivity of this ECL sensor toward adrenaline, with a detection
limit of 0.5 nM and with an S/N ratio of 3 (Fig. 5.7b).
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Figure 5.7 (a) Schematic representation of the ECL sensor for adrenaline assay.
(b) The ECL spectra of the Tyr/CS/SiC-modified electrode obtained at different adrena-
line concentrations. Inset: calibration curve with the ECL intensities versus the adrena-
line concentrations. Tyr, tyrosinase; Luc, lucigenin; SiC, carborundum; Adr, adrenaline;
NMA, N-methylacridone; CS, chitosan. (Adapted from [60], with permission of the Royal
Society of Chemistry.)
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Table 5.2 Comparison of Electrochemical Detection Performance of 600-NiO/SiC With
Other Glucose Sensors

LOD Sensitivity
Electrode Linear range (mM) (M) (mMA/mMcm?)  References
GOx/PtNP/PAni/Pt | 0.01—8 0.7 0.096 [12]
Cu—N—G 0.004—4.5 1.3 0.681 [35]
GM—NiO 0.001-0.1 1.6 0.918 [36]
3D graphene/Co,O, | <0.08 <0.025 | 3.39 [37]
Au/MNE 0.1-=3000 0.5 2.978 [38]
600—N10/8iC 0.004—-7.5 0.32 2.037 [61]

References underlined follow the numeration in the original paper.
Reproduced with permission from [61].

Finally, SiC-functionalized electrodes were also used for sensitive glucose
detection. In the study by P.Yang et al., NiO/SiC nanocomposites were
prepared for the first time by the atomic layer deposition (ALD) technique
and used as nonenzymatic electrocatalysts for glucose sensing [61]. NiO
nanoparticles were grown on SiC particles by ALD with highly uniform
particle size (4.2 nm), while SiC was used as the substrate due to its biocom-
patibility, low background current, and wide electrochemical window. A
glucose detection limit of 0.32 M was calculated for the NiO/SiC-based
biosensor (S/N = 3), with a sensitivity of 2.037 mA/mM cm? and a linear
response range up to 7.5 mM. Interestingly, the NiO/SiC-based biosensor
showed high selectivity for glucose detection, since addition of electroac-
tive interference species (ascorbic acid, uric acid, and DA) caused only small
changes in the device signal compared to glucose addition. Table 5.2, re-
ported from the original work, presents an interesting comparison with the
performances of other glucose sensors (although not treated in this chapter).

5.4 SiC- AND PEDOT:PSS-BASED BIOSENSORS—A
COMPLEMENTARY COMPETITION

PEDOT:PSS is one of the most popular semiconducting polymers, be-
cause of its high conductivity (1-1000 S/cm) and good stability over a wide
range of pH values. Due to these main strengths it is already available on
the market [62]. Given its widespread use and demonstrated performance
it may well be considered a sort of benchmark for polymer-based electro-
chemical sensing. It consists of PEDOT, the semiconductor itself, and PSS,
the most common counter ion added to PEDOT in order to circumvent
its insolubility in water and as a dopant to further enhance its conductivity.
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As described in the Introduction to this chapter, the mixed ionic—elec-
tronic conduction of PEDOT:PSS has given rise to a series of devices for
applications where the presence of a liquid environment, and in particular
water, is involved. In particular one of the main applications is biological
sensing, intended for the detection of biological molecules, such as glucose,
proteins, neurotransmitters, DNA bases, or signals related to living cells and
whole tissue. Upon considering the scenario of biosensing applications of
PEDOT:PSS described so far in literature, in this section we proceed with a
comparison between performance, advantages/disadvantages, and perspec-
tives of PEDOT:PSS-based devices with the corresponding ones based on
SiC. In particular, we directly compare these two technologies by describ-
ing the sensing of specific biological analytes or signals (namely, glucose,
DA, DNA, adrenaline, and action potentials), which have been reported
using both PEDOT:PSS- and SiC-based sensors.

One of the first and probably the most relevant applications of
PEDOT:PSS OECT sensors was the detection of glucose, which dates back
to 2004 with the work of Malliaras’s group [63]. Glucose was detected with
a millimeter-sized device (Fig. 5.8a) using a sensing mechanism based on
the detection of hydrogen peroxide (H,O,) generated as a by-product of the
reaction between glucose and the enzyme glucose oxidase (GOx) added to
the electrolyte (Fig. 5.8b). GOx is known to catalyze the reaction of glu-
cose in the presence of oxygen to produce gluconolactone and H,O,.The
catalytic ability of Pt, used as a gate material, for the oxidation of H,O, was
exploited to create an electron that is transferred to the gate. In order to
preserve the charge neutrality in the electrolyte, a cation is injected into the

(a) (Vg (b)

‘[&\ Yo Biglucoss ) <G°X'ed> < H,0, ) (F’t +e
Vg D-glucono-1,5-lactone GOx 0, Pt

o

() Substrate Ml PEDOT:PSS PEDOT*PSS- + M* + e« —PEDOT + M*:PSS-
mm PDMS £ Electrolyte

Figure 5.8 (a) Scheme of the PEDOT:PSS device configuration used for glucose sensing
(top panel: side view, bottom panel: top view). (b) Reaction cycle at the gate electrode
involved in the detection of glucose using GOx. (c) Reaction taking place at the PEDOT:PSS
channel. (Adapted from [63] and [64] with permission of the Royal Society of Chemistry.)
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PEDOT:PSS film and compensates the PSS anion, thus reducing PEDOT™
to the less conductive form PEDOT" (Fig. 5.8¢). Since the concentration
of H,O, is directly correlated to that of glucose, H,O, was used to detect
and measure the amount of glucose present in the solution. A response was
detected for concentrations as low as 100 wM of glucose, which is compat-
ible with physiological levels of glucose in human body fluids (for instance,
saliva and sweat). Interestingly, the authors foresee further improvements of
the sensitivity by means of device optimization (amount of GOx present in
the solution and thickness of the PEDOT:PSS film). More refined results
in glucose sensing by OECTs were obtained by Bernards et al., who used
millimeter-sized OECTs to also improve the understanding of the device
physics underlying enzymatic sensing by OECTs [64]. Device operation
was described in terms of charge transfer reactions with a Faradaic contri-
bution that alters the potential at the gate/electrolyte interface, and that can
be detected through changes in the source—drain current flowing into the
PEDOT:PSS channel. This approach led to the detection of signals with
concentrations as low as 1 WM of glucose, resulting in a device response
logarithmically correlated to the glucose concentration. Comparable results
were obtained by Shim et al. [65], who used a ferrocene mediator in order
to enhance the electron transfer to the gate and achieved low-cost single-
step devices entirely made of PEDOT:PSS. Ionic liquids, endowed with a
wide electrochemical operation range, high ionic strength, low or negligible
evaporation, and stabilization of the enzyme structure and functions, were
used by Yang et al. [66] as an electrolyte in the OECT, resulting in sensing
capabilities for glucose in the range from 1077 to 1072 M. Subsequently, fur-
ther improvement in the biosensing performance of OECTs was achieved
by means of surface functionalization of the active elements of the device.
To this regard, Yang’s group increased sensitivity and selectivity of OECTs
for glucose sensing in complex liquid matrix by functionalizing the gate
electrode with enzymes and nanomaterials [67,68]. On the one hand, Tang
et al. [67] functionalized a Pt gate electrode with an enzyme (GOx) and
Pt nanoparticles, dramatically improving the detection limit of the OECT
for glucose sensing (5 nM) in comparison with analogous devices without
nanomaterials. The astonishing performance reported was attributed to the
excellent electrocatalytic properties of the Pt nanoparticles, together with a
higher immobilization of the enzyme due to the higher surface area offered
by the nanomaterials. On the other hand, Liao et al. [68] demonstrated that
functionalization of a Pt gate electrode with an enzyme (GOx), graphene-
based nanomaterials, and biocompatible polymers (chitosan or Nafion)
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that enhanced both the sensitivity and selectivity of the device, through
an improved immobilization of the enzyme and a higher charge transfer at
the gate/electrolyte interface. The authors reported a linear response in the
concentration range from 10 to 1 wM of glucose, with a detection limit as
low as 10 nM.

Some interesting considerations can hence be made from comparing
work reported on glucose sensing based on SiC in [61] and on PEDOT:PSS
in [63—68]. First, the use of nanosystems is a common feature in order to
enhance the selectivity and detection limit of biosensors. Higher active area
and unique catalysis properties directly arising from the nanometer size of
systems such as nanoparticles, nanotubes, nanoflakes, etc., make them the el-
ements of choice in all cases for device functionalization. Second, all glucose
sensors developed so far, both based on PEDOT:PSS and SiC, show limits of
detection that fall within the concentration range of physiological interest,
resulting in promising point-of-care devices suitable for sensitive and fast
measurement of biological signals. Dealing with the specific performance
of SiC- and PEDOT:PSS-based glucose sensors, these two technologies
showed both advantages and disadvantages. In favor of NiO/SiC nano-
systems 1is that glucose sensing has been achieved in a nonenzymatic way,
hence avoiding complicated procedures for enzyme immobilization, risks
of poor long-term stability due to enzyme degradation, and dependence
of the device response to pH and temperature during the measurements.
Furthermore, SiC is an excellent substrate material that ensures biocom-
patibility, low background current, and a broad potential window. On the
other hand, PEDOT:PSS glucose sensors demonstrated the ability to reach
unprecedented detection limits as well as extreme selectivity upon suitable
functionalization of the active elements of the device. Low cost and con-
formability complete the set of properties that make conducting polymers
like PEDOT:PSS very good candidates for next generation, user-friendly,
disposable and possibly wearable devices for personal care.

Electrophysiological recording of brain activity is under current investi-
gation by many research groups worldwide because this could unveil brain
functioning as well as help in detecting neuropathological conditions while
paving the way to novel perspectives in prosthetics. To this end, several tech-
nologies are under study with the goal of extreme sensitivity (eventually at
the resolution of single action potential) and least invasive for the patient. In
this scenario, PEDOT:PSS has recently proved to be a suitable candidate for
highly performing devices for recording action potentials, the well-defined
peaks of potentials used by single neurons to communicate within neural
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networks. An array of PEDOT:PSS OECTs was successfully exploited by
Yao et al. for in vitro monitoring of the action potentials of cardiac electro-
genic muscle cells (HL-1) [69]. OECTs based on PEDOT:PSS and fabri-
cated both on rigid and flexible substrates were a few tens of microns in size,
and allowed the detection of local field potential changes caused by ion flows
during action potential operation. The current modulation signals recorded
by OECT were converted to voltages by using the transconductance curve
and the OECT response showed regularly spaced spikes expressing the ac-
tion potential of the cells. The transistor configuration represents a use-
ful tool to measure action potentials because of the inherent amplification
capacity of OECTs that makes it possible to tune the signal amplitude by
varying the gate voltage applied and because of an excellent S/N ratio (rou-
tinely larger than 4 and up to 10) resulting from the high transconductance
of these devices. The OECT showed performance comparable to those of
previously reported inorganic transistor-based devices, but required less so-
phisticated fabrication processes, resulting in good candidates for low-cost
implants. Very recently a neural interface array, called the NeuroGrid, was
developed for in vivo recording of local field potentials and action potentials
from superficial cortical neurons without penetrating the brain surface [70].
The NeuroGrid consists of an array of PEDOT:PSS electrodes with a size
comparable with that of single neurons. The NeuroGrid showed stable per-
formance in contact with living tissue up to 1 week and a high S/N ratio
resulting from an efficient interface of the electrodes with the brain. Other
advantages of the NeuroGrid are its lightweight and conformable structure
and the neuron-sized density of electrodes that allow recording spikes from
individual neurons. PEDOT:PSS and SiC probes demonstrated both advan-
tages and disadvantages also in the case of action potential measurements.
Indeed, although PEDOT:PSS devices offer considerably high S/N ratio,
SiC probes demonstrated their ability to exceed their organic counterpart,
mainly because of the high conductivity of SiC polytypes compared to
that of PEDOT:PSS, the latter ranging between 1 and 1000 S/cm. More-
over, due to the very high chemical stability of SiC, especially in harsh
environments such as in biological fluids, SiC-based implants, described in
more detail in chapter: In Vivo Exploration of Robust Implantable Devices
Constructed From Biocompatible 3C-SiC of this book, are expected to
possess higher long-term stability than PEDOT:PSS implants. However,
PEDOT:PSS probes showed several other advantages, such as their extreme
conformability to brain tissue due to the flexible nature of organic semi-
conductors that leads to the possibility of depositing conducting polymers
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on a wide class of flexible substrates [71,72]. Conformability and flexibility
allow for the realization of probes with inherent, less invasive properties,
which results in significant benefit for patients under analysis.

In 2004 Krishnamoorty et al. reported, for the first time, a PEDOT-
based device used as a label-free DNA sensor [73]. The sensor could detect
complementary target DNA in PBS solution with a sensitivity down to
8 X 107% g/mL. The sensing mechanism is based on the immobilization
of ss-DNA probes on PEDOT during polymerization: due to the forma-
tion of a DNA duplex, hybridization of DNA causes the modification of
PEDOT structure chains that, in turn, induces a variation in conductivity.
P. Lin et al. reported a label-free DNA sensor realized with an OECT based
on PEDOT:PSS and integrated on a flexible substrate made of polyethylene
terephthalate [74]. Flexibility is an important advantage for practical appli-
cations and the device showed stable performance (transfer curves) under
different bending states. The DNA probes (ss-DNA) were immobilized on
the surface of the gate electrode (Au gate) and hence the device was used as
a sensor to detect the complementary DNA targets (ds-DNA).The transfer
curves showed a gate voltage shift after hybridization of the DNA probes
with DNA complementary targets, with a sensitivity down to 1 nM in
static conditions. When DNA hybridization was enhanced by a pulsed elec-
tric field, the detection limit achieved values down to 10 pM. For the SiC
electrode a pretreatment with a nitrophenyl linking layer was required to
bind a DNA molecule to the SiC surface (for more on this topic see chap-
ter: SiC Nanowire Based Transistors for Electrical DNA Detection where
SiC nanowires are also used in label-free DNA detection). In the case of a
PEDOT:PSS-based OECT sensor, the deposition of DNA was performed
on the Au gate electrode, which induces a modulation of the surface poten-
tial at the Au gate. As a consequence PEDOT:PSS was able to transduce a
current modulation change.

An OECT based on PEDOT:PSS as a transistor channel was employed
for the first time for detecting DA in 2001 by Tang et al. [75].The transistor
employed a Pt wire electrode as the gate material immersed in a solution
containing DA. The device was characterized before and after the addi-
tion of DA into the solution, and showed a detection limit to DA down
to 50 nM. Interestingly this is the same sensitivity limit reported in the
literature when a SiC-based working electrode was used [58]. The DA de-
tection with OECT was assumed to be due to the electrooxidation of DA
at the surface of the Pt electrode, with a sensing mechanism similar to that
reported for the detection of H,O, [64]. The sensitivity and selectivity to
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DA detection with OECT was improved significantly by Liao et al. by em-
ploying a gate electrode of graphene coated with biocompatible polymers
(Nafion or chitosan) on the surface [76]. With this method the detection
limit reached 5 nM. SiC electrodes look very interesting when compared
with a PEDOT:PSS-based OECT for the detection of DA, mainly because
of their excellent electrocatalytic activity. Therefore they are well suited for
developing electrochemical sensors. SiC in its pristine state can selectively
detect DA with a detection limit of 0.05 M, which is a higher limit with
respect to the 5 nM value obtained with an PEDOT:PSS-based OECT
with a graphene-modified electrode. In contrast the SiC electrode is ca-
pable of discriminating different analytes, such as inteferents with DA [58]
without any chemical functionalization.

Adrenaline has been selectively detected in physio-fluids through an
organic electrochemical transistor integrated on a textile substrate [77].The
detection of adrenaline is based on the electrooxidation of adrenaline at the
surface of a Pt electrode, with the formation of adrenaline—quinone and
adrenochrome. This is therefore very similar to the sensing of H,O, [64],
or DA [75] and eumelanine [78]. Although the OECT-based sensor does
not show the best sensitivity (107> M), the work by Coppedé et al. reports
the use of a real-complex physiological fluid, such as sweat, in which the
detection is performed, thus improving the OECT performance with a step
forward to very practical applications. The sensing of adrenaline performed
by a SiC-modified electrode showed a much lower detection limit (0.5 nM)
that falls in the concentration range of adrenaline, for example, in human
plasma (0.2 nM). Therefore, it is a good candidate for practical uses, even if
the film preparation is complex and the acquisition of ECL spectra is not
so straightforward. In contrast, the PEDOT:PSS-based sensor shows higher
detection limit, not suitable for practical application at this date, but yields
the advantage of being easily fabricated on a flexible and e-textile integrat-
able substrate. An additional advantage of the PEDOT:PSS sensor is that the
fabrication of the device is versatile and easy, along with fast device response
and straightforward data acquisition.

Performance of both SiC- and PEDOT:PSS-based sensing devices, to-
gether with the related references, are summarized in Table 5.3. Beyond
the previous analysis of the features and demonstrated performance of SiC
and PEDOT:PSS biosensors, it is also useful to imagine a combined use
of PEDOT:PSS thin films and SiC-based electrodes that could represent
a quite interesting perspective not yet explored. For example, we propose
here that considering that the enhancement of OECTS’ performance is
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Table 5.3 Comparison Between SiC- and PEDOT:PSS-Based Biosensors

PEDOT:
SiC-based biosensors PSS-based biosensors
Analyte LOD SiCrole References | LOD References
DNA — Electrode [47] 10 pm | [73,74]
0.015 uM | SiC nanoparticles | [59]
Myoglobin | 1 pg/mL | Electrode [48]
Dopamine | <10 pM | Electrode [49] 5 nM [75]
50 nM SiC nanoparticles | [58]
Ischemia — Electrode [50-52]
Glucose — Substrate material | [53] 5 nm [63—-68]
0.32 pM NiO/SiC [61]
¢CG 0.042 TU/L | Electrode [54]
HQ/BPA | 5.5 nM/ TiO,-SiC [55]
4.3 nM nanohybrid
Insulin 3.3 pM SiC nanoparticles | [56]
Superoxide | 1.66 uM SiC nanoparticles | [57]
anion
Adrenaline | 0.5 nM Electrode [60] 10 pM | [77]
Action Electrode [49] [69,70]
potential

related to electrochemical reactions at the gate electrode/electrolyte inter-
face and given the electrocatalytic capability of bare and functionalized SiC
structures, the use of this material as a gate electrode in OECTs could pave
the way towards an intrinsic selectivity for PEDOT:PSS-based sensors. This,
coupled with SiC specificity, which has been demonstrated to be eftective
in distinguishing different analytes in a solution [58], and using OECTs,
may offer a very promising advanced sensor strategy that combines the
strengths of both materials.

5.5 SiC-BASED FIELD EFFECT TRANSISTORS IN
BIOSENSING: PERSPECTIVES AND CHALLENGES

FETSs represent a fundamental playground in the development of Biosensing
devices since they can ideally transduce physical-chemical and biological
processes in several different ways. In addition they can control and am-
plify signals, thus exploiting the best opportunities of integrating the sensing
function in more complex structures and systems. There are several types of
devices operating in transistor mode that are implementable using polytypic
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forms of SiC. Typical SiC-based transistors, massively developed worldwide
for power electronics applications, can be fabricated using various types of
architectures. In most cases, architectures deal with the ability of implement-
ing field effect doping, as it is in the cases of metal-oxide semiconductor field
effect transistors (MOSFETS) operating at high temperatures, up to 1000 K
[79], and metal-semiconductor field effect transistors (MESFETs) [80]. This
is also the case for bipolar devices exploiting the diftusion of charge carriers
across a junction, such as bipolar junction transistors (BJT's) [81], or insulated
gate bipolar transistors (IGBTs) [82]. All of the earlier structures, fabricated
by properly assembling SiC-based p—n junctions, are realized via local doping
in the bulk of the SiC films. Hence, SiC technology is well suited to develop
architectures exploiting field effect doping, except for the case in which
the local doping technique 1s not employed. This happens for devices based
on layered structures fabricated upon successive deposition of device layers,
such as thin film transistors (TFTs). In TFTs it is more difficult to efficiently
adopt SiC as an active layer, due to the high interfacial defect density at the
§i0,/SiC junction formed during the growth process, which is respon-
sible for lower channel mobility [83]. In particular, the transport properties
at the SiC interface obtained by growing cubic SiC on top of hexagonal
SiC substrates [84] affect the device performance and limit its employment
to large-area applications, as described by a two-dimensional electron gas
(2DEG) in the case of heterojunction structures. Strategies aimed at obtain-
ing films with a superior quality for the manufacturing of TFT's are required
in order to overcome the factors that limit the interfacial transport. In fact,
the heteropitaxial growth of SiC onto Si and SiO, substrates suffers for the
mismatching induced by impurities, but also for the interfacial reactivity and
stress effects induced in thin films by wafer bending [85].

Even if the TFT architecture is largely used for the manufacturing of
unipolar devices based on amorphous and OS materials [86], the litera-
ture widely reports graphene TFTs made of multilayered epitaxial graphene
(MEG) synthesized on SiC substrates [87]. Interestingly, MEG physical
properties can be tuned by the substrate underneath them: for instance, a
p-type dominant behavior has been obtained for MEG on the C-face while
n-type charge carriers dominate the transport on Si-face MEG [88]. The
combination of SiC with MEG is of great interest and we believe will bring
in another very promising perspective from the point of view of sensing
over a broad range of applications including biomedical. The combination
of their properties and the control of the interfaces are, in fact, ideally suited
for such applications.
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The previously mentioned device structures pave the way to sensors
where SiC plays an active role in the sensing mechanism. We will summa-
rize the wide range of envisaged sensing applications by SiC-based FET's
by following a classification based on the type of analyte and on the sensing
features used. Specifically, SiC gas and vapor sensors operating in transistor
mode have been successfully used to detect analytes of various nature and
phase aggregation, so that organic molecules such as methanol in the con-
centration range 0.3-5% have been sensed by operating the device between
150 and 350°C [89], while gaseous systems, such as H,, NH,, CO, and O,
[90], have been detected as well. Then, SiC-based field effect devices have
been used for monitoring environmental chemical-physical properties, so
that efficient pH detection with a sensitivity of 52.35 mV/pH, lower than
that theoretically expected for electrolyte—insulator—semiconductor devices
(of 59 mV/pH), has been demonstrated [91]. A key feature of SiC-based
devices is their ability to operate under environmental conditions, such as
high temperatures (up to 923 K) and harsh chemical and bioenvironments,
where other materials easily fail or have much shorter lifetimes [92]. Sens-
ing platforms have also been implemented where the role of SiC is not
active, whereas even though acting as substrate, it is used to modify in a
peculiar and controlled way the morphology of graphene sheets [93] and
to induce the opening of a bandgap controlled by quantum confinement of
carriers at the graphene—substrate interface. Clearly, it has been noted that
the control of graphene properties on SiC is desirable for the promotion of
the device specificity [94].

Despite the massive use of SiC for the manufacturing of electrodes suit-
able to carry out electrochemical- and biosensing, the literature lacks con-
crete examples dealing with applications of SiC-based transistors in the
context of biosensing, conversely to what happens in the case of biocom-
patible organic materials [86]. Currently, beyond the SiC biocompatibility
confirmed by an impressive lack of cytotoxicity |5], it is worth underlining
the stability, which is practically unique, of this robust semiconductor under
chemically harsh environments, with very low dissolution rates [6], and by
far the higher mobility compared to that of OS, by at least three orders of
magnitude [86]. Interestingly, recent findings demonstrate that SiC technol-
ogy is also suitable for fabricating flexible, lightweight, and conformable thin
films [95]. All of the previously mentioned features, together with the wide
range of functionalization stages available for modifying the SiC surface by
means of physical and chemical processes [10], make this material the per-
fect candidate for sensing and monitoring bioanalytes and for functionally
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interfacing biosystems in general. In addition, a concrete perspective can be
envisaged in the manufacturing of SiC-based implantable transistors that
can both grip large tissues and be used for improved electrical interfaces
for nervous system tissues, as discussed in chapter: In Vivo Exploration of
Robust Implantable Devices Constructed From Biocompatible 3C-SiC
and chapter: Amorphous Silicon Carbide for Neural Interface Applications.

The discussion concerning the employment of WBG materials such as
SiC, ZnO, and GaN as transducer elements in biosensing is still at a sort of
preliminary stage, even if it can be dated back by one decade [96]. Although
the transduction of ionic signals into electronic currents is intrinsically
peculiar for organic semiconductors showing a mixed ionic/electronic
conduction, WBG semiconductors require a surface biofunctionalization
in order to execute an efficient transducing operation [96,97]. Transistors
responsive to environmental changes modulated by a biological reaction
are commonly referred to as ion-sensitive field eftect transistors (ISFETS).
These kinds of devices represent the natural interface between biosystems
like cells (since cells fulfill their function by means of ionic fluxes) and com-
plex biomolecules, where the presence and position of specific functional
groups determine their reactivity in the context of the role that they play in
physiological activities. ISFET operation is specifically based on the interac-
tion of H" ions present in the liquid environment (acting as the gate elec-
trode) and the surface of an insulating oxide layer, as accurately described
by the site-binding model. This interaction induces an electric field acting
on the current flowing through the channel electrodes, the source, and
drain, the eftect of which induces a shift of the device threshold voltage
V.

TH’
device conducting channel.

which is the gate-to-source voltage required for the formation of the

A stimulating development is reported by Lloyd-Spetz et al. that sug-
gests the use of SiC for the manufacturing of ISFETSs. They developed a
multifunctional sensor system with an integrated transistor, resonator, and
resistivity change measurements tool (Fig. 5.9) [98]. They show that the
device, made of a SiC/ZnO bilayer with a ZnO surface silanized by self-
assembling of APTES, works efficiently for human breath analysis aimed at
sensing nitrogen oxide. The characterization of the MOS capacitor shown
in this work is intended as a preliminary step towards the manufacturing of
an ISFET biosensor with a porous gate metal as a semireference electrode.
Except for this proof of concept device, the scarce literature produced so far
is an indication of how low has been the consideration of SiC for fabricat-
ing ISFET structures for biological applications. Hence, the main question
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Figure 5.9 Top view (a) and side view (b) of a multifunctional sensor device with an
integrated transistor, resonator, and resistivity change measurements. (Reproduced
with permission from [98].)

concerns whether SiC polytypes can substitute actively organic and or-
dinary semiconductors, and also the substrates, for the manufacturing of
ISFETs working efticiently as biosensors. We believe that the great potential
in this direction is widely unexplored and misjudged for reasons that are
partially accidental.

We believe that a possible right strategy could be pursued by taking
into account the charge-modulated field-effect transistor (CMFET), a de-
vice proposed by Barbaro et al. with the aim of detecting small changes of
the net electric charge related to a wide set of biomolecular processes via
field effect modulation. In this specific case the device, conceived with the
aim of performing label-free DNA hybridization detection and realized in
standard CMOS technology, ensures a concrete applicability in terms of
large-scale integration [99]. The device structure consists of a floating gate
transistor,a MOS [99] rather than an OTFT [100], biased through a control
capacitor, and an active probe area constituted by an exposed portion of a
floating gate. In particular, the sensing area can be functionalized ad hoc
with chemical groups acting as an ultrathin, insulating spacer with the aim
of favoring the anchoring of the surface charges, Q, that one would sense
the interaction with detectable analytes (Fig. 5.10).

CMFETs, unlike the case of ISFETSs, work without any external refer-
ence electrode. The working principle of CMFETSs is based on a redistri-
bution of the electric charge in the floating gate, specifically a separation
of charges driven by the electric field that is generated by the charges im-
mobilized in the probe area. In this way, the capacitive coupling generated
between the floating and control gates is able to modulate the current in



170 Silicon Carbide Biotechnology

Surface charge (Qs)  Spacer

- \

b
(b) Ve
Sensing area

‘. Control capacitor l

Floating gate

Dielectric

Figure 5.10 Basic structure of the charge-modulated field effect transistor based on (a)
a floating gate MOS transistor [98] and (b) a standard OTFT [100]. (Adapted from [98].
Copyright (2006), with permission from Elsevier. Authors acknowledge the original author
and source of publication [100] for providing with the figure.)

the transistor channel. Namely, the redistribution depends on the sign of
the anchored charges, so it induces a current decrease and/or increase that
depends on the sign of charges generated by the probed molecules onto the
exposed floating gate surface. In a floating gate transistor biased by a con-
trol capacitor, the threshold represents an eftective threshold voltage, V7.
Its variation Al depends on the presence of charges anchored onto the
floating gate, rather than on the bias stress effect of the FET device, and it
can be expressed as a function of the net charge Q and C,  (C, . is the
overall capacitance given by the sum of the capacitances between the float-

ing gate and other electrodes) as follows:

At a first glance, FET architectures based on MOS capacitors are ideally
suitable for realizing charge-modulated transistors by means of conventional
manufacturing protocols used for SiC-based MOSFET fabrication. Since
the device operation is quite independent from the nature and properties of
the channel materials, no particular drawbacks can be envisaged in this case
and the fast response and high-gain typical of SiC-MOSFETs should be
ideally suited for detecting very small charges, down to one electron charge
per pm? [99].
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TFT structures based on the MEG/SiC interface usually exploit a top-
gated configuration with a dielectric layer made of hafhium oxide, depos-
ited on graphene by ALD [101], while bottom-gated TFTs based on buried
SiC gates, fabricated by including, for instance, nitrogen atoms in a SiC
crystal, are less commonly used [102]. However, the latter structures are
completely compatible with the scheme proposed in Fig. 5.10b. In addition,
considering that SiC, as reported in Table 5.1, shows a high dielectric con-
stant capable of a strong capacitive coupling between the metallic floating
gate and the control gate, bottom-gated TFT structures can equally be well
considered for manufacturing well-performing competitive ion-sensitive
devices. Finally, taking into account the high electronic performance of
SiC and considering that SiC functionalization relies on a wide set of strat-
egies and functionalizing materials, it emerges that SiC/dielectric oxide
interfaces can be eventually exploited to replicate the CMFET structure in
Fig. 5.10b. In this case SiC substrates can efficiently play the role of a float-
ing gate, functionalized ad hoc in order to immobilize specific analytes, thus
efficiently generating a surface charge on it.

5.6 CONCLUSIONS

Even though the recognized versatility of SiC has pointed towards innu-
merable applications relying upon its physical, chemical, and electronic
properties, only in the last two decades has it been considered for the design
and implementation of electronic devices specifically designed for applica-
tions in biosensing and bioelectronics. On the other hand, biocompatibil-
ity, chemical inertness in harsh environments, ideal mechanical properties,
and ease of functionalization are some of the peculiar features marking this
material as being well suited for biomedical and biosensing applications. In
this chapter, after a brief description of biomedical applications based on
the use of SiC as coatings for coronary heart stents, biomorphic ceramics
for prosthetics and scaffolds for tissue engineering, we have discussed some
very promising applications in the biosensing field where the biorecogni-
tion process is electronic and/or electrochemical while the mechanism re-
vealing the presence of analytes mainly relies on electrochemical reactions
(label free). What emerges is a widely underestimated panorama where SiC
biosensors have been demonstrated to detect efficiently and with high sen-
sitivity electroactive neurotransmitters, such as DA, or several biomolecules,
such as DNA, adrenaline, glucose, and myoglobin. This restriction is driven
by the necessity of framing SiC-based biosensors in a more general overview
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regarding the leading biosensors, which currently are based, in most cases,
on organic semiconductors. In fact biosensors based on PEDOT:PSS lead
the field by far, and often operate in the presence of electrochemical reac-
tions. This is specifically why we have compared SiC-based biosensors with
those based on PEDOT:PSS. The comparison shows what we could well
define as virtuous complementary competition. On the one hand, for some
given analytes PEDOT:PSS-based biosensors still outperform SiC-based
ones in terms of lower detection limits. On the other hand, SiC biosensors
show some advantages with respect to PEDOT:PSS-based devices, since
SiC electrodes, for instance, are capable of discriminating different analytes,
even without any functionalization, and SiC-based probes show a very high
S/N ratio. Even though the flexibility and direct ion to electron amplify-
ing transduction typical of organic sensors makes them unique for several
biomedical applications, we believe, on the basis of our discussion here, that
there will be much more intensive use of SiC in multifunctional biosensor
operations where the monitoring and control of biophenomena needs ro-
bust materials showing simultaneously a wide set of properties, from chemi-
cal-physical robustness to electrical and mechanical performance. Finally
considering that, in our opinion, the application of SiC-based transistors in
biosensing has not been adequately explored, with a view to enlarging the
opportunities of biosensing devices fully exploiting SiC, we conclude in
the last section of this chapter by proposing a novel architecture for high-
speed, implantable detectors that is introduced and discussed in the light of
ion-sensitive transistors. It is our firm belief that by combining the supe-
rior characteristics of SiC and PEDOT:PSS-based devices the community
can realize truly innovative and widely used biosensors for today’s personal
healthcare market.
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6.1 INTRODUCTION

The American Diabetes Association estimates that nearly 10% of the US
population has diabetes and that, by 2050, one in three Americans will have
diabetes. Diabetes mellitus is a metabolic disease in which the body is un-
able to produce or properly use insulin, leading to elevated glucose levels
in the blood, known as hyperglycemia. A person with frequent or extended
episodes of hyperglycemia can sufter from complications in the nervous sys-
tem, blood vessels, and other organs, as well as heart disease, kidney disease,
strokes, vision loss, and amputation [1,2,3]|. Therefore, maintaining a healthy
glucose level is essential in a person’s life.

Unfortunately a long-term in vivo glucose sensor has yet to enter the
market with typical maximum time of use on the order of 4-7 days. This

Silicon Carbide Biotechnology Copyright © 2016 Elsevier Inc.
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chapter discusses ongoing research at the University of South Florida in the
development of a bio- and hemocompatible glucose sensor based on the use
of a radio frequency (RF) antenna constructed using 4H-SiC. In vivo tissue
studies have also been conducted and will be presented in chapter: In Vivo
Exploration of Robust Implantable Devices Constructed From Biocompat-
ible 3C-SiC where a 30-day experiment in pig muscle showed no immune
system response to a PEG coated the sensor as well as variants in sensor mate-
rials (3C-SiC, amorphous SiC [a-SiC]), thus further motivating this research.

6.2 BLOOD-GLUCOSE MONITORING METHODS

A person can monitor their glucose levels by the conventional self~moni-
toring glucose (SMG) method or through a continuous glucose monitoring
(CGM) means. Clinical studies have proven that SMG levels helps facilitate
treatment decisions in insulin and noninsulin use patients with diabetes [2].
The Central and Eastern Europe Diabetes Technologies and Therapeutics
stated that SMG is an “essential tool that should be accessible to all pa-
tients with diabetes.” The organization also provided a report of numerous
benefits and recommendations [4]. Self~monitoring helps to improve an
individual’s overall health and prompts one to make proper health decisions
based on their glucose levels [2,3,5]. For SMG, the patient draws a drop of
blood into a capillary by taking a prick from the fingertip to measure the
blood-glucose levels at that instant in time. Since, in some cases, patients
are recommended to check their blood glucose at least 810 times a day,
the repeated procedure of finger pricking can be painful [6] and cause cal-
luses over time, thus increasing pain and measurement accuracy errors [7].
Additionally, since the results show the instantaneous blood-glucose levels,
patients with extreme conditions could sufter episodes of dangerous levels
of glucose at times when the blood glucose is not being monitored [6].
Furthermore, this method is extremely difficult for patients suftering from
type 1 diabetes who are often young children, many of who are not yet able
to utilize SMIG themselves and require a healthcare professional or parent/
teacher to maintain healthy insulin levels throughout the day [8]. Clearly,
a reliable CGM approach is needed to ease the pain and suffering of mil-
lions of patients. While CGM systems do exist on the market, they require
weekly sensor wire replacement at a typical cost of $90 per sensor. Fig. 6.1
shows the steps required to change out the sensor weekly, which clearly is
an involved process that proves difficult for many patients, especially the
critically ill and adolescent.
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Figure 6.1 Photographic sequence showing the insertion of a CGM sensor in the belly
of a diabetic patient. The needle sensor must be replaced every 3-7 days and requires
calibration with a conventional SMG system [8].

All currently approved US Food and Drug Administration (FDA) CGM
require a disposable needle-like insertion into the body, which lasts only up
to a week [3,4,6] (see Fig. 6.1). In addition, CGM also requires calibration
four times a day with the finger-pricking blood sample technique [3,4] since
the measurement is not done directly on the blood glucose, but rather mea-
sures the glucose of the interstitial fluid (ISF). These CGM systems, such as
those marketed by Medtronic, DexCom STS, and Abbott FreeStyle Naviga-
tor, can result in elevated costs, not only due to the device itself, but also due
to the cost of the disposable sensor needles, adding a monthly cost of around
$300 [6].

Alternative proposals for CGM include noninvasive and/or long-term im-
plantable glucose-sensing approaches. No noninvasive alternative has found
success in the market or has been approved by the FDA as additional de-
velopment is needed to overcome numerous reliability issues and limitations.
Long-term implantable glucose-sensing research has emerged as a promising
alternative, but the developing designs are predicted to last only a maximum of
18 months in vivo [9]. While this is a major step forward, a longer-term solu-
tion would be of great benefit worldwide and we believe that a silicon carbide
(SiC)-based CGM is one possible candidate for this challenging application.

6.2.1 Self-Monitoring Glucose

The search for an SMG solution started in the early 1970s. In 1971, Anton
Clemens from the United States filed a patent for a blood-glucose monitor
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for point-of-care use in diabetic patients [10]. A glucose-monitoring device,
called an Ames Reflectance Meter, automatically assessed enzyme-based re-
agent strips by analyzing changes in color with glucose. Prior to this, blood
glucose had been estimated by reading the color change from a chart by eye.
The Ames Reflectance Meter was succeeded by the Ames Eyetone, but it
was restricted to clinical areas, such as hospital wards and physicians’ offices.
In 1978, the first portable devices for the self~monitoring of blood glucose
became available. Self~-monitoring of glucose was acceptable to patients; it
also demonstrated that the technology could help patients with glycemic
control. More importantly, self~-monitoring also reduced the frequency of
hypoglycemia, thus greatly extending patient quality of life.

Several alternatives for SMG have been researched over the last several
years, striving to overcome the pain and hassle of sensor reinsertion every
3—7 days and finger-pricking calibration four times a day. Unfortunately,
these new alternatives are faced with numerous limitations and accuracy
problems.

One approach to addressing these issues is noninvasive technology, but
no noninvasive technology has successfully functioned in the market [11].
For example, the GlucoWatch that came out on the market was discon-
tinued after 2007 due to demonstrating poor results and the serious de-
fect of burning patients [11,12], while other developments, such as the
Glucoband, never made it into the market [11,13]. Several others are still
under development such as Biosensors [14], [-Sugar X Meditech [15], Easy
Check [16], and EyeSense [17]. Still others are not yet FDA approved,
such as the GlucoTrack [18] and SCOUT [19]. Table 6.1 summarizes a
list of noninvasive devices/companies for glucose sensing, with their status
as of July 2014. The table does not include discontinued devices, such as
the GlucoWatch, Diasensor, and Pendra [20], or products that have disap-
peared from the market, like the Cnoga Medical Glucometer, Glucoband,
or C8MediSensors.

Most noninvasive glucose-monitoring systems face the challenge of be-
ing susceptible to external interference from other factors such as body
temperature, perspiration, skin moisture, changes in skin thickness, and body
movement [15]. For instance, infrared spectroscopy, including near infrared
(NIR) spectroscopy and far infrared (FIR) spectroscopy, depend on optical
transmission and reflection measurements, which are subject to interference
from external factors that affect the reflection measurement. For this rea-
son, NIR requires frequent recalibration. In FIR, the emitted energy that is
absorbed by glucose and measured is so small that this method has not yet



Table 6.1 Summary of noninvasive devices/companies status®

Device/company

Technology

Status

Sources

Biosensors

I-Sugar X Meditech

Easy Check, Positive
ID EyeSense

EyeSense

GlucoTrack

Grove Instruments
OrSense Ltd.

SCOUT DS, Veralight
Inc.

SEMP technique
(bioimpedance
spectroscopy)

Fluorescent
technology

Chemical
sensing in
exhaled breath
fluorescent
technology

Fluorescent
technology

Thermal,
ultrasound, and
electromagnetic
technologies

NIR spectroscopy

Occlusion
technology

Fluorescent
spectroscopy

Under development
[14]

Under development
[15]

Under development
[16]

Under development.
Launch postponed
to 2015 [17]

Approved 2013 in
Europe. Not yet
approved by FDA
[18]

In clinical trial
[19,21]

Not concluded [22]

Not FDA approved
[19]

http://www.biosensors-tech.com/

http://www.freedom-meditech.com/

http://www.positiveidcorp.com/products_easycheck.html

http://en.eyesense.com/

http://www.integrity-app.com/

http://groveinstruments.com/

http://www.orsense.com/Glucose

http://www.veralight.com/products.html

*Verified list from source [20], excluding no longer available devices.
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been proven to be accurate [7,12]. In other methods, such as Raman spec-
troscopy, the measurement of light scattering that is caused by generated
oscillations such as laser oscillation in the ocular fluid is subject to interfer-
ence from other molecules [8,20]. In thermal spectroscopy, the IR radiation
that is emitted from the body is also affected by other factors external to
glucose concentration [8]. Another example is the technology based on
measuring the ISF that is secreted from the skin to measure the glucose
levels, which presents a time lag deficiency [23]. Overall, noninvasive tech-
nologies lack accuracy due to being susceptible to external factors such as
transpiration, temperature, positioning, and/or displaying time lag problems
of up to 20 min, making the technology not yet reliable [20].This has led to
discontinued devices such as the Glucowatch, Diasensor, and Pendra [14,20]
or has postponed the estimated launching date for others, such as the case
for the EyeSense.

Another approach toward SMG is a fully implantable glucose-monitor-
ing system. These medical devices face other types of challenges such as in
vivo inflammatory reaction and foreign body reaction, posing risk for the
patients and hence the need for biocompatibility tests on any implantable
device [23]. No current biosensor can operate for longer than a few days
in vivo [24]. In reaction to nonbiocompatible foreign materials, the body
forms an encapsulation around the object that is generally 100 wm thick,
which not only acts as a diftusion barrier but is also electrically insulating.
Therefore, long-term implantations are subject to gradual loss of sensor
functionality and stability due to fibrosis encapsulation and tissue changes in
the proximity of the sensor [24-26]. Therefore, implantable devices, includ-
ing antennas, are coated with biocompatible materials, but in the aspect of
communicating externally from the body, this adds to the effects of sensor
encapsulation [27].

In addition to the issue of biocompatibility, the life cycle of the implant-
ed device 1s relevant to factors such as the sensing mechanism inside the
body and the energy required to function properly. For instance, the device
in development by GlySens is expected to be ready by 2017 with a life-
cycle expectancy of only 1 year after implantation [9]. There is currently a
wide research gap pertaining to implantable devices, where no known de-
velopment has been proposed on devices that would function longer than
18 months. This is likely due to one or more of the previously mentioned
challenges faced by implantable devices for a truly “long-term” implantable
solution.
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6.2.2 Continuous Glucose Monitoring

For an ideal glucose sensor, accurate response to changing glucose con-
centrations should be fast. Under physiological conditions, it should have
a long operational lifetime, but most of all it must be acceptable to the
patient. Therefore, it would ideally provide real-time continuous informa-
tion regarding patient glucose level and should not require any user calibra-
tion. CGM provides real-time data to the patients and alarms the times of
hypoglycemia or rapid glucose change by providing data about the direc-
tion, magnitude, duration, frequency, and potential causes of fluctuations in
blood-glucose levels. Many technologies including noninvasive, minimally
invasive, or invasive are being developed to realize novel continuous glucose
sensors and they may depend on ISE transdermal technologies, or direct
blood sampling.

Difterent noninvasive glucose sensors, such as optical transducers and dif-
ferent spectroscopic methods (infrared absorption spectroscopy; mid infrared
or near infrared, etc.) face multiple problems, including light scattering, as
well as specific absorption bands for accurate blood-glucose sensing [28].
Another approach is to use such techniques as impedance spectroscopy and
electromagnetic coupling, which are based on impedance measurement of
the dielectric parameters of blood [29,30]. This impedance spectroscopy/
electromagnetic coupling technique has been used in different noninvasive
glucose-sensing applications where the resonant frequency, as well as the level
of the return loss of the sensors, was shown to change with difterent glucose
levels [31,32]. On the other hand, invasive glucose sensors such as subcutane-
ous needle-type sensors use enzyme electrodes. Enzymes are used which cata-
lyze reduction—oxidation (redox) reactions; therefore in doing so electrons are
accepted or donated. Hydrogen peroxide is generated from glucose oxidase
(GOx) and a platinum electrode is used to measure this amperometrically,
which is directly proportional to the glucose concentration. A subcutane-
ous needle-type amperometric enzyme electrode based on GOx is used by
Medtronic (Medtronic Diabetese, Northridge, California) for a continuous
glucose-monitoring system (CGMS). It has a 4-min response time with an
average of 63 h of recording time. Unfortunately, significant sensor drift re-
quires four calibrations per day. This sensor drift is postulated to be partly due
to the alteration of local blood flow as a result of protein and cell coating of
the sensor, variable tissue oxygen tension, tissue interference, and wound re-
sponse to the sensor. After explanting the sensor, the sensitivity remains low
but after repeated washing it improves; therefore it is reversible [33,34].
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Some newer devices by DexCom STS (Dexcom, San Diego, Califor-
nia) and Abbott FreeStyle Navigator (Abbott Diabetes, Alameda, California)
also use a subcutaneous enzyme-based electrode. FreeStyle Navigator has
a recording time of 5 days whereas the DexCom is a wireless system using
low-power radio and has a recoding time of 72 h. Therefore, these sensors
all have similar life time limitations.

Microdialysis systems, which use a fine, hollow microdialysis fiber placed
subcutaneously, are another type of subcutaneous sensor. ISF glucose freely
diftuses into the fiber where the fiber is perfused with isotonic fluid from an
ex vivo reservoir. Since the sensor is ex vivo it avoids the problems associated
with fouling by proteins and cells. This sensor has less drift than CGMS, but
still requires one calibration per day. To assess clinical performance, micro-
dialysis and subcutaneous needle-type sensors have been compared to as-
sess clinical performance; the microdialysis probe displayed greater accuracy
with an additional lag of 7 min than the needle-type sensor. Therefore, mi-
crodialysis systems have an inherent physical lag time for the dialysate to be
pumped to the sensor, which uses more power. The device is larger because
it requires perfusate solution, which makes this device very uncomfortable
to patients. In addition the physical and chemical properties of the mem-
brane may change over time, as will the tissue characteristics such as volume,
temperature, hydration, and pressure. In summary, for CGM, commercial
sensors have several issues/limitations associated with their systems—the
glucose sensor needs replacement frequently; the RF unit and other exter-
nal devices are bulky adding discomfort for the patient already wearing an
insulin pump; and the RF unit is continuously powered requiring frequent
battery replacement. In addition the FDA still recommends a confirmation
test using conventional blood sample from the finger; and most importantly
the sensors have a noninstantaneous response time.

The key to the success of all implantable glucose sensors is the need
to ensure reliable performance when they are exposed to living tissue and
fluids. The term biofouling has gained common usage as a description of
the build-up of proteins and fibroblasts that accompany the body’s immune
reaction to the sensor. The body attempts to ward off the foreign material
by forming an encapsulant, which is typically 100 wm or more thick. This
layer is problematic for any device that seeks to sample serum or blood since
it acts as a diffusion barrier, not to mention an electrically insulating layer.
Encasing the implant with a biocompatible material is necessary to prevent
the implant from harming the surrounding tissue and to reducing the ef-
fects of the capsular contracture [35]. A better solution would be a sensor
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made from a fully biocompatible material that would allow for longer peri-
ods of functionality in the body and overcomes the current sensor lifetime
limitations. We believe that a body fluid contacting sensor made from bio-
compatible SiC is one possible solution, which we will now discuss.

6.3 SiC FOR RF BIOTECHNOLOGY

SiC has long been used in advanced radio frequency (RF) systems due
to its excellent carrier transport and high-power properties [36]. Many of
today’s point-of-use healthcare systems are hybrid implantable systems that
combine RF (think WiFi) and biosensor technologies. The biosensors usu-
ally rely on relevant physiological parameters for continuous monitoring
and an integrated antenna is employed in order to send the received data
to an external receiver [37]. Therefore, implantable antennas have attracted
considerable attention in recent years as a potential solution for communi-
cating with these implantable biosensors. These hybrid systems combining
RF (antenna/wireless communication) and biosensor technologies are the
key to developing the next generation of continuous monitoring systems
including implantable pacemakers and defibrillators, glucose monitors, in-
sulin pumps, hearing aids, healthcare facility communication, medical and
emergency equipment tracking, and remote patient monitoring just to
name a few.

For decades silicon (Si) has been the material of choice for designing and
fabricating numerous devices due to its excellent mechanical and electronic
properties, particularly for sensing applications. While Si may continue to
be suitable for short-term microelectromechanical systems and nanoelec-
tromechanical systems applications, a biocompatible and hemocompatible
device material for long-term biomedical applications is highly desirable.
Many biomedical devices, such as biochemical sensors, biologically inter-
faced neural networks, and smart biomedical implants, require materials
that have inherent sensing capability. In addition, it is necessary that sensing
be performed using not only mechanical means, but also through electri-
cal means as well. To date, only a few crystalline semiconductors with ef-
ficient electrical and mechanical properties have been investigated, with Si
and diamond (carbon [C]) drawing most of the attention. There has been
significant activity in the area of ceramic materials such as titanium dioxide
(TiO,) and zinc oxide (ZnO), but these are not easy materials to realize
electronic functionality with. Unfortunately, Si and its native oxide silicon
dioxide (S10,) have been shown to display different degrees of cytotoxicity,
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mostly due to its instability in aqueous solutions with subsequent forma-
tion of silica and silicates, which are known for their harmful effects on
cells as was discussed earlier in the second and third chapters of this book.
In addition TiO,, which can become a semiconductor upon ion implanta-
tion, does not display sufficiently satistying electronic properties that would
justify its adoption for long-term sensing applications. Therefore, there is a
global initiative to advance implantable medical device materials beyond Si
technology as discussed in the first edition of this book [38]

Silicon carbide is a semiconducting material that appears ideally suited
to fill this existing gap in materials for biomedical device development. It
has also been found that it is a semiconductor material that is chemically
inert to acids, alkalis and salts, does not expand in liquid environments,
displays biocompatibility, longevity, and great sensing potentiality, and can
be processed with the existing methods developed for the silicon industry
[36,39]. SiC is physically strong and chemically inert, which hypothetically
makes it ideal for interaction with the harsh body environment. a-SiC and
polycrystalline SiC have been used as coating materials for many implant-
able biomedical devices as mentioned in chapter: Silicon Carbide Materials
for Biomedical Applications. These materials have also been used for clinical
studies, such as bone prosthetics and heart stents, which confirmed the bio-
compatibility of these forms of SiC [40-42]. a-SiC was also used as a thin-
film coating for the Utah introcortical neural prosthetic constructed from Si
[43]. Like Si, SiC is a semiconducting material, which enables the creation
of complex electrical devices upon doping incorporation. On the other
hand, unlike many semiconductors, SiC may be found/synthesized in many
crystal forms, known as polytypes, having more than 170 different observed
crystal structures, but with a common stoichiometry (i.e., all forms contain
bilayers of Si and C) [36]. 4H-SiC and 6H-SiC, two of the most common
hexagonal polytypes of SiC, have been commercially available as substrates
and are routinely fabricated into commercially available electronic devices
[43,44].These materials have shown good biocompatibility, nontoxicity, and
low biofouling when used as electrode myocardial biosensors [45,46]. More
recently our group has shown that the only purely cubic form, 3C-SiC, is
even better for most biomedical applications and is also hemocompatible
(see chapter: Study of the Hemocompatibility of 3C-SiC and a-SiC Films
Using ISO 10993-4 and Ref. [36]).

Previously, we discussed how one of the major problems that aftects the
lives of patients with a permanent disease, such as chronic diabeties, is ob-
taining daily blood samples multiple times to monitor their glucose levels.
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Such intermittent testing is laborious, often painful, and requires signifi-
cant diligence to adequately monitor true glycemic patterns. The develop-
ment of implantable biosensors has paved the road for developing CGMSs
[47-50]. Despite the intense research on implantable biosensors, present
day biosensors cannot operate in vivo for more than 10 days before issues
of biofouling impact the sensing capabilities. In addition, as the demand for
interoperable communications between sensors and data transfer into and
out of the body evolves with point-of-care service, there is a clear need to
design and fabricate in vivo antennas. When fabricated using a fully bio-
compatible and hemocompatible material, such as 3C-SiC, these antenna
sensors can curtail adverse tissue reaction, which can endanger the life of a
patient [51,52].

6.4 SiC RF ANTENNA DEVELOPMENT FOR CGM

A CGM sensor employing RF signals has been developed using the bio-
compatible material silicon carbide [53]. The fabricated implantable RF
antenna utilizes SiC as the material of choice due to its great potential
benefit as a robust bio- and hemocompatible material for long-term in vivo
systems. Distinguished by its innovation to utilize SiC as the device mate-
rial, this system removes the need to encase this biomedical device with
biocompatible materials and addresses the short lifetime issue of current
SENSOTS.

Unlike biosensors that require direct contact with ISFs to trigger chem-
ical reactions to operate, this biocompatible SiC sensor does not require a
direct interface to bodily fluids. The sensing mechanism is based upon a
shift in the antenna resonant frequency as a function of change in glucose
levels, which electrically manifests itself as a change in blood permittivity
and conductivity.

To test the sensor as a function of glucose level, measurements using syn-
thetic body fluid, which is electrically equivalent to blood plasma, and pig
blood were performed in vitro. Changes in sensor performance to varying
glucose levels were measured and a shift in resonant frequency to lower val-
ues was observed with increasing glucose level. In vitro sensor performance
from an antenna operating at 10 GHz demonstrated that the sensor showed
a dose-dependent response to glucose concentration from 120 to 530 mg/
dL. A shift of 40 and 26 MHz for blood-mimicking liquid and pig blood
were observed corresponding to a 97 and 67 kHz shift per 1 mg/dL change
in blood glucose, respectively [53].
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For in vivo applications the antenna sensor needs to operate inside the
body environment, and it has been determined that the best operational
location of this biocompatible SiC biosensor is within fatty tissue in close
proximity to blood vessels. In vivo tissue reactions to SiC-based continu-
ous glucose sensors were evaluated by subcutaneous implantation in pigs.
A total of five different antenna sensors (glucose sensor) were coimplanted:
(1) bare SiC-based titanium/gold (Ti/Au) antenna, (2) an “all-SiC” antenna
composed of 3C-SiC with the Si backside coated with a-SiC, (3) an SiO,-
coated Ti/Au antenna (SiO, serves as the bonding layer of polyethylene
glycol (PEG) to improve biocompatibility), (4) covalently bonded PEG on
a Ti/Au antenna surface to reduce nonspecific protein adsorption, and fi-
nally (5) an a-SiC-coated Ti/Au antenna sensor. A silicon sample was used
as a positive control and a 3C-SiC sample was used as a negative control.
After 4 weeks, the implanted sensors and surrounding tissue were removed
and processed for light microscopy and subsequent histological tissue evalu-
ation. These results are discussed in chapter: In Vivo Exploration of Robust
Implantable Devices Constructed From Biocompatible 3C-SiC where the
histopathological tissue analysis of the SiC antennas showed no signs of any
inflammatory response [54].

6.4.1 Implantable SiC RF Antenna Glucose Sensor

In recent years, considerable progress has been made in developing implant-
able biosensors that can continuously monitor difterent healthcare issues such
as glucose levels of a diabetic patient [55,56]. In particular, the use of radio
frequency identification (RFIDs) and systems to perform biotelemetry have
been reported and it is now possible to implant wireless sensors inside the
human body to monitor various bodily functions and transmit health-related
information outside of the human body for remote monitoring [57-59].
Real-time detection and monitoring of blood glycemia with high precision,
sensitivity, selectivity, and speed is required for biomedical applications and
clinical monitoring. Other systems have been designed using implantable
antennas for external communication for continuous monitoring systems
[47-49,59]. SiC has been investigated as a sensor material and analyzed using
the techniques of impedance spectroscopy and electromagnetic coupling,
which are based on impedance measurement of the dielectric parameters of
blood [60,61].This impedance spectroscopy/electromagnetic coupling tech-
nique has been used in different noninvasive glucose-sensing applications
where the resonant frequency, as well as the level of the return loss of the
sensors, was shown to change with difterent glucose levels [32,62—64].
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In the case of electromagnetic coupling-based sensors, a SiC antenna
sensor does not require a direct interface with the interstitial fluid, thus of-
fering a simpler monitoring technique as compared to conventional sensors.
The antenna responds by exhibiting a shift in its resonance frequency as the
varying glucose concentration changes the effective complex permittivity
of the blood [62]. Different than previous antenna-based glucose-sensing
configurations [32], the investigated operational position of the SiC bio-
sensor was within a fatty tissue region that is in close proximity to a blood
vessel. For demonstrating the sensing mechanism and characterizing the
sensitivity, different glucose level measurements were performed in vitro by
using a two-layered fat and blood layer model as shown in Fig. 6.2. Two
types of blood media were used: blood-mimicking liquid and pig blood.
In both instances the fatty layer was synthesized with fat-mimicking liquid.
Using this in vitro model, a glucose level variation from 120 to 530 mg/dL
was found to provide 40 and 26 MHz shifts in the maximum return loss
of the sensor for blood-mimicking liquid and pig blood, respectively. The
details of the design of the antenna sensor are presented here.

A microstrip patch antenna was designed to further demonstrate the
feasibility of a biocompatible SiC in vivo biosensor for CGM. A conven-
tional rectangular patch antenna was utilized due to its simplicity, compat-
ibility with monolithic microwave integrated circuit designs, and versatility
in terms of resonant frequency, polarization, radiation pattern, and imped-
ance. A design frequency of 10 GHz was used for an antenna layout of
8.5 X 11.5 mm? on a 0.37-mm thick semiinsulating biocompatible 4H-SiC
substrate (£ = 10), known to exhibit very low microwave loss (Fig. 6.2a).
After an RCA clean the semi-insulating 4H—SiC substrate was metal-
lized with titanium/gold using E-beam evaporation and then patterned
with standard photolithography: 20 nm of Ti was evaporated followed by

(a) (b) ()

11.5 mm peeeeesecacacaan
1 Transmit Tx Wake-up Rx

! (MICS band) /‘

Epidermis

Antenna

1.5 mm

Figure 6.2 10 GHz SiC RF sensor. (a) 4H-SiC microstrip patch antenna dimensions,
(b) schematic of sensor placement within the body, and (c) photograph of the 4H-SiC-
based antenna realized with a Ti/Au metal conductor patch [24].
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500 nm of Au. The geometrical design parameters were determined using
the ANSYS High Frequency Structure Simulator (HESS™), and then the
inset feed length was adjusted to achieve optimal impedance matching. The
simulated radiation efficiency in free space was 65% and simulated broad-
side realized gain was 3.94 dB.

When placed near a blood vessel, such an antenna can potentially sense
the variation in blood permittivity, which is strongly dependent on glucose
level [65]. The permittivity varies with blood-glucose altering antenna pa-
rameters, such as input impedance and reflection coefficient, S,, [66]. For
diabetic patients, the concentration of other minerals present in the blood,
such as calcium, chloride, potassium, and magnesium, has been shown not
to vary as significantly as glucose [67-69]. Therefore, changes in permittiv-
ity are utilized to estimate the patient’s plasma glucose levels.

The operational position of this implantable sensor was selected within
a fatty tissue region that is in close proximity to a blood vessel. In vitro test-
ing was performed using fatty tissue and blood-mimicking liquids modeled
to represent different glucose levels within the blood, as shown in Fig. 6.3.
The fatty tissue-mimicking liquid was prepared from oil (10.2%) and di-
butyl glycol ether, 89.8%, and permittivity and conductivity measured by a
dielectric probe kit (HP85070A) controlled by a vector network analyzer
(VNA HP 8719D) [32]. Fig. 6.3 shows the measured real part of the per-
mittivity for fat-mimicking liquid as & = 5 and this is in accordance with
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Figure 6.3 Measured relative permittivity (real part) of fat and blood-mimicking liquids
versus RF frequency. The blood-mimicking liquid is altered by different glucose levels
to simulate glucose levels found within the blood. Fatty tissue response is shown for
reference [24].
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the values reported in the literature [70,71]. The corresponding conductiv-
ity was calculated from the measured imaginary part of the permittivity as
0=0.51S/m.

Different weights of D-glucose were added to the blood-mimicking
liquid in order to represent various glucose levels. The accuracy of the glu-
cose levels was verified using a conventional glucometer (TRUEtrack™
blood-glucose monitoring system). Fig. 6.3 also shows the measured real
part of the permittivity from the blood-mimicking liquids as a function of
glucose concentration. As expected, the permittivity varies with glucose
levels. In addition, the corresponding conductivities were calculated from
the measured imaginary part of the permittivity as 18, 15, and 13 S/m for
the blood-mimicking liquids exhibiting 120, 270, and 530 mg/dL glucose
concentrations, respectively.

6.4.2 Sensor Characterization

The antenna sensor was tested via reflection coefticient measurements us-
ing an HP 8719D VNA. Fig. 6.4 depicts the experimental setup that was
utilized to model the antenna placed inside a fatty layer in close proximity
to blood. The thicknesses of the three blood-mimicking liquids exhibiting
different glucose concentrations were utilized to observe the variation in
resonance frequency of the antenna. The baseline reading (ie, the resonance
frequency at which the antennas input reflection coefticient S | is a mini-
mum) was taken by using a blood-mimicking liquid without any glucose
concentration. Specifically, as shown in Fig. 6.5, the measured shift in the
resonance frequency was toward lower frequency with increasing glucose
concentration, with a maximum shift of 40 MHz observed for the largest

LT
Network analyzer - F
¥
——
Blood plasma (2 mm) i
Fatty layer (2 mm) -
| Sensor —

(a) (b)
Figure 6.4 Setup for measuring the blood plasma glucose level. (a) Schematic diagram
and (b) photograph of the experiment.
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Figure 6.5 Measured and simulated (inset) S, of the SiC patch antenna as a function
of blood-mimicking liquid glucose concentration for (a) 0 mg/dL (no glucose added),
(b) 120 mg/dL, (c) 270 mg/dL, and (d) 530 mg/dL. Note resonance shift to lower frequency
with increasing glucose level.

glucose concentration of 530 mg/dL.This implies 97 kHz shift per 1 mg/dL
change in blood glucose. The simulated S | response of the antenna using
the measured permittivity values of the fat and blood-mimicking liquids
was found to be in good agreement with the experimental results.

After getting promising glucose-sensing results using blood-mimicking
liquids, the sensor’s performance was tested using pig blood. Ethylenediami-
netetraacetic acid was used to avoid fast blood coagulation, and the blood
was stored at 4°C for 3 days. Initially the pig blood had a glucose level of
67 mg/dL. Three additional samples were prepared with glucose levels of
120, 270, and 490 mg/dL by adding D-glucose to the blood. Similar to the
glucose-sensing experiment using fat and blood-mimicking liquids, glucose
sensing was demonstrated using pig blood. The observed shift in frequency
was 62 kHz per mg/dL of glucose for pig blood.

In Fig. 6.6 it has been shown that the sensor performance was linear
with the frequency shift being a direct function of glucose concentration.
For the blood-mimicking liquid, the total frequency shift (Af) was 40 MHz
for a glucose level of 120-530 mg/dL. It has also been shown that there is
a 97 kHz resonance frequency shift per 1 mg/dL of glucose. Similarly for
pig blood, the total frequency shift (Af) was 26 MHz over 67-490 mg/dL
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Figure 6.6 Measured relative resonance frequency shift dependence on glucose
concentration. The shaded regions are provided for reference - dark shading is the glucose
range for a typical healthy patient while light shading shows low and high glucose levels
typical of diabetic patients. Note fairly linear response versus glucose concentration.

of glucose concentration. It also showed a resonance frequency shift of 62
kHz per 1 mg/dL of glucose in actual pig blood.

From these results, it was observed that the antenna response to blood-mim-
icking liquid and pig blood had similar frequency shifting trends—the resonance
frequency decreases with an increase of glucose levels. For a nondiabetic healthy
person, the American Diabetes Association recommends a fasting plasma glu-
cose level of 70-130 mg/dL, which is shown in Fig. 6.6 (dark-gray shaded
area). Below 60-65 mg/dL is known as hypoglycemia and above 240 mg/dL is
known as hyperglycemia (shown in light-gray shaded areas). Note that the SiC-
based sensor covers the normal to critical care application with a reasonable
slope in the frequency versus glucose slope at 10 GHz. These results demon-
strate the potential use of biocompatible SiC substrates for long-term, real-time
CGM of diabetic patients where the resonance frequency decreases with an
increase of glucose levels with linear sensor performance. Due to limitations
in the medical bands allocated for such a device, the sensor was redesigned to
operate in the industrial, scientific, and medical (ISM) band (2.45 GHz) and this
work, while still ongoing, has been quite promising and is discussed next.

6.5 SENSOR PLATFORM DEVELOPMENT FOR THE ISM BAND

In the last section we saw the very encouraging results that demonstrat-
ed that a 4H-SiC RF antenna could sense changes in blood-glucose level
in vitro at 10 GHz. This pioneering work was critical to the ultimate
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development of'a CGM system, and in this section current R&D ongoing
at the University of South Florida is presented. First the antenna was rede-
signed so that it could operate in the ISM band, which is one of the medi-
cal bands allocated for biomedical devices. Then research being performed
to sense blood-glucose changes using a similar mechanism as in RFIDs is
presented, whereby preliminary research shows that this sensing mode is
indeed possible for this application.

6.5.1 SiC Antenna Design: ISM Band

The Federal Communication Commission established the Medical Im-
plant Communication Services, operating in the frequency range from
402 to 405 MHz, due to this frequency being internationally available for
this purpose. More importantly these frequencies are suitable for propaga-
tion within the human body [66]. This frequency range is viable to work
alongside low-power circuits, and is in a relatively low-noise portion of
the spectrum, while also allowing propagation in human tissue [62,67],
and it is also accepted by the European Radiocommunications Commit-
tee [68].

Nevertheless, this frequency was not considered for two reasons. On the
one hand, the lower the frequency, the bigger the required antenna patch
and minimizing the size of the antenna is an important factor, both for
cost and comfort issues. More importantly the lower the frequency, the less
sensibility in shift of resonant frequency as the glucose changes. Other fre-
quency bands are also reserved for medical purposes, such as the ISM band
at 2.45 GHz and the wireless medical telemetry service band between 608
and 614 MHz, 1395 and 1400 MHz, and 1427 and 1429 MHz [56]. The
ISM band oftered a compromise between size and sensitivity, making this
frequency band the ideal choice for this application.

As a preliminary trial, the antenna was designed using Roger’s Duroid
6010™ as the substrate with a thickness of 50 mil. Fig. 6.7a shows the
antenna patch geometry, with the corresponding dimensions listed in
Fig. 6.7b. A photograph of the antenna is showed in Fig. 6.8. This was
simulated using ANSYS HFSS resulting in the simulation beam profile
shown in Fig. 6.9 and the S | response shown in Fig. 6.10. These same an-
tennas were used to conduct the preliminary trials as will be described in
the following section.

The fabricated antenna is shown in Fig. 6.8 based on this geometry. The
simulated radiation pattern and S | response are shown in Fig. 6.9a and b,
respectively.
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Figure 6.7 ISM band patch antenna showing (a) antenna geometry and (b) antenna
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Figure 6.8 Photograph of ISM band microstrip patch antenna. Antenna substrate
Roger’s Duroid 6010, 50 mil thick. Dimensions shown in Fig. 6.7.

6.5.2 RFID Sensing Platform for CGM Using SiC RF Antenna

Ultimately the design of an implantable SiC R F antenna is desired for a long-
term CGM sensor platform. A sensor platform approach for glucose sensing
will have the capability to remotely detect variations in glucose levels as fol-
lows. A signal is sent from an external to the body transmitter (EBTx), which
transmits a variable frequency signal toward the implanted sensor (SiC patch
antenna). Then an external to the body receiver (EBRx) receives the reflected
signal, as displayed in Fig. 6.10. Changes in the glucose levels that surround



198 Silicon Carbide Biotechnology

(a)

0.00

T

1

mi_[2.3578}17.358;

1

E <
1.50 2.00 2.50 3.00 3.50
Freq [GHz]

Figure 6.9 ISM band microstrip patch antenna simulated (a) radiation pattern and
(b) S,, response. Simulation performed using ANSYS HFSS. Note that a symmetrical beam
profile, as expected, is simulated and the resonant frequency of 2.45 GHz achieved with
areturn loss of ~17.5 dB in free space.
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Outsidevthe body body

Figure 6.10 RFID-based CGM concept. (1) A biocompatible implantable SiC antenna
sensor. (2) Remote detection through the use of a swept frequency signal from the EBTx,
which is reflected back to the EBRx by (1). Changes in sensor resonant frequency will
then be measured by changes in received power as the transmitter frequency is swept
over a frequency range equal to the anticipated change in glucose levels.

the implanted antenna will result in a variation of its resonant frequency as
was demonstrated at 10 GHz. The power received at the EBRx will change
directly in relationship to the variations of the resonant frequency of the im-
planted antenna, and thus amplitude changes will be an indirect, but accurate,
measurement of the patient’s glucose level. The sensor platform is designed to
sweep the EBTx signal frequency in order to detect the variation of power
over the range of frequencies used to identify the glucose level of the patient.

In the first phase of the trials, three antennas were constructed. Two of
the antennas were connected in close proximity to each other, facing a third
antenna as shown in Fig. 6.11.
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Antenna RX

Antenna TX

Antenna IMP

Figure 6.11 RFID detection RF front end showing the antenna location for the prelimi-
nary experimental trial. Blood-mimicking liquid or pig blood will then be placed on the
wooden platform above the antenna IMP (not shown) so that changes in synthetic glu-
cose level can be measured. The antenna to IMP height is 26 mm. Note EBTx and EBRx
antennas facing down with the integral ground plane visible.

This setup, as shown in Fig. 6.12, allowed a Petri dish to be inserted
at a fixed distance of 9 mm between the EBTx and EBRx antennas and
the IMP antenna (ie, the implanted antenna). The Petri dish, as shown in
Fig. 6.12, was filled with animal fetal blood albumens (FBA) combined in
each test with set ratios of calculated D-glucose. The proportion of glucose

Figure 6.12 Petridish inserted between EBTx/EBRx antennas and IMP antenna. Spacing
X mm. Petri dish contains FBA with varying concentrations of D-glucose and the RFID
sensing mechanism was verified using this setup.
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Figure 6.13 RFID sensor concept showing (a) antenna connections to the network analyzer
used to obtain S, and S, as a function of glucose concentration and (b) photograph of
RFID sensor under test.

in the FBA was both calculated and measured using the commercial glucose
meter TRUEtrack.

During the first set of trials, the EBRx and EBTx antennas were con-
nected directly to the network analyzer in order to record the variations of
the parameters S, and S, of the antennas as a function of the glucose levels
of the FBA in the Petri dish. Fig. 6.13a shows a schematic representation of
this setup, while Fig. 6.13b shows a photograph during an S,, measurement.

The second phase of the RFID sensor trials consisted of connecting the
antenna to the AD8302.The ADS8302 is a fully integrated system for mea-
suring gain/loss and phase in numerous receive, transmit, and instrumen-
tation applications. The AC-coupled input signals can range from —60 to
0 dBm in a 50-Q system, from low frequencies up to 2.7 GHz.The outputs
provide an accurate measurement of either gain or loss over a 30-dB range
scaled to 30 mV/dB, and with phase over a 0-180-degree range scaled to
10 mV/degree. By taking the difference of their outputs, a measurement
of the magnitude ratio, or gain, between the two input signals is available.
These signals may even be at different frequencies, allowing the measure-
ment of conversion gain or loss [72]. The AD8302 board was connected to
the RFID antennas as shown in Fig. 6.14.

Recording of the sensor output vector fluxgate magnetometer (VMAG)
was made using a digital oscilloscope. The oscilloscope was set to 500 mV
per division. The first test was done by recording the output without con-
necting the receiving antenna on the board and then by adding the receiving
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Figure 6.14 Schematic representation of connections of RFID sensor antennas to the
ADB8302 board. Note output gain (VMAG in text) and phase are shown on the right.

antenna. A value greater than 1V of difference was observed. The test was
continued by comparing the results of no reflecting antenna (in open space)
and a reflecting antenna. Adding the reflecting antenna resulted in a re-
ceived signal amplitude increase of ~125 mV in VMAG, which validated
the RFID RF setup. Finally, the test was repeated with a blood-glucose
concentration of 100 and 580 mg/dL, and an easily measured variation in
output voltage from the AD8302 board of approximately 3 mV was ob-
served.
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6.6 SUMMARY AND FUTURE WORK

This work shows that SiC RF technology has the potential to be used as
a glucose sensor to monitor patient blood-glucose levels in real time. This
claim is predicated on the in vitro (chapter: Cytotoxicity of 3C—SiC Investi-
gated Through Strict Adherence to ISO 10993) and in vivo (chapter: In Vivo
Exploration of Robust Implantable Devices Constructed From Biocompat-
ible 3C-SiC) data that shows that SiC is biocompatible, as was reported in
the first edition of this book. In addition, these results can be transferred to
various healthcare systems in the future, especially as a WiFi node for the
emerging biosensor/biosensor system market. This technology can provide
an increase in the understanding of biosensing/detecting and continuous
diagnostic feedback and can deliver a platform for system integration of
implantable WiFi devices using SiC RF antennas. The implanted antenna
can remain in the body for years, and the external antennas can be exter-
nally, outside the body, connected to an electronic circuitry to display the
glucose levels real time, without the need for continuous blood-glucose
measurements via finger pricks, which is known to be both painful and
unreliable. At the University of South Florida we are continuing this work
and the next phase is to build the RFID sensor system, in the ISM band,
using 4H-SiC antennas. After this is completed full in vivo sensor trials will
be conducted in female farm pigs and blood-glucose levels continuously
monitored for a period of 30 days to demonstrate our technology and pre-
pare for more extensive clinical trials.
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7.1 INTRODUCTION

Using manufactured devices to restore biological functionality is not a new
concept, and in fact has been in practice since the beginnings of recorded
history. There is evidence of humans fabricating and implanting artificial
teeth constructed from metals, bamboo, and ivory as far back as 4000 BC
in ancient China and Egypt [1,2]. Catheters constructed from hollow reeds,
wood, and various precious metals have been used to treat issues within the
urinary tract and have been found in Egypt, Greece, China, and India dating
from approximately the same time periods as the dental implants. Internal
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implants, like replacements for bone, namely, hip ball joint replacements,
are more recent, and were first implanted in the 1800s [3,4]. The common
thread between all of these biomedical devices is that they are intended to
replace a purely mechanical physiological function, like mastication, waste
evacuation, or physical support and locomotion. Another common charac-
teristic is that these devices were usually constructed from single materials,
which was due directly to the simple, mechanical nature of the processes
that the devices were designed to replace. It should also be noted that to
this date, even though these devices are simple in construction, many of the
materials used within these devices have issues existing within the body
environment without initiating chronic inflammatory responses [5,6].

In the late 1700s, inventors were investigating a new type of interaction,
one which would bring about a revolution which would forever increase
the complexity of implantable devices. Benjamin Franklin used electricity to
stimulate paralyzed limbs on a number of undisclosed patients in 1751 [7].
1791 saw Luigi Galvani as one of the first scientists to characterize the elec-
trophysiological muscle response. These experiments pioneered the possibil-
ity of using electricity as a therapeutic treatment for a myriad of disabilities,
and in turn demonstrated the need for better understanding of the physi-
ological aspects of stimulation as well as a better control when exciting the
stimulation target. In 1855, Guillaume Duchenne discovered that electrical
stimulation of neuromuscular activity with alternating current (AC) pro-
duced superior results when compared to direct current (DC). Further ef-
forts by Alan Lloyd Hodgkin and Andrew Huxley led to the use of complex
electrical circuits, mainly involving operational amplifiers, to quantify and
model the basic electrical activity of the nervous system, the action potential,
in 1952 [8].This Nobel Prize winning discovery not only opened incredible
avenues into the workings of electrically active cells, but it also demonstrated
that complex electronics could be used to facilitate excellent control over
physiological signals. However, until the advent of semiconductor electron-
ics, the size and stability of complex electronics, which were vacuum tube
driven, did not provide the practicality for use in the human physiological
environment. However, semiconductors did not solve all of the physiological
interaction issues. Just as with mechanical biomedical implant devices, the
semiconductor materials required to achieve reliable complex electronics
have been tied to issues within the physiological environment [10,11,13].

As discussed in chapter: Cytotoxicity of 3C-SiC Investigated Through
Strict Adherence to ISO 10993, device failure mechanisms include both
biotic and abiotic processes. The biotic mechanism is believed to originate
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from the chronic foreign body response following initial implantation and
associated downstream processes |[9—13]. The materials which have been
previously used in the construction for electrical devices normally consist
of the device support, electronics, conductors, and insulators. Typically com-
plex electronics and device supports are constructed from silicon (Si) and its
derivatives (SiO,, Si,N,). Polymers like polyimide and parylene are used for
insulators, and noble metals like platinum and its derivatives (Pt, Pt black,
and Pt/Ir alloys), or ceramic semiconductors like iridium oxide, titanium
oxide, and titanium nitride have been used as conductors [12,14,15].

There is a growing recognition that the physical and chemical properties
of the material itself [16] can influence the biotic response and ultimately
the device performance longevity. For example, polyimide-insulated tung-
sten microwire arrays chronically implanted in rats demonstrated insulation
damage due to excessive oxidative stress via Fenton chemistry leading to
deterioration in the recording sites [17].This study suggests the importance
of the physical and chemical resilience of the implant construction materi-
als. In addition to the oxidative stress, polyimide has additional issues like
water absorption, which leads to swelling strain [18,19]. Later formulations
of polyimide improved water absorption rates, but chemical interactions
with the environment increase local acidity [20]. Delamination of multilay-
er structures that constitute these implantable technologies likely contrib-
utes to device failure. For example, mechanically applied stress in parylene
C generates microcracks (Fig. 7.1) and additional material failures arise from
blistering/pore formation [21], which exposes the underlying materials to
the external environment [22].

(b)

Figure 7.1 Scanning electron microscope (SEM) micrographs of parylene C-coated
tungsten wires. (a) With the application of tensile stress, multiple microcracks are re-
vealed across the surface of the insulation. (b) Axial splitting and delamination of
parylene-C due to weak bonding of the material to the tungsten wire [22].
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R eliability of electrical devices within the body environment has been a
major issue. Si electrical devices are extremely susceptible to contamination
from metallic ions, such as sodium (Na), potassium (K), and iron (Fe), and
extracellular fluid contains copious amounts of Na*, K*, CI", Ca*? and Mg*?
ions, which will interact with the electrical device. This problem has been
well known in the semiconductor industry, and is one of the driving forces
behind the development of the cleanroom for processing electronic devices
[23,24]. Metallic ions diffuse through the insulator, which is usually silicon
dioxide, leading to fixed, embedded charges at the devices’ interface, thus
degrading device reliability and functionality [24—28]. Additionally, Si and
S§iO, have indicated that they are not necessarily biocompatible, and may
generate cytotoxic and genotoxic effects within cells [12,29-44]. Replacing
Si with another semiconductor may be the answer, but most of the semi-
conductors are composed of toxic materials (ie, gallium, arsenic, indium,
antimony, etc.).

Silicon carbide is a compound semiconductor which is physically ro-
bust, chemically inert, and has shown evidence of biocompatibility and
hemocompatibility [45]. As a semiconductor, it has the same inherent
properties that make it ideal for complex electronics, and it can be used
to construct any device that silicon can be used to create. In this chapter,
we will demonstrate the chemical resilience of SiC within a physiological
environment, especially against Si, the leading electronic material. We will
also evaluate the in vivo reactions to SiC using murine and porcine animal
models.

7.2 CORROSION AND CHEMICAL RESILIENCE

Quantifying the chemical stability and corrosion resistance of a biomedical
device is an important factor in assessing overall device biocompatibility
and future reliability. ISO 10993-13 through ISO 10993-19 deals with the
chemical characterization of materials exposed to physiological conditions
[46]. ISO 10993-14 provides methodology guidelines for the identifica-
tion and quantification of degradation products from ceramics, to which
semiconductor materials belong, in simulated physiological solutions [47].
ISO 10993-14 consists of two parts: the first part is to test the material in
normal physiological solutions with a pH of 7.4 + 0.2. The second part
is immersion in an extreme solution of pH 3.0 £ 0.2, which simulates
the pH of the human body under extreme acidic conditions, normally
due to inflammatory reactions. Additionally, temperature can be used to
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produce accelerated aging conditions and has been found to follow a time
dependence of 247" where AT is the difference between the set tempera-
ture and 37°C [48,49]. Corrosion tests in simulated and extreme solution
were performed on Si(100), cubic-silicon carbide (3C-SiC), amorphous
silicon carbide (a-SiC) (four variant formulations as described in chapter:
Study of the Hemocompatibility of 3C-SiC and a-SiC Films Using ISO
10993-4), and SiO,. Characterization and data analysis for the material
surface changes were characterized using the SEM, atomic force micro-
scope (AFM), and optical profilometer before and after soaking testing of
the samples.

7.2.1 Sample Preparation, Cleaning Procedures,

and Analysis Techniques

Silicon wafers (University Wafer, Inc.) with the crystallographic orientation
of (100) and thickness of 500 wm were selected as both test materials and
as the substrate for all SiC variants as well as the SiO, samples. Thin films
of 3C-SiC were grown at the University of South Florida by M. Reyes
on the Si(100) substrates using the USF SiC Group’s previously reported
hot-wall chemical vapor deposition (CVD) process at the growth rate of
~5 wm/h at 1350°C [50,51]. Four different variants of a-SiC stacks were
prepared by J. Register of the USF SiC Group using the USF Nanotech-
nology Research & Education Center Plasmatherm 700, plasma-enhanced
chemical vapor deposition (PECVD) tool as described in chapter: Study of
the Hemocompatibility of 3C—-SiC and a-SiC Films Using ISO 10993-4
[52].The a-SiC film was deposited on all substrates simultaneously in order
to allow for direct comparison of the underlying material impact on the
measured response. The 4-in. wafers were cut into coupons, 8 X 10 mm
in size, using a diamond-blade dicing saw, with 68 coupons obtained from
each wafer.

Our cleaning procedures are described as follows. Before all material
depositions, the Si wafers were prepared using the two-stage RCA clean-
ing method [53]. In standard clean 1 (SC1) the wafers were immersed in a
1:1:5 solution of NH,OH (ammonium hydroxide, 27%):H,O, (hydrogen
peroxide, 30%):H,O at 80°C for 10 min to remove any organic contami-
nation. SC1 treatment normally results in the formation of a thin layer of
oxide on the surface of the wafers, which is removed by immersion in 5%
hydrofluoric (HF) acid at 25°C for 1 min. The second stage of standard
clean 2 (SC2) has the wafers immersed in 1:1:6 HCI:H,O,:H,O at 80°C
for 10 min to remove any trace metallic contamination, followed by a dip
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in 5% HF acid at 25°C for 1 min. The wafers were then rinsed with de-
ionized (DI) water for 5 min followed by nitrogen gas drying [53].

Solvent clean starts with individual samples placed in a glass test tube
with 5 mL of acetone (99% volume). The tubes were then sonicated for
10 min at 25°C with the intention of removing oily, organic contamina-
tion and debris. The acetone was replaced by 5 mL of isopropanol alcohol
(IPA, 96% volume) and the samples returned to sonication for an addi-
tional 10 min at 25°C.The IPA was removed from the tubes and replaced
by DI water with a final sonication for 10 min at 25°C. Piranha solution
(1:2 H,SO,:H,0,) cleaning was prepared at a temperature of approximately
80-85°C. Samples were then immersed in piranha for 10 min. After piranha
cleaning the samples were rinsed with DI water for 10 min. At the end of
any cleaning procedure, samples were retrieved, dried using pure nitrogen
gas (99% N,), and kept in cleaned sample holders.

A Hitachi S800 SEM was used to detect qualitative evidence of material
surface degradation at magnifications of 100X, 500X, 1000X, and 5000X.
The SEM was used in field emission mode at 25 kV acceleration voltage
using the secondary electron detection mode with a sample surface-tilting
angle of 45 degrees to enhance surface feature observation. Quantitative
evidence was provided through a Park Systems XE-100 AFM, which al-
lowed nanometer-scale surface feature observation. AFM was performed
in tapping mode with scan areas of 5 X 5,10 X 10, and 45 X 45 pm at a
scan rate of 0.2 Hz. Features such as surface roughness and feature size were
gathered through the Park Systems XEI software.

Fig. 7.2 displays (a) 10 X 10 and (b) 5 X 5 wm AFM micrographs ob-
tained from one of the 3C-SiC samples after the cleaning procedure. The
sample is considered relatively flat, with an average surface roughness of
~7.2 £ 0.5 nm root mean square (rms). AFM data elaboration was per-
formed using the XEI software (Park Systems) on the 5 X 5 wm micro-
graph and is shown in chapter: Study of the Hemocompatibility of 3C-SiC
and a-SiC Films Using ISO 10993-4, Fig. 3.1. The measurements show that
the terrace width on one of the 3C-SiC steps was ~41 nm, and the step
height was about 4.57 A.The lattice height for 3C-SiC is 4.36 A, therefore
the observed step height represents a single crystalline terrace and is thus
indicative of high-quality crystal growth [54].

The commercial Si surfaces used in this study were atomically flat, which
was accomplished through chemical-mechanical planarization, which uses
caustic chemicals and fine nanoparticles to remove imperfections. Fig. 7.2
shows an AFM scan which indicates that the Si surface morphology was
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Figure 7.2 AFM micrograph of 5 X5-pm scans of a Si sample. AFM measurement was
in tapping mode with a 0.2-Hz scan rate. The micrographs are normalized to a Z height
interval of (+10,—10) nm.The r, value was 137 nm rms.

marked only by a few nanometer deep polishing scratches, and it possesses
a surface rms roughness, s within a 5 X 5 wm scan size of 137 pm rms.
Anisotropic etching, or chemical etching, of Si(100) produces a distinctive
pyramid shape due to faster etching rate of the (100) plane as compared to
the (111) plane. Changes in the silicon due to any chemical reaction should
be detectable through either AFM or SEM microscopy.

7.2.2 Corrosion Testing in Simulated Solution

In a previous investigation by Frewin et al. [44], it was observed that Si
showed pitting and morphological surface degradation after the culture
of H4 human neuroglioma and PC12 rat pheochromocytoma immortal-
ized cell culture; however, at that time the exact source of this damage
was not understood [44,55,56]. Goodwin et al. in 1997 and Pocock et al.
in 2001 indicated in their work that the culture of hippocampal microg-
lial cells could release nitric oxide (NO) [57,58]. Wink et al. in 1998
provided evidence about the role of NO in the biochemistry of neuro-
logical systems [59,60]. The release of NO, hydrogen peroxide, and other
caustic enzymes due to the action of inflammatory cells can result in the
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formation of nitrous reactive species, which are known in the semicon-
ductor processing industry as corrosive agents for silicon and its deriva-
tives [61-64]. ISO 10993-14 suggests a set of corrosion tests prior to any
in vivo application of the implantable materials and devices [47,65]. It
was our desire to devise a method which incorporates the ISO 10993-14
standard with which to identify the source of any surface modifications
seen after cell culture.

Although the in vitro culture environment is simplified as compared with
in vivo physiology, there are multiple variables, which obfuscate the source
of the corrosion which we observed on Si samples after cell culture. First,
silicon reacts with water to form silicic acid through the process SiO, + 2
H,O — H_Si0O,. It was decided to examine not only the effects of the cells
on the surface but to observe the effects of aqueous solutions as well. As
we have observed that cells can attach to the surface of silicon, we exam-
ined the effects of serum-enhanced media, which could also be affecting
its surface [43,44,66|. The experiment was broken down into three stages.
First, we compared the surface morphology of semiconductors cultured
directly with H4 human neuroglioma (H4 ATCC® HTB-148™, American
Type Culture Collection) cells. The culture methods and protocol for the
H4 cell line are described in Ref. [44]. Additionally, we examined samples
soaked within complete Dulbecco’s modified eagle medium or within ar-
tificial cerebrospinal fluid (ACSF) [67]. ACSF was chosen as it provided an
in vitro environment similar to the human brain, the environment closest to
that which the H4 cells were derived. The ACSF is formulated by adding
concentrations of salts in DI water: 119 mM NaCl, 26.2 mM NaHCO,, 2.5
mM KCI, 1 mM NaH, PO, 2.5 mM CaCl,, and 1.3 mM MgCl, 10 mM
glucose. The ACSF solution was filtered through a 0.22 pm particulate fil-
ter and balanced to 7.4 pH through NaOH/HCI titration prior to the
experiment.

Si(100) substrates diced into an 8 X 10 mm die were soaked within
one of the two solutions or through incubation of cells directly on the
surfaces for a total of 96 h at 37°C. After the 96-h immersion, the samples
were individually rinsed under a flow of DI water for 10 min to remove
ionic remnants. The samples were then cleaned using our solvent clean-
ing method (Section 7.2.1), which would target weakly bonded lipids and
other polymeric materials, following which the surfaces were imaged using
optical, SEM, and AFM microscopy. This same pattern of cleaning followed
by microscopy was followed for the samples after using piranha and HF
solution immersion.
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7.2.3 Results and Discussion

Figs. 7.3 and 7.4 show AFM and SEM micrographs selected from the Si
samples placed within the three media treatments and measured after 96 h.
Table 7.1 summarizes the average surface roughness obtained from all of
the Si surfaces. Clearly, the surface has an increased roughness due to in-
creased surface morphological alterations detected on all of the surfaces
regardless of the media treatment applied. However, the Si surfaces ex-
posed to only the media and the ACSF show the smallest, which decrease
in value as more aggressive cleaning procedures are applied, with the final
HF treatment returning surface roughness to picometer roughness, which
was ~130 pm rms before the applied treatment. The removal of these
particulates indicates that they are most likely composed of both organic
particulates and solidified salts, which were deposited on the surface of
the materials during the soaking period. Although the SEM and AFM

H4 culture ACSF

Solvent cleaned £

HF cleaned

Figure 7.3 45 X 45 ..m area AFM micrographs of Si samples immersed in cell media + H4
cells (left column), cell media (center column), and ACSF (right column) for 96 h at 37°C.
Cleaned with solvents, solvents + piranha, and solvents + piranha + HF, respectively. The
micrographs are normalized to a Z height interval of +10,-10 nm [68].
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Figure 7.4 SEM micrographs of Si samples immersed in cell media + H4 cells, cell media
and ACSF for 96 h at 37°C. Cleaned with solvents, the acceleration voltage was 25 kV,
working distance was 5 mm, and sample surface tilting angle was 0 degrees; gold pal-
ladium coating was not used for these scans. Magnification 1000X. Scale = 50 pm in all
the micrographs [68].

Table 7.1 AFM data extracted from in vitro tests

Cell
media + H4
Cleaning method Data cells Cell media ACSF
Solvent cleaned Surface 4.859 nm 4.392 nm 2.550 nm
roughness,
T, (rms)

Peak to valley | 69.276 nm | 78.378 nm | 102.217 nm

Solvent + Surface 10.315nm | 3.377 nm 2.669 nm
piranha roughness,
cleaned T, (rms)
Peak to valley | 146.975 nm | 75.099 nm | 56.719 nm
Solvent + Surface 30.305 nm | 789.180 pm | 808.417 pm
pirhana +HF roughness,
cleaned T (rms)

Peak to valley | 348.478 nm | 14.865 nm | 7.438 nm
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Figure 7.5 SEM micrographs displaying the surface of Si after in vitro culture with H4
human neuroglioma cells and subsequent cleaning with solvents, piranha solution, and
HF. The revealed Si surface is covered with pyramidal etch pits, which is characteristic of
anisotropic etching for Si(100). These etch pits were not seen in any previous cleaning
procedure, which indicates that the surface may have been oxidized by the cell line [68].

micrographs did not display the characteristic presence of pyramidal etch
pits, there remains obvious surface modifications, which we hypothesize
could be due to the hydration of Si discussed earlier. It is also apparent
that these small morphological changes were not the same as observed in
Frewin et al. [44].

Alternatively, the morphology of the Si samples was severely altered
after the removal of attached H4 cells. The surface roughness also increases
with each subsequent cleaning method, which is the opposite observa-
tion with the Si exposed to complete media and ACSE with the largest
increase in feature size noticed once again after HF cleaning. Si has an
extremely low etch rate when exposed to HF acid, but the acid can etch
SiO, with very high etch rates depending on oxide quality [69]. The HF
etch revealed that the surface of Si was covered with the characteristic
pyramidal etch pits, which was especially apparent using SEM microscopy
(Fig. 7.5).

Quantitative AFM analysis verified the presence of multiple pyramid-
shaped pits on the surface of this type of material, with an average pit depth
of 57 £ 8 nm and width of 4600 * 70 nm. The deepest pit that was ob-
served had a depth of 138 nm. Due to the absence of these features on the
media and ACSF soaked samples, the presence of cells may be the source
of the surface degradation. Inflammatory cells have been shown to release
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many caustic chemicals during frustrated phagocytosis, which is character-
ized by an attempt of the cell to remove an invading material, which it
cannot envelop [53]. Furthermore, active neural inflammatory cells, like
microglia, produce large amounts of NO, a free radical which is used in sig-
naling and cellular defense, and hydrogen peroxide, an oxidizing agent [61].
NO in aqueous environments has displayed a proclivity to produce numer-
ous subspecies, one of which is nitric acid, which is a known anisotropic
oxidizing etchant of Si and forms SiO, [50,51,54]. As H4 neuroglioma are
derived from cancerous glial cells, they may well be a source of this chemi-
cal excretion, and therefore locally oxidize the surface of the Si. However,
future experiments would have to use alternative measurement techniques,
like mass spectroscopy or Fourier transform infrared spectroscopy, to quan-
tify the chemical species emitted by H4 cells and the chemical composition
of the Si surface. Furthermore, other cell lines would need to be evaluated
to verify that this particular effect is only characteristic to the H4 glial cell
line, or if it is also observed with other cell types. Needless to say, Si has
proven that it is not resilient within the physiological environment, and
using it as a material for biological implant devices may lead to numerous
issues during its lifetime.

7.2.4 Accelerated Aging Study

Exposure of SiO,, 3C-SiC, and a-SiC to the aforementioned chemical
treatments for 96 h at 37°C did not produce any notable surface modifica-
tion. It may be that these surfaces are more resistant to the components in
the treatments than bare Si, and 96 h may be too short an exposure time. It
has been seen with polymeric materials tested within bufter solutions that
temperature is linked to material degradation and can be used to simulate
acceleration in aging [48,49]. Accelerated aging was found to follow the
time dependence of 2471 where AT is the difference between the elevated
temperature and 37°C. 1 X phosphate buffer saline (PBS) solution was pre-
pared by dissolving five tablets of PBS (Invitrogen Technologies) in grade 2
DI water. The pH was adjusted to 7.4 = 0.1 by NaOH—-HCI titration and
passed through a 0.22-pm filter. Six samples of each material were placed
in Pyrex® screw cap test tubes (Sigma-Aldrich) with 1.6 mL of 10 mM PBS
to yield an electrolyte-to-surface area ratio of 1 mL/cm?, and the cap was
closed loosely to avoid any internal pressure increase inside the tubes. The
pH of the solution was monitored using a PC-controlled SPER scientific
pH meter. The pH was maintained at 7.4 £ 0.1 and the tests performed at
37° and 60°C for 30 days.
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Figure 7.6 Surface roughness change of a-5iC, 3C-SiC, SiO,, and Si(100). Note that the
only significant change in surface roughness was observed for Si surfaces.

Quantitative rms surface roughness data were collected using AFM
before and after the accelerated PBS corrosion test for a-SiC, 3C-SiC, SiO,
and Si as displayed in Fig. 7.6. The average surface roughness remained
consistent for 3C—=SiC and a-SiC after a time period of 30 days at both 37
and 60°C. Surface degradation was observed for both Si and SiO,, which
increased in severity with increased temperature, signifying a time accel-
eration of 4.9 months. SiO, experienced a very slight surface degradation,
whereas Si experienced significant surface degradation at 1 month at 37°C
and even more at the 60°C accelerated test temperature. This observation
follows the small surface modifications seen in Section 7.2.5 at 96 h in

ACSE which has a similar molar content of the ionic concentrations found
in PBS.

7.2.5 Corrosion Study Conclusions

Evaluation of the material integrity for implantable biomedical devices
has been one of the tools used in modern device testing to determine
device material stability before implantation in vivo. We have used meth-
odologies found in ISO 10993-14 and ISO 10993-15 to evaluate various
semiconductor materials in simulated physiological environments as well
as with exposure to cells [47,65]. Corrosion tests were performed in PBS,
pH = 7.4 + 0.2, for 30 days at physiological temperatures of 37°C as well
as the accelerated regime of 60°C [47]. In all the experiments, 3C-SiC and
a-SiC displayed no surface degradation, verifying their excellent chemical
resilience. SiO, has nearly no degradation, but this material has many other
issues, namely, it has been shown to be cytotoxic and absorbs metallic ions,
which leads to degradation in its electrical functionality [27,30,31,70]. Si
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shows the greatest change in surface morphology, both in the physiologi-
cal solutions as well as after interacting directly with cells. From a device
standpoint, this change could lead to reliability issues in the long term. Sili-
con carbide is a much better option as it not only withstands the chemical
environment, but it can be made into the same types of electrical devices
as silicon.

7.3 INVIVO PERFORMANCE

We have demonstrated that silicon carbide may be an excellent material
for long-term use within the body. In chapter: Cytotoxicity of 3C-SiC
Investigated Through Strict Adherence to ISO 10993, we showed that the
cubic polytype, 3C-SiC, produced a cytotoxic reaction similar to culture-
treated polycarbonate plastic using ISO 10993-5 standards. In chapter:
Study of the Hemocompatibility of 3C-SiC and a-SiC Films Using ISO
10993-4, we showed that a-SiC and 3C—SiC not only did not produce an
appreciable level of cytotoxic response, but they have demonstrated levels
of static and dynamic hemocompatibility much better than Si and SiO,
through ISO 10993-4 protocols. In Section 7.2, we used ISO 10993-14
and -15 methodologies to demonstrate that 3C—SiC and a-SiC were not
susceptible to corrosion in the physiological environments. This accumu-
lation of excellent in vitro evidence verifies that 3C-SiC and a-SiC may
be materials that can be used to construct complex, electrically active
biomedical devices. However, these previous examples were all performed
within well-controlled laboratory simulated environments. The body is
much more complex and variable, and thus the next stage is to expose the
materials to an active physiological environment. In this section we will
discuss experiments involving testing 3C—=SiC and a-SiC in vivo within
animal models, first within the brain of wild-type mice and second sub-
cutaneously in female farm pigs.

7.3.1 Effects of 3C-SiC to Neural Tissue

Millions of people around the world have physical disabilities, which
have arisen from damage to the central nervous system (CNS). In ad-
dition, thousands more have experienced the debilitating loss of a limb,
which is unfortunately a growing trend due to wartime violence. The
brain—machine interface (BMI) shows great promise to be able to pro-
vide therapeutics for these types of injuries [71-73]. One BMI type in-
corporates invasive implantable neural interfaces (INI) as its connection
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to the body, and has shown an increased level of utility in that they have
the ability to function closed loop through bidirectional signaling be-
tween the device and specific neural populations [14,72,73]. Over the
years the one major issue with these types of devices preventing their
increased acceptance has been their questionable long-term reliability,
which manifests itself as signal degradation to complete signal loss over
time [10,74].

One of the major factors in the reliability issue has been linked to mate-
rials used in INI construction [9,11,12,75]. The saline-filled CNS environ-
ment, which is full of inflammatory microglia cells, poses great difficulties
that need to be addressed for the INI. Harsh chemicals like NO, peroxides,
oxidases, and numerous free radicals, as well as a wide range of mechani-
cal forces, add to the difficulties that an INI device must contend with
[60,76-78]. These secretions not only can damage the material of a device,
which was investigated and demonstrated in Section 7.2, but they can affect
the cells and tissue in the surrounding area. Fig. 7.7a shows a representation
of the inflammatory response within the brain to neural implants. Materials
which are not accepted within the brain will become surrounded and
attached by activated inflammatory microglia glia cells and then fully en-
capsulated by astrocytes, which has the effect of increasing local electrical
impedance and decreasing the ability of the device to send and receive
signals. This effect can become chronic, leading to neural degeneration (ne-
crosis). Fig. 7.7b provides an example of the necrosis around deep brain
implants, which is especially apparent at the INI tips. A successful INI de-
vice therefore would most likely require superior chemical resilience and
mechanical reliability in addition to the proper electrical properties and
biocompatibility.

We have been investigating 3C—SiC as a possible material for INI devic-
es [44,79]. 3C-SiC, the only cubic lattice of over the 250 lattice variations
of SiC, has many advantages inherent to all SiC materials, such as chemical
inertness, physical robustness, and, as a semiconductor, can be engineered
into complex electrical devices [80]. The advantage of 3C-SiC is that it
can be grown as a thin film on inexpensive silicon substrates and therefore
is potentially much cheaper to manufacture than bulk SiC devices. The Si
substrate also offers additional processing options not available when using
bulk SiC substrates [80]. In this present study we detail the processing and
subsequent in vivo implantation of passive 3C-SiC shanks into a murine
model, demonstrating the outstanding performance of 3C-SiC using Si as
a comparison material.
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Figure 7.7 (a) A diagram demonstrating the neural immune response to cortical
implant from [9]. The stages are marked by the activation and response of microglia,
the gradual activation, and encapsulation of the device by astrocytes. Chronic response
leads to the generation of giant, interconnected macrophages and tissue necrosis. (b)
Fluorescent micrograph of deep brain stimulation electrodes implanted in the brain
of a mouse. The chronic degeneration is marked by the presence of astrocytes stained
against glial fibrillary acidic protein (GFAP) in red. Necrosis is especially evident around
the active tips. (Image from Ref. [81].)

7.3.1.1 Manufacture of the 3C-SiC and Si Probes

In accordance with ISO 10993 standards, this evaluation of 3C-SiC is a
continuation of our previous studies (chapters: Cytotoxicity of 3C-SiC
Investigated Through Strict Adherence to ISO 10993; Study of the He-
mocompatibility of 3C-SiC and ¢-SiC Films Using ISO 10993-4), which
indicated 3C-SiC high biocompatibility and hemocompatibility through
in vitro testing [82,83]. In this preliminary study, the tissue response around
passive shanks fashioned from 3C-SiC epitaxial material was compared
against a positive reaction control of Si. The implant structure for this test
consisted of dual isosceles triangle shanks with a 250-pm base, a 7-mm
length, an apex angle of 5 degrees, and a thickness of 15-20 pm.The base of
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the shanks wereattached to a 5-mm long, hemispherical tab, 1 mm in radius.
The Si and 3C-SiC tabs were glued together with surgical cyanoacrylate
glue as shown in Fig. 7.8a. The tab allowed us to handle the delicate shanks
and provided a mount that would sit on the skull of the mouse to hold the
implants firmly in place within the brain.

The process schedule to fabricate the 3C—SiC devices began with the
RCA cleaning a 50-mm, 250-pm thick Si(100) wafer. A 20-pm thick
3C-SiC heteroepitaxial film was then grown on the Si(100) wafer in
our hot-wall chemical vapor deposition reactor using a previously pub-
lished process (Fig. 7.8b) [85,86]. A hard mask outlining the tab structure,
consisting of 500 A of Ti followed by 1 pm of Ni deposited through
electron beam evaporation, was added to the backside of the Si substrate
wafer (Fig. 7.8¢). The 3C—SiC surface was spin coated with AZ4620 posi-
tive photoresist followed by lithographic patterning to generate a deep
reactive ion etching (DRIE) soft mask (Fig. 7.8d). The masks were de-
fined through the removal of the excess metal and photoresist using wet
chemical etching. DRIE was used to etch the 3C-SiC layer down to the
underlying Si substrate (Fig. 7.8e). The wafer was then flipped over and
the 3C-SiC side attached to a 50-mm handle wafer using a 1:4 blend of
Crystalbond®:acetone (Fig. 7.8f). DRIE was then used to remove the un-
derlying Si substrate, leaving the released 3C—SiC structures imbedded in
the Crystalbond (Fig. 7.8g). The 3C-SiC shanks were then released with
acetone. The Ti/Ni protective mask was removed using a ferric chloride
solution followed with immersion in a dilute hydrofluoric acid solution.
Finally, the shanks were cleaned using an O, plasma (Fig. 7.8h). The manu-
facture of the Si shanks was similar in process schedule except we utilized
a high aspect ratio Bosch DRIE process, composed of several DRIE and
masking cycles, to maintain sidewall integrity [87].

7.3.1.2 InVivo Implantation Protocol

The University of South Florida has an animal welfare assurance #A-4100-
01 on file, and animals for this experiment were maintained in accordance
with the USF Institutional Animal Care and Use Committee protocol. The
completed passive devices were implanted into three C57BL/6] mice with-
in an area nearest the rostral mesencephalon, or mouse midbrain. The de-
vices remained within the animals for 35 days. The 3C—SiC implant was lo-
cated at coordinates 2.52 mm coronal,—3.05 mm sagittal, and the Si implant
at —2.52 mm coronal, —=3.05 mm sagittal, as measured from bregma. These
locations allowed the implant to interact directly within a large portion of
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Figure 7.8 (a) A digital photograph of a completed passive implant device. The nickel
provides scale. The thick Si tab allowed for us to handle the shanks and provided us the
ability to affix the implants to the skull of the mouse. The process schedule for the con-
struction of the passive 3C-SiC and Si implants used in this study. (b) A film of 3C-SiC
was heteroepitaxially grown on a Si substrate via chemical vapor deposition. (c) Photoli-
thography with metal lift-off created a hard Ni mask. (d) Photolithography using AZ4620-
positive photoresist detailed the shanks and tab on the front of the wafer. (e) Deep re-
active ion etching (DRIE) was used to etch the 3C-SiC (or Si) on the front of the wafer
to create the shanks and tab body. (f) The wafer front side was mounted to a Si handle
wafer through coating of Crystalbond’/acetone. This exposed the backside of the wafer
for subsequent (g) DRIE etching to remove the excess Si substrate, leaving freestanding
devices. (h) The shanks are released from the handle wafer with acetone and cleaned of
the remaining metals and polymers. Images originally reported in Ref. [84].
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the hippocampus. Although this area is not targeted traditionally in BMI
studies, it is often a target in neuroscience and is associated with many dis-
eases for which neural stimulation may be of assistance.

The surgical implantation was performed as follows: the mice were
anesthetized with isoflurane using a calibrated vaporizer. A jeweler’s drill
was mounted to a digital stereotaxic manipulator arm. The origin was set
to the bregma and the drill was moved into the implant position. The drill
created a 1.00-mm wide hole in the mouse skull at each of the two implant
locations. The drill was removed and replaced with normally closed twee-
zers holding the passive implant. The implant was lowered into the brain
at approximately 2 mm/s to a z-depth of =6 mm, at which point the base
of the tab rested on the skull of the mouse. A two-part dental epoxy was
used to secure the tab to the skull and allowed to dry. The mouse scalp
was sutured closed over the device and the skull, and the mouse was allowed
to recover on a 37°C hot pad. After the operation, the mice were monitored
daily for overall health and reactivity to ensure proper healing of the inci-
sion and the detection of any distress.

7.3.1.3 Tissue Fixation and Evaluation

At 35 days, the mice were transcardially perfused with saline (0.9% NaCl)
followed by 4% paraformaldehyde. We carefully removed the skull along
with the attached implants from the perfused brain. At this time we noticed
that the Si implants in all animals easily withdrew from the brain, but the
3C-SiC implants were more firmly set within the brain tissue. One of the
two 3C—SiC shanks broke at the base of the shank and remained within
the brain of the second animal. The brains were frozen to —20°C, sliced
to 20-pm thick tissue blocks within a cryostat, and the slices were placed
directly onto Fisher Brand Color Frost Plus glass slides (Fisher, 12-550-17).
The slices on the slides were blocked with donkey serum and sodium azide
(NaN,) in PBS. The slices were incubated overnight at 4°C after adding a
solution containing NaN,/PBS and primary antibodies anti-CD45-conju-
gated FTIC at 500:1 (ab25670, AbCam), 3000:1 unconjugated anti-GFAP
(ab53554, AbCam), and 3000:1 unconjugated anti-MAP2 (ab11268, Ab-
Cam). CD45 is a protein marker of microglial and microphage activation,
GFAP is a protein marker for astrocytes, and MAP2 is a protein marker
common to the microtubules of neurons [88]. The following day, the slides
were incubated in a mixture of NaN,/PBS and secondary antibodies at
room temperature at a concentration of 250:1. The secondary antibodies
used were Alexa Fluor® 568 (A11057, Invitrogen) and Alexa Fluor 350
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Figure 7.9 Selected digital photographs obtained from a Zeiss Axio Imager 2 micro-
scope, which was used for the immunofluorescence analysis of C57BL/6J mouse hippo-
campal tissue. Each row represents a selected tissue slice from a single animal (N = 3).
The first column shows the tissue response within the left hemisphere of the hippocam-
pus surrounding the Si implant and the second column presents the tissue associated
with 3C-SiC within the right hemisphere. The legend on the left details of the antibody
stains used in the study. The orange boxes denote the approximate size of the implant
at the tissue location. Scale = 50 wm. (Image from Ref. [84].)

(A10035, Invitrogen) for GFAP and MAP2, respectively. Fluorescent digital
microscopy images were captured using a Zeiss Axio Imager 2 microscope
outfitted with an ApoTome accessory.

Fig. 7.9 shows selected digital images obtained from fluorescent micros-
copy of the tissue surrounding the implanted materials. The first and most
noticeable difference between the two materials is the concentration and

frequency of both CD45" and GFAP™ glial cells. The tissue that was next to
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the Si implants has a very large CD45" and GFAP* response and this activ-
ity radiates hundreds of microns away from the implant site. In compari-
son, the tissue surrounding the 3C—SiC implants displays little indication of
CD45" activity, and only tissue from the third animal shows a very slight
increase in GFAP* activity on only one side of the implant.

Another observation that can be made from the images is directly re-
lated to the implant location. A large area devoid of neural tissue is ap-
parent around all of the Si implants, and the voids are often larger than
50 wm wide, a distance which is much larger than the implant thickness
of ~20 wm. The left and right images are the same tissue slice for the Si
and 3C-SiC implants, thus allowing for a meaningful direct comparison
between the two materials within the same animal. On the other hand, the
3C-SiC material in animals 1 and 2 produced voids which are ~20 wm
wide, which is the same dimension as the device thickness. The third animal
tissue provided an exception with a void width larger than 50 pm, and this
was the only animal, which also shows signs of increased GFAP* activity in
relation to 3C-SiC.

The last observation relates to the single implant piece that remained
within the brain of the second animal. We were able to slice through the
3C-SiC implant, which remained within the tissue slice. The second row
and second column show this implant material imbedded within the slice.
With the exception of a very small gap on the lower left side of the implant,
MAP2 neural processes, as indicated by the blue haze, remains in direct con-
tact with the 3C—SiC material and there are few CD45" and GFAP™ cells
within the area of the implant.

7.3.1.4 Neural In Vivo Discussion and Conclusion

Without exception, the positive reaction control of Si displayed an increase
in inflammatory activity, which follows observations that have been made
by many other INI device researchers [10,12,75]. This reaction, present in
all of the tissue samples we examined, was marked with a large activation
of microglia/macrophages in the vicinity of the device, which are, in turn,
surrounded by astrocytes with elongated, interconnecting processes. It also
appears with the absence of MAP2" cells that the neural processes in the
vicinity of the implanted Si material have either been withdrawn or lost due
to cellular death. This effect creates large voids around the device, which has
the effect of increasing the distance between the neural processes and the
implant surface. It was also interesting to note that there were microglia/
macrophages active hundreds of microns from the implant site, although
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there does not appear to be any correlation with activation distance or
the direction of the activation between the samples. Microglia have been
credited with a sophisticated communication network through the use of
chemotaxis to maintain and protect the neural environment, and the re-
action to the large implant may be part of this communication, but our
limited immunofluorescence analysis cannot provide adequate quantitative
evidence of this assertion [89,90].

3C-SiC has shown a markedly different reaction to the materials in all
three animals. The first major difterence is the very limited CD45* microg-
lia/macrophage activity in nearly all of the samples. The tissue voids are
much smaller surrounding the 3C—SiC implants, as marked by the MAP2*
cell processes. This is especially apparent when we examine the second ani-
mal, which has a piece of the implant material present within the slice. The
neural processes are still in contact with the material and there are limited
CD45" and GFAP" cells present. Although there is a large amount of green
luminescence in the image, this is due to the fact that 3C-SiC produces a
green photoluminescence in the presence of blue light due to the 2.3 eV
bandgap [91].

For the majority of the tissue samples analyzed, the GFAP" astrocytes
in the 3C-SiC tissue samples were much different in shape, size, and
quantity when compared with the same cells in the Si tissue. These cells
appeared in almost regular patterns through the tissue, and their processes
were not extended, interconnected, or web-like. The one exception to
this was in the third animal. One side of the implant shows an increased
presence of GFAP" cells. As this effect did not occur in the other animals,
we are not certain as to the cause of this effect. It should be noted that
the active layer is very thin and could be the result of the endpoint of the
acute inflammatory response to the implantation damage. A more likely
cause is one side of the 3C-SiC material consists of highly defective
material due to growth interface differences between the Si and 3C-SiC
crystal lattices, and these defects may be causing issues (ie, roughness) that
activate the neural inflammatory response [92]. In future devices, this is-
sue will be eliminated by polishing this side of the probes to remove the
rough surface.

Passive 3C—SiC neural implants have shown promise after implantation
in C57BL/6] mice. 3C-SiC did not show any qualitative indication of an
overwhelming positive microglial response. At the time of this chapter, we
are working on producing active 3C—SiC neural probes capable of signal
recording in vivo within active animal models. These will be used not only
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to produce statistical and quantitative tissue histology data, but also to evalu-
ate long-term signal reliability.

7.3.2 Subcutaneous Evaluation of 3C-SiC and a-SiC

For implantable biosensors, a critical issue that limits the device longevity
and functionality is biocompatibility and the implanted sensor must be able
to function properly for an extended period of time. The significant risk for
patients is the foreign body reaction of implantable devices. Therefore, con-
tributing factors for this loss of functionality include the degradation and
fouling of the sensor, and the changes in the tissue surrounding the sensor
such as fibrosis and inflammation. One of the strategies is to use synthetic
polymer polyethylene glycol (PEG) on the biosensor [93-96]. Another bio-
compatible material, a-SiC, has been used as thin film coating for many im-
plantable biomedical devices. a-SiC and polycrystalline SiC (poly-SiC) have
also been used for clinical studies in bone prosthetics and heart stents, which
confirmed the biocompatibility of these forms of SiC [97-99]. Chapter:
Amorphous Silicon Carbide for Neural Interface Applications provides an
in-depth study of the use of a-SiC for INI applications with the results
presented being wholly consistent with the data presented in this chapter.

This section further investigates SiC as an implantable sensor, realized
using an RF (radio frequency) antenna [100]. Tvo different antenna elec-
trode materials have been used on a semiinsulating 4H-SiC substrate: (1)
an “all-SiC” sensor made of poly-3C—SiC material and (2) a titanium/gold
(T1/Au) electrode-based sensor. In this study, we have investigated com-
parative in vivo tissue histological analysis of SiC-based glucose sensors with
different surface coatings for assessing biocompatibility.

7.3.2.1 Sample Preparation and Surface Modification

of SiC-Based Ti/Au Antenna

Different surface coatings/surface modifications of SiC-based antenna sen-
sors were investigated for histological tissue inflammation or fibrosis cap-
sule development. Fig. 7.10 shows the difterent implanted antennas studied
along with the control surfaces used during the experiments. Details of
the test coupons are as follows: (a) 4H-SiC-based Ti/Au antenna sensor
(glucose sensor) was prepared by depositing Ti (500 A) and Au (4500 A)
via E-beam evaporation. (b) A SiO,-coated Ti/Au antenna on semiinsulat-
ing 4H-SiC was prepared by depositing SiO, on Ti/Au antenna using the
PECVD technique. A SiO, coating was selected to reduce direct adhe-
sion problems with other biocompatible material coatings such as a-SiC
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Figure 7.10 Sketch of the five different antenna surfaces and two controls that were
subcutaneously implanted. (a) Ti/Au antenna on semiinsulating 4H-SiC as the base. (b)
SiO,-coated Ti/Au antenna on semiinsulating 4H-SiC. (c) PEG-coated Ti/Au antenna on
semiinsulating 4H-SiC. (d) a-SiC-coated Ti/Au antenna on semiinsulating 4H-SiC. (e)
“All-SiC”antenna, poly-3C-SiC on semiinsulating 4H-SiC. (f) Positive control Si. (g) Nega-
tive control 3C-SiC with an a-SiC coating on the backside [101].

and poly PEG on the Ti/Au antenna. (c) A covalently bonded PEG on
oxide-coated Ti/Au antenna was one important surface modification used
to increase the biocompatibility via protein inhibition. (d) ¢-SiC thin film
coating of the Ti/Au antenna is another approach to make the antenna
surface more biocompatible. This a-SiC was deposited on a SiO,-coated
Ti/Au antenna surface by using PECVD. The oxide was deposited all over
the antenna surface (top layer—Au and 4H-SiC) to make sure the a-SiC
coating was uniform. (e) “All-SiC” antenna is a poly-3C—SiC film grown
on a semiinsulating 4H-SiC substrate. The heavily N_-doped poly-3C-SiC
thin film was grown using a CVD reactor and then fabricated using standard
photolithography. It has been shown that SiC and its polytypes (eg, 3C—,
4H-, 6H-SiC) are more biocompatible than Si and therefore a promising
candidate for bioapplications (see chapters: Cytotoxicity of 3C-SiC Inves-
tigated Through Strict Adherence to ISO 10993; Study of the Hemocom-
patibility of 3C-SiC and a-SiC Films Using ISO 10993-4). Therefore (f) Si
was used as a positive control. For implantation, the Si material was diced
(8.5 X 11.5 cm?) and RCA cleaned as described previously. (g) 3C-SiC is
a biocompatible material and it is used as a negative control. The other side
was a-SiC coated to thus realize another “all-SiC” implant. The five an-
tenna (a—e) reactivity to cells/tissue was compared to the two controls (f-g).
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Biocompatibility and nonbiocompatibility were verified using the positive
reaction control, silicon, and negative reaction control, 3C-SiC.

7.3.2.2 Device Implantation in an Animal Model

Four adult healthy mature male pigs, 20-35 kg in weight, were selected for
tissue histology analysis [102]. Surgery was performed on surgical sites at
the midposterior aspect shoulder (two devices), mid-thoracic pave vertebrae
(two devices), midlumber pave vertebrae (two devices), and midsacral (one
device). After preparation, implants were carefully placed into 1.5 X 1-cm?
pockets beneath the skin (dermis) surface, as shown in Fig. 7.11. Five anten-
nas and two controls, for a total of seven devices, were implanted into the
pockets of a single animal. Four adult pigs were selected for the histological
tissue/cell evaluation and surface permissiveness to cells, providing a total of
28 samples (7 different materials per 4 animals).

7.3.2.3 Implant Characterization: Atomic Force Microscopy

Using AFM, the surface quality of the devices (pre- and postimplantation)
was compared. Fig. 7.12 shows the AFM surface morphology and roughness
of pre- and postimplantation samples. The surface roughness of the pure
SiC samples (3C—SiC and poly-3C-SiC) had similar rms values (~1 nm)

Figure 7.11 Subcutaneous in vivo implantation of the sensors in pig. (a) Shows IV and
ventilation entries, while (b) shows the surgical pocket and (c) a coupon being implant-
ed [101].
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Ti/Au antenna

@ (b)
Figure 7.12 (a) Preimplant AFM micrographs and (b) postimplant AFM micrographs of
Ti/Au antenna; SiO, Ti/Au antenna; a-SiC-coated Ti/Au antenna; all-SiC (poly-3C-SiC; 3C-
SiC, negative control; silicon, positive control). Surface roughness rms values are located
in the lower right corner of each micrograph [101].

before and after implantation. The roughness of the a-SiC-coated Ti/Au
antenna increased from 28.8 nm to 37 nm. The roughness of the Ti/Au
antenna, SiO,-coated Ti/Au antenna, and Si were increased from preimplan-
tation to postimplantation values by 11,26, and 34.5 nm rms, respectively.

7.3.2.4 Implant Characterization: Light Microscopy

After 30 days postimplantation, histological sections were studied under
light microscopy. After polymerization, thin (10-pm thick) translucent sec-
tions of tissue were prepared in a transversal direction to the axis of the
implant using the microtome technique. The sections were stained with
hematoxylin/eosin and examined using a light microscope to permit a con-
cise description of the observed specimens and fibrous capsule formation
surrounding the implants, if present. The examination was performed on
29 separate samples including 28 samples from 4 pigs and a fresh (without
implant) tissue block to serve as a tissue control. A light micrograph of a
fresh tissue block, without any implant, is shown in Fig. 7.13.This fresh tis-
sue block is used as a reference, and tissue samples were compared to this
healthy tissue sample.

Histological examination of a subcutaneous implant of Si (positive con-
trol) revealed that an adverse tissue response occurred to all four implants,
and this response was fairly uniform at 4 weeks in vivo. The Si implants were
surrounded by fibrous capsules; after removal of the implant the shape of the
capsule was the same as the implant, which is shown in Fig. 7.14. All four
Si implants had a thin circumferential fibrous capsule around them, which
is shown in Fig. 7.15f. The histological tissue analysis of the SiO,-coated
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Figure 7.13 Histological tissue analysis of healthy tissue, without any implant, showing
no signs of inflammation (original magnification X40) [101].

—_
=

;"<— Silicon
3

Fibrous capsule

Figure 7.14 Photograph of the fibrous capsule after removal of an Si implant (30 days
in vivo implantation specimen) [101].

Ti/Au antenna specimen had similar trends as observed for the Si implants.
Multiple nucleated giant cells, macrophages, fibroblasts, lymphocytes, and
evenly distributed eosinophil cells were evident, which had a strong in-
flammatory cell infiltration. The tissue in contact with the implant began
to change to fibrous tissue. In addition the surface of the implanted mate-
rial (SiO,-coated Ti/Au antenna) had a thin fibrous tissue layer shown in
Fig. 7.15b, which covered the scattered connective tissues. After 30 days
of subcutaneous implantation, the Ti/Au antenna demonstrated accumula-
tion of inflammatory cells and macrophages at the implant—tissue interface
(shown in Fig. 7.15a), which is a sign of an acute inflammatory response.
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(9)

Figure 7.15 Seven different implant histological tissue responses. (a) Ti/Au antenna
on SI 4H-SiC as the base; (b) SiO,-coated Ti/Au antenna; (c) PEG-coated Ti/Au antenna;
(d) a-SiC-coated Ti/Au antenna; (e) “all-SiC” antenna, poly-3C-SiC; (f) Si; (g) 3C-SiC with
a-SiC coating on the backside [101].
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However, there was no sign of fibrous capsule development around the em-
bedded material atter 4 weeks of implantation.

The tissue histology of the “all-SiC” antennas, which consisted of doped
poly-3C=SiC as the antenna electrode and 4H-SiC (semi-insulating) as
the substrate, had one of the most promising results as shown in Fig. 7.15e.
There was no sign of inflammatory response for all four implants. Another
promising implant was an a-SiC-coated Ti/Au antenna. The histopatho-
logical tissue analysis shown in Fig. 7.15d showed no sign of inflammatory
response. Implants comprised of single crystal 3C—-SiC film on the front side
of a Si substrate, with an a-SiC coating on the back side, had no inflamma-
tory response during the tissue histological examination on three different
implanted samples as shown in Fig. 7.15g. There was some scar evident on
the fourth tissue sample, which might be from tissue recovery after the sur-
gery. Finally, the PEG-Ti/Au antenna showed the expected result; no sign
of inflammatory response for all the samples (Fig. 7.15¢) as comparable to
the fresh tissue block shown in Fig. 7.13.

For this 30-day in vivo study, we found Si and SiO, to have an inflam-
matory response with fibrous encapsulation of mono- and multinucleated
phagocyte cells surrounding the implants, as expected. The bare Ti/Au an-
tenna also had some inflammatory signs, even though there was no encap-
sulation. On the other hand, the PEG-coated antenna and the “all-SiC”
antenna did not have any inflammatory immune response whatsoever. At
the same time, histological tissue analysis on single crystal 3C-SiC and a-
SiC-coated samples did not show any inflammatory response. Based on the
tissue histological results, the SiC-based sensors, covalently bonded PEG on
the sensor, and the a-SiC-coated sensor can be considered as possible viable
implantable sensors within the body [102].

7.4 3C-SiC FOR BMI APPLICATIONS—AN UPDATE

In the first edition of Silicon Carbide Biotechnology, the use of SiC in advanced
BMI was discussed in detail [103]. Since the publication of the first edition,
significant progress has been made in this important area. In this section we
will highlight two of the major achievements. First, we present the obser-
vation that 3C—SiC does not distort images taken in rat brains via MRI,
which has led to the design of 3C-SiC deep-brain stimulation implants.
Second, we have been developing an ultralow-power neural recording chip
for use in a wireless cortical microelectrode implant [104]. Additional work
in the area of developing a SiC optrode for optogenetics applications, while
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Figure 7.16 Optical micrograph of an SiC neural implant. Electrodes on the implant
and the central SU-8 waveguide are visible in the photo. Inset shows detail of four Ti/Au
recording electrodes at the probe tip.

not a significant activity at this time, demonstrated that we could manufac-
ture a complex neural probe in 3C-SiC as shown in Fig. 7.16. Details of the
SiC optrode development can be found in Ref. [105].

7.4.1 MRI Compatibility of 3C-SiC In Vivo

A major limitation facing current implantable electrode technology is
the lack of compatibility with MRI. Although the metals used in neural
implants are not ferromagnetic, the interaction of these metals with the
extremely high-power electromagnetic fields required for high-resolution
MRI, typically greater than 3T, introduces two major issues. One is the
generation of image artifacts that extend well beyond the physical size of
the metal contacts. In an in vitro study, these artifacts were found to disrupt
the image 150—200 pwm from the neural probe surface [106]. The second
effect is that the electrons in the conductor will couple with these power-
ful electromagnetic fields, inducing eddy currents. The induced current
in turn leads to joule heating (Q o< PR), which flows into the surround-
ing tissue, leading to an elevation in the local temperature, which can
increase to dangerous, and even terminal, levels [107,108]. Additionally,
these MRI-induced currents have the possibility of stimulating the sur-
rounding neural tissue [109]. Currently, the safe magnetic dose limitation
for individuals with neural implants examined with MRI is 1.5 T, but this
low power level may not produce the complex data necessary for accurate
clinical diagnosis [107].

SiC in all of its forms has the thermal conductivity of copper at room
temperature, allowing the material to transport heat very effectively [80].
Additionally, SiC has a relative magnetic permeability of 0.999, and will
not readily couple with magnetic fields, unless it contains donor impurities
called dopants [80]. Standard neural implantation device leads use metal
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conductors and dissipate heat through the conductive metal pathway; how-
ever, the leads are bounded by electrical insulation, which is normally not
a good heat transporter, so the majority of the heat transfer is concentrated
at the exposed end of the electrode where recording/stimulation of neural
tissue occurs [108]. The greatest image artifact intensity is also produced at
the exposed electrode tips [106]. Although all conductors will inductively
couple with a magnetic field, SiC as a semiconductor has modifiable con-
ductivity, which may provide a solution to this issue. Lower conductivity
will still allow signal reception and transmission, albeit with some issues
due to the increased electrode impedance. However, the lower conductiv-
ity decreases the production of image artifacts. The thermal properties of
SiC, regardless of its electrical conductivity, eftectively increases the thermal
pathway across the entire device surface area, allowing effective heat dis-
sipation over a larger area of the physiological environment, reducing small
area/volume heating and thus assisting in maintaining physiologically safe
temperature levels.

To illustrate the different magnetic coupling differences between met-
als and semiconductors, Jackeline Malheiros of the University of Sad Pau-
lo, Sad Carlos, Brasil, implanted our passive 3C—SiC shanks fabricated in
Section 7.3.1 alongside metal wire implants (Fig. 7.17). The passive shanks

SiC Platinium Iridium

Plastics One “MRI
3C-SiC Compatible” 2 Channel
7mm L, 15 um thick neural Plastic pt/Ir 12.1 mm L, 160
implant (~10'® n-doped) pum diam. electrodes

Figure 7.17 MRI images of two Sprague Dawley rats implanted with (a) dual passive
probes constructed from 3C-SiC from Section 7.3.1, and (b) commercially obtained Pt/Ir
alloy, dual wire MRI compatible electrodes. The images show that in contrast to 3C-SiC
probes, the Pt/Ir probes are coupling with the magnetic field due to the bright image
artifacts seen at the implant locations. (Data courtesy of Dr J. Malheiros of the University
of Saé Paulo, Saé Carlos, Brasil.)
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were generated from “as-grown” 3C-SiC, which were unintentionally
doped to ~10" N, dopants/cm™. Commercially available, “MRI compat-
ible” two-channel electrodes were obtained from Plastics One®. The devices
were implanted in Sprague Dawley rats and the rats were placed in a 2T
MRI-generated field.

The results for the metal followed prediction and published observa-
tions, as the electrons within the material coupled with the magnetic field
producing a bright image artifact (Fig. 7.16 right side). The 3C-SiC, on
the other hand, did not produce any noticeable coupling image artifacts.
Although we had no means during the experiment to gather thermal data,
the results indicate that 3C-SiC did not strongly inductively couple to the
magnetic field and, therefore, should not also produce any appreciable joule
heating. This may open a whole new avenue for 3C-SiC as a permanently
implantable device biomaterial as implanted individuals would not have the
MRI constraints required of metal-based implants.

7.4.2 Ultralow Power Recording Electronics for Wireless BMI
Applications

BMI has evolved with great speed in recent years, and promised a plethora
of therapeutic treatments for millions with neural damage. Unfortunately,
complex BMI systems have yet to show long-term reliability, which has
limited clinical testing and follow-on commercial application. Ultimately,
the reliability issue has prevented BMI from assisting individuals with neu-
rological and physical disabilities.

In order for BMI to eftectively make use of the advances in robotic and
computer technology, it is vital to find biological interfaces that meet the
requirements of long-term electrical reliability, low-power operation, and
biocompatibility. In this section we focus on two of these long-term electri-
cal issues. First, many system components are based on a battery for power
delivery, and these batteries eventually discharge and must be replaced, re-
sulting in additional maintenance requirements. Second, many systems rely
on materials that may not have reliable biocompatibility, and can possibly
erode with time, demanding costly and high-risk replacement procedures
[10,74].

We present a possible wireless solution for implantable microelectrode
neural interfaces, which could be incorporated into a complete BMI sys-
tem (Fig. 7.18). The first version of the Cortex chip, a four-channel am-
plifier that magnifies neural signals for processing by a microprocessor
system, works within the constraints of very low-power consumption and
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Figure 7.18 Conceptual diagram of the proposed BMI system, which integrates the
Cortex chip, described in detail in this paper, with active 3C-SiC electrodes and an RFID
wireless interface [104].

biocompatibility. The Cortex chip relies on two features: (1) we use a chip
designed to operate with a power consumption that is small enough for it
to be powered by radio frequency antennas, dispensing with the need for
batteries; (2) we use a probe manufactured from silicon carbide (SiC), a ma-
terial that demonstrated excellent neural compatibility with murine mouse
brain tissue in vivo (Section 7.3.1).

Many neural signal amplifiers have been developed since 2000s
[110-113], but none of them meets our proposed needs. Many authors have
implemented simple, operational transconductance amplifiers (OTAs) for
neural signal amplification, which have mainly been based on older tech-
nologies (1500-500 nm). Improved modern designs incorporate advanced
technologies, such as 0.18 wm complementary metal-oxide semiconductor
(CMOS), leading to lower power consumption and smaller die area, both
of which are important for implantable neural interfaces.

The recent designs unfortunately also come with a few drawbacks.
Many designs [113] completely avoid the use of on-chip, and even oft-chip,
capacitors, which would assist to minimize power consumption. This design
decision forces the use of DC coupling instead of AC coupling at the ampli-
fier input, leading to DC signal component elimination a posteriori, which
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can be an issue because there might be a loss of data due to the hardware.
Many others simply choose to use very large transistors [110] at the input
to reduce flicker noise, which appears at very low frequencies, but this de-
sign increases the power consumption even when using more advanced
technologies.

7.4.2.1 Silicon Carbide (3C-SiC) Neural Interface—The Cortex Chip

An ideal implantable BMI not only includes material neural compatibility,
but it should also include the following: very low power consumption to
operate without batteries, broadband data transmission, small area encapsu-
lation with no oft-chip components, and avoid high-power radio frequency
operation, which is below the absorption limits of biological tissues. With
these requirements in mind, we designed a special purpose OTA, which
is fully discussed in the literature [104]. The amplifier has two stages, each
with 14.14 of voltage gain, and an output buffer for test purposes. The gain
stages, noted as gm1 and gm2, are comprised of a fully differential OTA,
featuring high open loop gain, low-input referred noise, and high power
supply rejection ratio (PSRR).

An off-the-shelf solution was incorporated for the wireless capability
of the Cortex chip. We chose the 915 MHz PHY CM9011ft [114] from
Chipus Microelectronics [104]; this choice was guided by the fact that its
operation, in the range from ~1 to 3 GHz, minimizes the channel loss for
edge-to-edge coupling in biological strata. In this solution, the data stream
will be up to 800 kbps, with four channels using a 10-bit 20 kHz analog-
to-digital conversion, in accordance to the maximum specific absorption
rate (1.6 W/kg) defined by the Federal Communications Commission. In
Fig.7.19 is a photograph of the manufactured Cortex chip die (a) and pack-
aged chip (b). Tables 7.2 and 7.3 present a summary of the results obtained
for the Cortex chip in comparison with previously published results for
similar circuits. Table 7.3 shows that our chip has the following advantages:
better PSRR and power consumption performance, smaller area per chan-
nel, and AC instead of DC coupling.

7.4.2.2 Future Perspective—Cortex Chip

The Cortex chip, a low-power neural signal amplifier, has been fabricated
using a 0.18-pwm CMOS process and incorporates all the electronics inte-
grated into an area of 0.40 mm?. The chip was designed with four channels,
and its total power consumption was only 144 wW. It was designed to match
the impedance of the SiC electrodes, thus enabling better neural compat-
ibility of the entire system. Furthermore, it is integrated with a RFID PHY
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(b)

Figure 7.19 (a) Cortex die photo (version with internal test pads) and (b) cortex chip
encapsulated in a QFN64 surface mount package for device integration and electrical
testing [104].

for wireless communication. The results showed that both local field po-
tentials, in the range of 5 mV, and action potentials, around 100 WV, can
be sampled by the system’s probe without distortion. The Cortex chip has
demonstrated promising results as an integrated circuit for brain—machine

Table 7.2 Summary of cortex chip performance

Regulated supply voltage 1.8Viyp. (1.6 V2.0V )
Regulator PSRR 80 dB

Neural signal coupling AC

Neural signal amplifier gain 46 dB (0.2-10 kHz)
Input-referred noise 36 pl/ (0.2-10 kHz)

Number of channels 4

Bandwidth 0.2-10 kHz

Process SILTERRA, CMOS 0.18 uM
Total chip area 0.447 mm® (0.111 mm?/channel)
Total power 144 WW (36 wW/channel)

Table 7.3 Improved features of cortex chip

Feature Other OTA Cortex chip

Power (per channel) 80 wW/channel [10)] 36 wW/channel
Regulator PSRR 5.5dB [11] 64 dB

Chip area (per channel) 0.160 mm?/channel [12] | 0.111 mm?/channel
Neural signal coupling DC [13] AC
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interfacing, and the next stage is to incorporate 3C—SiC microelectrode
probes with the chip to create an implant like the one displayed in Fig. 7.18.

7.5 CONCLUSIONS

Many materials have been used successfully to create viable, long-term im-
plants that have provided therapeutic relief to millions of people, including
orthopedic implants and dental prosthetics. However, when electrical activ-
ity is included in the device, there are many more issues that occur. Often,
many of these electrical devices require adjustment, or they even fail, due to
the response of the body. In this chapter, we discussed using silicon carbide
as an electrical material for use in implantable devices. We examined the
corrosion of a-SiC and 3C-SiC using physiological media and found no
appreciable effect, either in the short term or in the long term through ac-
celerated aging techniques. Consequently, 3C—=SiC was tested in vivo in the
brain of mice, and both 3C-SiC and 4-SiC were evaluated subcutaneously
in pigs. There was no appreciable immune response with either material
in either animal. We demonstrated that 3C-SiC did not illicit an inductive
coupling response within a rat brain when exposed to a 2T MRI system. In
the end, the device is more than just a material, and we have begun combin-
ing 3C-SiC and a-SiC with electronics, notably the Cortex chip by Chipus.
This chip will not only allow SiC electrodes to record neural signals, but it
also wirelessly transmits the signals. Another advantage to this chip is that its
very low power consumption allows it to receive power wirelessly, thereby
eliminating the need for external or internal wiring to batteries. The ad-
vantage of 3C-SiC is evident, and in the next chapter, further advantages of
a-SiC will become more apparent as we demonstrate its utility as a coating
for neural implantation devices.
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8.1 INTRODUCTION

Implantable microelectrode arrays (MEAs) offer the promise of restoring
function to individuals with paralysis or amputation [1,2], of restoring vi-
sion to the blind [3,4], and of treating neurological diseases [5]. MEAs typi-
cally consist of microwire structures coated with polymeric encapsulation
or silicon (Si) and thin-film polymer structures fabricated through methods
common to the semiconductor device industry. While promising, neural
signals recorded with these devices degrade over time and occasionally de-
vice failure is observed such that the reliability of this approach has been
the subject of recent attention [6-8]. Most MEA devices are fabricated from
some combination of noble metals/alloys, silicon, polymers (eg, parylene-C,
silicones, polyimide), and conventional dielectric passivation (silicon oxide
or silicon nitride). Silicon carbide (SiC) has emerged as a promising mate-
rial for biomedical devices, which may convey advantages for MEAs. The
purpose of this chapter is to discuss mechanisms involved in the degradation
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of MEA performance, the role of material choice in the tissue response, the
biological response of neural tissue to amorphous silicon carbide (a-SiC)
both in vitro and in vivo, and a-SiC as an encapsulant for MEA devices.

8.2 BIOTIC AND ABIOTIC MECHANISMS OF DEVICE FAILURE

It is believed that implanted MEA failure results, at least in part, from the
brain’s immune response, which activates after penetration of these devices
through the blood-brain barrier [9,10]. Specifically, implantation of the
device causes shearing of vasculature and disturbances to the extracellular
matrix, glia, and neurons [11,12]. The wound-healing process starts imme-
diately after the initial injury by recruiting macrophages as well as activating
microglia [10,12-16]. Microglia usually exist in a ramified state until acti-
vated by breaking the blood—brain barrier [9,10,12,14,17]. Once activated,
they extend processes toward the probe, exhibit amoeboid morphology, and
express leukocyte-associated molecules such as CD68, which make them
virtually indistinguishable from macrophages [12,17]. Activated microglia
also release numerous inflammatory, cytotoxic, and neurotoxic chemicals
[12]. They further exacerbate the response by secreting factors that recruit
additional microglia/macrophages and astrocytes [12,15,18].

Similar to microglia, a reactive state is also induced for astrocytes,
which is primarily characterized by upregulation of glial fibrillary acidic
protein (GFAP) [9,10,12,15,19]. Although many investigators have re-
ported migration and proliferation of activated astrocytes to the probe
site [9,12,20], more recent live imaging did not reveal any movement of
these cells and only proliferation near vasculature, but did confirm elon-
gated processes and hypertrophy [19]. After about 4 weeks of implanta-
tion, the acute inflammatory reaction transitions into a chronic response
characterized by the formation of a glial scar that encapsulates the device.
The glial scar is composed primarily of reactive astrocytes, although ac-
tivated microglia can also be observed [12,14-16,18,20,21]. This tissue
sheath isolates the probe and is believed to increase electrical imped-
ance [12,22,23].This is paired with a significant loss of neurons proximal
to the device [10,14]. However, the extent of this reaction varies across
animals and is dependent on the size [24], shape, and insertion rate of
the implant [11]. Although some elements of this response appear well
characterized, others remain unclear, and a clear link between the tissue
response and device performance remains to be drawn [12].
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8.3 ROLE OF THE MATERIAL CHOICE IN THE TISSUE
RESPONSE

There 1s a growing recognition that the physical and chemical properties
of the device material can influence the biotic response and ultimately the
device performance and longevity [25]. For example, polyimide-insulated
tungsten microwire arrays chronically implanted in rats demonstrated insu-
lation damage due to excessive oxidative stress leading to deterioration in
the recording sites [22]. Furthermore, delamination of multilayer structures
that constitute these implantable technologies likely contributes to device
failure. For example, mechanically applied stress in parylene C generates
microcracks and additional material failures arise from blistering/pore for-
mation [26], which exposes the underlying materials to the external envi-
ronment.

The material can also contribute to the biotic response, possibly potenti-
ated with degradation processes occurring at small scales. Many of the com-
mercially available micromachined probes are fabricated from silicon, which
has the advantage of well-developed fabrication techniques, developed in
the semiconductor industry to allow large-scale production of highly re-
producible structures. Interestingly, silicon has been linked to cytotoxic
reactions in multiple studies [7,10,27,28]. Several studies report structural
degradation in commonly used materials like silicon both in vitro [29] and
in vivo [22,30]. It is conceivable that the tissue reaction to a degrading mate-
rial, even at small scales, could potentiate inflammatory cascades to further
degrade device performance.

A hermetic coating can limit water and ion penetration of implanted
materials and prevent outward dissolution of materials [31,32]. SiC is
a robust material that is able to withstand high temperatures and ad-
verse chemical conditions [32]. SiC may be produced in several different
crystallographic forms, with different material properties as well as an
amorphous thin film. a-SiC is particularly attractive as a passivation layer
to protect implantable devices because of its excellent water and ion
barrier properties, suitability for coating a variety of substrate materi-
als at modestly low temperatures (<350°C) by plasma-enhanced chemi-
cal vapor deposition (PECVD), good adhesion to Si [32], low dissolu-
tion rate, and biocompatibility [31,33]. It has been used as a protective
coating for orthopedic implants [34]| and for coronary stents [35], where
a-SiC is considered to reduce thrombogenicity and improve biocompat-
ibility [36].



252 Silicon Carbide Biotechnology

8.4 IN VITRO“NEUROCOMPATIBILITY” OF a-SiC

In vitro cytotoxicity testing is a vital, initial step in assessing the biocompat-
ibility of potential implantable materials. Regulatory guidance is provided
by the international standard ISO 10993, which explicitly defines testing
methodologies for material screening, which begins for in vitro cytotoxic-
ity testing. Consistent with the standard, prior studies concerned with im-
plantable neurological devices have made use of mammalian fibroblasts (eg,
[37,38]). In fact, it has been well established that fibroblasts tolerate silicon
carbide consistent with a material that demonstrates in vitro biocompat-
ibility [35,39,40|. However, as discussed in ASTM standard F2901 (2013),
which pertains to the assessment of neurotoxicity of medical devices, there
are limitations in the use of nonneural-derived cells for in vitro testing of
neurological implants. Consistent with [41], F2901 recommends the use of
cells derived from nervous tissue to provide a more comprehensive assess-
ment.

The use of cortical neuronal networks cultured directly on planar MEAs
has been used as a tool for assessing neuropharmacology [42-44| as well as in
vitro material biocompatibility [45]. Neural tissue derived from primary dis-
section of rodents can be cultured to form functional, spontaneously active
networks where action potentials, or spikes, can be monitored noninvasively
(Fig. 8.1).

Spontaneous spike activity in cultured neuronal networks exhibits vary-
ing degrees of coordination across multiple neurons, or units [46-48], and
is largely influenced by functional synapses [46,48,49]. With modulation of
spike activity associated with exposure to a putative neuroactive compound,
this approach may be a valuable tool to complement preclinical testing of
therapeutics [49-51] as well as to screen for environmental toxins [43,44,52].
The technique is exquisitely sensitive to environmental perturbations, which
may not be cytotoxic but certainly influence neural activity. For an applica-
tion involving neural interfaces, which attempt to record activity from neu-
ronal processes in close proximity (<100 wm) to recording microelectrode
sites, it 1s critical that the material not only lacks cytotoxicity, but also does
not diminish neural activity.

By adapting the ISO 10993-5 guidance for amount and duration of
material extract exposure, the neuronal network methodology was demon-
strated for a range of materials including conductors, gold and copper, as well
as insulators, polyethylene (PE), and organotin containing polyvinyl chlo-
ride (PVC). As an example, the multiunit neural activity for representative
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Figure 8.1 Commercially available planar MEAs from ALA Scientific Instruments have
60 microelectrodes with a diameter of 10 um and interelectrode spacing of 200 um. The
primary neuronal culture method [42] was used to generate frontal cortex networks
exhibiting stable multiunit activity after 21 days in vitro.

networks exposed for 24 h to extracts from appropriately sized PE and PVC
samples is shown in Fig. 8.2. PVC, which is considered a positive control
material, induced a significant reduction in spike activity. Data can be read-
ily quantified by measuring the mean spike rate across each network [53],
and normalizing to the corresponding baseline levels measured before ex-
posure to the material sample.

Using this testing methodology, we examined three different packaging
variations of SiC: (1) a-SiC deposited on Si; (2) cubic 3C-SiC on Si;and (3)
a-SiC on 3C-SiC on Si. As shown in Fig. 8.3, none of the three variations
of SiC impacted neuronal activity across the networks. A one-way analysis
of variance determined that there was no significant difference in normal-
ized spike rate with exposure to the materials.

This finding is largely consistent with the prior in vitro cytotoxicity as-
sessments for SiC variants [35,54]. Furthermore, the processes and reagents
used for a-SiC deposition and fabrication are unlikely to generate residues
that would be toxic to neurons or produce alterations in neural activity.
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Figure 8.2 Raster plots showing spike activity for neuronal networks exposed to nega-
tive and positive control materials, PE and PVC. Extracts of materials were prepared by
incubating 1 mL serum-free cell culture media for every 3 cm? of material sample in 35-
mm diameter polystyrene Petri dishes at 37°C for 24 h under constant agitation using
a laboratory shaker. The PVC extract was diluted to 30% by addition of control media;
100% extracts from the PVC completely eliminated neuronal network activity. Control
extracts, which also underwent the same procedures except they were incubated with
material-free cell culture media, failed to elicit any change in neuronal activity.

8.5 IN VIVO TISSUE RESPONSE TO a-SiC-COATED PROBES

Prior work by [31] showed a-SiC-coated microwires elicited a modest eftect
on the tissue viability and neuronal density after long-term implantation in
the rabbit parietal cortex. Since the neuroinflammatory response is com-
prised of changes in multiple cell types, it is important to consider potential
effects on astrocytes and microglia, as well as on neurons. Single shank, non-
functional probes were either left uncoated or coated with 0.5 pm a-SiC
using PECVD (Fig. 8.4). These test structures have dimensions typical of im-
plantable probes, that is, 5 mm in length, 15 pm thick, and 200 wm in width
at the base with the widest part of the shank in contact with cortical tissue.

12+
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Normalized spike rate
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Figure 8.3 Effects on neuronal network activity 24 h after exposure to extracts derived
from (1) a-SiC deposited on Si; (2) cubic 3C-SiC on Si; and (3) a-SiC on 3C-SiC on Si.
The spike rates were normalized to the baseline activity measured prior to adding the
extracts. Data are shown as mean normalized spike rate and SEM for n = 3 networks.
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200 pm

Figure 8.4 Photomicrograph showing nonfunctional NeuroNexus probes used for test-
ing the tissue response resulting from 4-week implantation in the rat motor cortex.
(Courtesy Ms Amy Davis of NeuroNexus Technologies [Ann Arbor, MI].)

To investigate the chronic response to a-SiC, implants remained in the
brain for 4 weeks. Fig. 8.5 shows comparative immunohistochemically stained
horizontal slices derived from the same rat implanted with a control Si probe
and an a-SiC-coated probe. Both materials induce a loss of neurons, based
on NeuN intensity proximal to the probe insertion site. Moreover, there is
a visually apparent decrease in GFAP intensity, indicative of decreased levels
of activated astrocytes, near the insertion site for the a-SiC-coated implant
compared to the Si control probe. Labeling for CD68 appears to be simi-
lar for both Si control and a-SiC-coated probes. To process these slices, the
probes were removed from the brain after sacrifice, which invariably disrupts
the tissue proximal to the implant. A more comprehensive analysis would
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Figure 8.5 (a) Images from deep cortical tissue labeling NeuN in red (neurons), GFAP in
green (astrocytes), and DAPI in blue (cell nuclei). White circles indicate center of probe
locations. (A) is from tissue implanted with an a-SiC-coated probe, (B) from a control
Si probe, and the (C) is the no primary control indicating little or no nonspecific an-
tibody binding. (b) Immunohistochemistry summary data comparing results from an
a-SiC-coated (red) and a control Si (blue) probes after implantation for 4 weeks. Data are
mean * SEM for n = 2 slices.

rely on longer implantation durations and the use of probe capturing tech-
niques [21] whereby sagittal slices of the implanted cortical tissue are pre-
pared for immunohistochemical analysis with the probe remaining in place.

8.6 SUMMARY

The findings from the in vitro and in vivo studies suggest that a-SiC is suf-
ficiently tolerated by central nervous system tissue to serve as a passivation
layer for implanted neural devices. Test structures coated with a-SiC exhibit
a reduced inflammatory effect based on the decreased level of activated as-
trocyte labeling along the shank after 4 weeks of implantation. As an encap-
sulation layer to create a hermetic and insulating barrier between a device
and the surrounding biological milieu, a-SiC has features that offer promise
for implantable neural interfaces [31,55]. These features include, but are not
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limited to, the ability to withstand high temperatures and adverse chemical
conditions. The material acts as a diffusion barrier, requires a relatively low
temperature for deposition, and exhibits a slow dissolution rate.

There are some limitations to the use of a-SiC deposited by the PECVD
process. Future MEAs are likely to have complex three-dimensional struc-
tures that will require conformal coatings with good step coverage. It is yet
to be demonstrated that this can be achieved with PECVD a-SiC while
preserving the required barrier properties and biocompatibility. In addition,
the fabrication process of multilayered devices necessitates management of
the different coefficients of thermal expansion as well as intrinsic stresses.
Alterations in hydrogen content can influence intrinsic stress and the coef-
ficient of thermal expansion of a-SiC deposited by PECVD [56], allowing
physical properties of the material to be tailored to intended applications.

It is important to recognize that the value of a-SiC coating is not limited
to stift Si structures which exhibit a modulus of approximately 10 GPa.There
is a body of research indicating that probe flexibility may reduce the mechan-
ical mismatch that exists between brain tissue and the implant to ultimately
diminish the chronic inflammatory response. Capadona and coworkers have
demonstrated a bioinspired, mechanically dynamic nanocomposite material
for intracortical probes [57,58]. Implantation of microelectrodes, which are
comprised of the nanocomposite, exhibit a modulus that rapidly transitions
from 5 GPa to 12 MPa upon implantation in rat brain [57]. These devices
showed a diminished inflammatory response compared to a stift wire [57],
and result in unappreciable neuron loss at the device—tissue interface as long
as 4 months after implantation [59]. Shape memory polymer technology may
offer a manufacturable route to creating intracortical implants that soften with
insertion into the brain to minimize the mechanical mismatch [60, 61]. Since
a-SiC can be deposited at low temperatures through PEVCD, thin coatings
of this versatile material may be applied to a variety of flexible substrates.
The combination may produce structures which are less susceptible to corro-
sion and degradation without significantly aftecting device stiffness. The result
would be a novel class of implant technologies with improved biocompat-

ibility.

ACKNOWLEDGMENTS

This work was sponsored by the Defense Advanced Research Projects Agency (DARPA)
MTO under the auspices of Dr Jack Judy through the Space and Naval Warfare Systems
Center, Pacific Grant/Contract No. N66001-12-1-4026.



258 Silicon Carbide Biotechnology

REFERENCES

[1] Hochberg LR, Serruya MD, Frichs GM, Mukand JA, Saleh M, Caplan AH, Branner A,
Chen D, Penn RD, Donoghue JP. Neuronal ensemble control of prosthetic devices by
a human tetraplegia. Nature 2006;442:164-71.

[2] Velliste M, Perel S, Spalding MC, Whitford AS, Schwartz AB. Cortical control of a pros-
thetic arm for self-feeding. Nature 2008;453:1098—101.

[3] Lorach H, Goetz G, MandelY, Lei X, Kamins TI, Mathieson K, Huie P, Dalal R, Harris
JS, Palanker D. Performance of photovoltaic arrays in-vivo and characteristics of pros-
thetic vision in animals with retinal degeneration.Vision Res 2015;111(Pt B):142 148.

[4] Normann RA, Greger B, House P, Romero SE Pelayo E Fernandez E. Toward the
development of a cortically based visual neuroprosthesis. ] Neural Eng 2009;6:035001.

[5] Park Yun S, et al. Early detection of human epileptic seizures based on intracortical
local field potentials. IEEE Conference: 6th International IEEE EMBS Conference on
Neural Engineering (NER). San Diego, CA; 2013.

[6] Kane SR, Cogan SE Ehrlich J, Plante TD, McCreery DB, Troyk PR. Electrical perfor-
mance of penetrating microelectrodes chronically implanted in cat cortex. IEEE Trans
Biomed Eng 2013;60(8):2153-60.

[7] Rousche PJ, Normann RA. Chronic recording capability of the Utah intracortical
electrode array in cat sensory cortex. ] Neurosci Methods 1998;82:1-15.

[8] Williams JC, Rennaker RL, Kipke DR. Long-term neural recording characteristics
of wire microelectrode arrays implanted in cerebral cortex. Brain Res Protoc 1999;4:
303-13.

[9] Fawcett JW, Asher RA.The glial scar and central nervous system repair. Brain Res Bull
1999;49:377-91.

[10] Winslow BD, Tresco PA. Quantitative analysis of the tissue response to chronically
implanted microwire electrodes in rat cortex. Biomaterials 2010;31:1558-67.

[11] Bjornsson CS, et al. Effects of insertion conditions on tissue strain and vascular damage
during neuroprosthetic device insertion. ] Neural Eng 2006;3:196-207.

[12] Polikov VS, Tresco PA, Reichert WM. Response of brain tissue to chronically implanted
neural electrodes. ] Neurosci Methods 2005;148:1-18.

[13] Kozai TD,Vazquez AL, Weaver CL, Kim SG, Cui XT. In vivo two-photon microscopy
reveals immediate microglial reaction to implantation of microelectrode through exten-
sion of processes. ] Neural Eng 2012;9:1-17.

[14] Potter KA, Buck AC, Self WK, Capadona JR. Stab injury and device implantation with-
in the brain results in inversely multiphasic neuroinflammatory and neurodegenerative
responses. ] Neural Eng 2012;9:1-14.

[15] Stice P, Muthuswamy J. Assessment of gliosis around moveable implants in the brain.
J Neural Eng 2009;6:1-10.

[16] Woolley AJ, Desai HA, Otto KJ. Chronic intracortical microelectrode arrays induce
non-uniform, depth-related tissue responses. ] Neural Eng 2013;10:1-11.

[17] Kozai TD, et al. In vivo two-photon microscopy reveals immediate microglial reaction to
implantation of microelectrode through extension of processes. ] Neural Eng 2012;9:
1-17.

[18] Szarowski DH, et al. Brain response to micro-machined silicon devices. Brain Res
2003;983:23-35.

[19] Bardehle S, et al. Live imaging of astocyte response to acute injury reveals selective
juxtavascular proliferation. Nat Neurosci 2013;16:580-6.

[20] Fitch MT, Doller C, Combs CK, Landreth GE, Silver J. Cellular and molecular mechanisms
of glial scarring and progressive cavitation: in vivo and in vitro analysis of inflammation-
induced secondary injury after CNS trauma. ] Neurosci 1999;19:8182-98.

[21] Woolley AJ, Desai HA, Steckbeck MA, Patel NK, Otto KJ. In situ characterization of
the brain-microdevice interface using device capture histology. ] Neurosci Methods
2011;201:67-77.


http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0090
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0090
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0090
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0250
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0250
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0150
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0150
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0150
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0180
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0180
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0200
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0200
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0200
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0115
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0115
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0115
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0220
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0220
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0270
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0270
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0270
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0045
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0045
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0275
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0275
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0030
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0030
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0205
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0205
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0135
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0135
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0135
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0210
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0210
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0210
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0240
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0240
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0285
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0285
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0305
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0305
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0305
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0245
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0245
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0020
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0020
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0050
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0050
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0050
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0280
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0280
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0280

Amorphous Silicon Carbide for Neural Interface Applications 259

[22] Prasad A, Xue Q-S, SankarV, Nishida T, Shaw G, Streit W], Sanchez JC. Comprehensive
characterization and failure modes of tungsten microwire arrays in chronic neural im-
plants. ] Neural Eng 2012;9(5):056015.

[23] Wang C, et al. Characteristics of electrode impedance and stimulation efficacy of a
chronic cortical implant using novel annulus electrodes in rat motor cortex. ] Neural
Eng 2013;10:1-19.

[24] Stice P, Gilletti A, Muthuswamy J. Thin microelectrodes reduce GFAP expression in the
implant site in rodent somatosensory cortex. ] Neural Eng 2007;4:42-53.

[25] Fournier E, Passirani C, Montero-Menei CN, Benoit JP. Biocompatibility of implant-
able synthetic polymeric drug carriers: focus on brain biocompatibility. Biomaterials
2003;24(19):3311-31.

[26] Massey LK. Permeability properties of plastics and elastomers: a guide to packaging and
barrier materials. Norwich, N'Y, USA: Plastics Design Library/William Andrew Pub; 2002.

[27] Hench LL, Wilson J. Biocompatibility of silicates for medical use. In: Evered D,
O’Connor M, editors. Ciba Foundation Symposium — silicon biochemistry. Chichester,
UK: John Wiley & Sons; 1986.

[28] O’Neil C, Jordan P, Bhatt T, Newman R. Silica and oesophageal cancer. In: Evered D,
O’Connor M, editors. Ciba Foundation Symposium — silicon biochemistry. Chichester,
UK: John Wiley & Sons; 1986.

[29] Alexander GB, Heston WM, Iler RK.The solubility of amorphous silica in water. ] Phys
Chem 1954;58:453-9.

[30] Barrese JC,Rao N, Paroo K, Triebwasser C,Vargas-Irwin C, Franquemont L, Donoghue
JP. Failure mode analysis of silicon-based intracortical microelectrode arrays in non-
human primates. ] Neural Eng 2013;1(0):1-23.

[31] Cogan SE Edell DJ, Guzelian AA, Liu YP, Edell R. Plasma-enhanced chemical vapor
deposited silicon carbide as an implantable dielectric coating. ] Biomed Mater Res A
2003;67(3):856-67.

[32] Zorman CA. Silicon carbide as a material for biomedical microsystems. DTIP of
MEMS & MOEMS; 2009.

[33] Iliescu C, Chen B, Poenar DP, Lee YY. PECVD amorphous silicon carbide membranes
for cell culturing. Sensor Actuat B Chem 2008;129(1):404—11.

[34] Sella C, Lecoeur J, SampeurY, Catania P. Corrosion resistance of amorphous hydroge-
nated SiC and diamond-like coatings deposited by rf plasma-enahanced chemical vapor
deposition. Surf Coat Tech 1993;60:577-83.

[35] Amon M, Bolz A, Schaldach M. Improvement of stenting therapy with a silicon carbide
coated tantalum stent. ] Mat Sci Mater Med 1996;7:273-8.

[36] Hansi C,Arab A, Rzany A,Ahrens I, Bode C, Hehrlein C. Differences of platelet adhesion
and thrombus activation on amorphous silicon carbide, magnesium alloy, stainless steel,
and cobalt chromium stent surfaces. Catheter Cardiovasc Interv 2009;73(4):488-96.

[37] Lee K, Singh A, He J, Massia S, Kim B, Raupp G. Polyimide based neural implants with
stiffness improvement. Sens Actuators B 2004;102:67-72.

[38] Massia SP, Holecko MM, Ehteshami GR. In vitro assessment of bioactive coatings for
neural implant applications. ] Biomed Mater Res 2003;68A:177—-86.

[39] Kotzar G, Freas M, Abel P, Fleischman A, Roy S, Zorman C, Moran JM, Melzak ]J.
Evaluation of MEMS materials of construction for implantable medical devices. Bio-
materials 2002;23(13):2737-50.

[40] Naji A, Harmand ME Cytocompatibility of two coating materials, amorphous alumina and
silicon carbide, using human differentiated cell cultures. Biomaterials 1991;12(7):690—4.

[41] Harry GJ, Billingsley M, Bruinink A, Campbell IL, Classen W, Dorman DC, Galli C,
Ray D, Tilson HA. In vitro techniques for the assessment of neurotoxicity. Environ
Health Perspect 1998;106(Suppl. 1):131-58.

[42] Knaack GL, Charkhkar H, Hamilton FW, Peixoto N, O’Shaughnessy TJ, Pancrazio JJ.
Differential responses to ®-agatoxin IVA in murine frontal cortex and spinal cord de-
rived neuronal networks. Neurotoxicology 2013;37:19-25.


http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0215
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0215
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0215
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0315
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0315
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0315
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0310
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0310
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0055
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0055
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0055
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref9160
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref9160
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0085
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0085
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0085
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0185
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0185
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0185
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0010
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0010
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0025
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0025
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0025
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0040
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0040
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0040
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0295
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0295
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0105
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0105
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0230
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0230
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0230
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0015
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0015
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0065
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0065
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0065
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0145
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0145
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0160
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0160
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0130
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0130
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0130
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0170
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0170
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0080
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0080
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0080
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0125
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0125
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0125

260 Silicon Carbide Biotechnology

[43] Pancrazio JJ, Gray SA, Shubin Y, Kulagina DS, Shaffer KM, Eisemann K, et al. A por-
table microelectrode array recording system incorporating cultured neuronal networks
for neurotoxin detection. Biosens Bioelectron 2003;18:1339—47.

[44] Pancrazio JJ, Keefer EW, Ma W/, Stenger DA, Gross GW. Neurophysiological effects
of chemical agent hydrolysis products on cortical neurons in vitro. Neurotoxicology
2001;22:393—400.

[45] Charkhkar H, Frewin C, Nezafati M, Knaack GL, Peixoto N, Saddow SE, Pancrazio JJ.
Use of cortical neuronal networks for in vitro material biocompatibility testing. Biosens
Bioelectron 2014;53:316-23.

[46] Gross GW, Azzazy HME, Wu MC, Rhoades BK. The use of neuronal networks on
multielectrode arrays as biosensors. Biosens Bioelectron 1995;10:553—67.

[47] Selinger JV, Pancrazio JJ, Gross GW. Measuring synchronization in neuronal networks
for biosensor applications. Biosens Bioelectron 2004;19:675-83.

[48] Wagenaar DA, Pine J, Potter SM. An extremely rich repertoire of bursting patterns dur-
ing the development of cortical cultures. BMC Neurosci 2005;7:11-29.

[49] Johnstone AFM, Gross GW, Weiss DG, Schroeder OHU, Gramowski A, Shafer TJ.
Microelectrode arrays: a physiological based neurotoxicity testing platform for the 21st
century. Neurotoxicology 2010;31:331-50.

[50] Shimono K,Baudry M, PanchenkoV, Taketani M. Chronic multichannel recordings from
organotypic hippocampal slice cultures: protection from excitotoxic eftfects of NMDA
by non-competitive NMDA antagonists. ] Neurosci Methods 2002;120:193-202.

[51] XiaY, Gopal KV, Gross GW. Differential acute effects of fluoxetine on frontal and audi-
tory cortex networks in vitro. Brain Res 2003;973:151-60.

[52] Kulagina NV, O’Shaughnessy TJ, Ma W, Ramsdell JS, Pancrazio JJ. Pharmacological ef-
fects of the marine toxins, brevetoxin and saxitoxin, on murine frontal cortex neuronal
networks. Toxicon 2004;44:669-76.

[53] McConnell ER, McClain MA, Ross J, LeFew WR, Shater TJ. Evaluation of multi-
well microelectrode arrays for neurotoxicity screening using a chemical training set.
Neurotoxicology 2012;33(5):1048-57.

[54] Mahmoodi M, Ghazanfari L. Fundamentals of biomedical applications of biomorphic
SiC. In: Gerhardt R, editor. Properties and applications of silicon carbide. In-Tech; 2011.
p. 297-345.

[55] Hsu JM, Tathireddy P, Rieth L, Normann AR, Solzbacher E Characterization of
a-SiC(x):H thin films as an encapsulation material for integrated silicon based neural
interface devices. Thin Solid Films 2007;516(1):34—41.

[56] King SW,Ross L, Li H, Xu GH, Bielefeld J, Atkins RE, Henneghan PD, Davis K, John-
son DC, Lanford WA. Influence of hydrogen content and network connectivity on the
coefficient of thermal expansion and thermal stability for a-SiC:H thin films. ] Non-
Crystal Solids 2014;389:78-85.

[57] Harris JP, Hess AE, Rowan SJ, Weder C, Zorman CA, Tyler DJ, Capadona JR. In vivo
deployment of mechanically adaptive nanocomposites for intracortical microelectrodes.
J Neural Eng 2011;8(4):046010.

[58] Hess AE, Capadona JR, Shanmuganathan K, et al. Development of a stimuli-responsive
polymer nanocomposite toward biologically optimized, MEMS-based neural probes. J
Micromechan Microeng 2011;21(5). Article Number: 054009.

[59] Nguyen JK, Park DJ, Skousen JL, Hess-Dunning A, Tyler DJ, Rowan SJ, Weder C,
Capadona JR. Mechanically-compliant intracortical implants reduce the neuroinflam-
matory response. ] Neural Eng 2014;11:056014.

[60] Ware T, Simon D, Arreaga-Salas DE, Reeder J, Rennaker R, Keefer EW,Voit W. Fabrica-
tion of responsive, softening neural interfaces. Adv Funct Mater 2012;22(16):3470-9.

[61] Ware T, Simon D, Liu C, Musa T, Vasudevan S, Sloan A, Keefer EW, Rennaker RL,Voit
W.Thiol-ene/acrylate substrates for softening intracortical electrodes. ] Biomed Mater
Res Part B 2014;102(1):1-11.


http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0190
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0190
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0190
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0195
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0195
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0195
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0035
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0035
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0035
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0060
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0060
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0225
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0225
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0255
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0255
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0110
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0110
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0110
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0235
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0235
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0235
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0290
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0290
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0140
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0140
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0140
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0165
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0165
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0165
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0155
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0155
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0155
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0100
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0100
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0100
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0120
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0120
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0120
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0120
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0075
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0075
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0075
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0320
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0320
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0320
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0175
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0175
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0175
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0260
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0260
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0265
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0265
http://refhub.elsevier.com/B978-0-12-802993-0.00008-3/ref0265

CHAPTER9

SiC Nanowire-Based Transistors
for Electrical DNA Detection

Edwige Bano*, Louis Fradetal**, Maelig Ollivier*, Ji-Hoon Choi*

and Valérie Stambouli*

*IMEP-LAHC Minatec, Grenoble, France
**[MEP-LAHC and LMGP Minatec, Grenoble, France
TLTM-CNRS Minatec, Grenoble, France

¥LMGP Minatec, Grenoble, France

Contents
9.1 Introduction 261
9.2 Elaboration of SiC Nanostructures 264
9.2.1 SiC Nanopillars by Inductively Coupled SF,/O, Plasma Etching 264
9.2.2 Si-SiC Core-Shell Nanowires by Carburization 276
9.3 Technological Process of nanoFETs 281
9.3.1 Introduction 281
9.3.2 Experiment 282
9.3.3 Results and Discussion 285
9.3.4 Conclusion 288
9.4 Functionalization and DNA Hybridization 289
9.4.1 Introduction 289
9.4.2 DNA Functionalization Process 291
9.4.3 Characterization of the DNA Functionalization Process
on Planar SiC and Different SiC Nanostructures 293
9.4.4 Conclusion 302
9.5 Electrical Detection of DNA 302
9.6 Summary 305
Acknowledgments 306
References 306

9.1 INTRODUCTION

It 1s well known that DNA is the molecule which carries genetic codes. The
sensitive and selective detection of DNA sequences is central in modern bio-
analysis. The fast and direct detection of small quantities of DNA is important
in many fields. In the healthcare field, DNA biomarkers enable early medical
diagnosis of certain serious diseases such as cancer [1]. Elsewhere, DNA detec-
tion is used in forensic science as well as in the food industry, environmental
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protection, and biodefense to evidence the presence of pathogenic viruses or
genetically modified organisms |2]. For all these application fields, in situ, rapid,
and easy methods to detect and quantify DINA are necessary. Presently, the usual
method for the detection of nucleic acid sequences relies on sophisticated label-
ing fluorescent detection technology [2]. This method requires one to tag the
target DNA sequence, which is then detected by a fluorophore. Upon the spe-
cific recognition with DNA probes, which are immobilized on a solid surface, a
fluorescent signal is measured. However, this fluorescence method suffers from
several drawbacks: it is centralized in laboratories, it is time consuming, and its
cost 1s high due to complex and expensive optical detection instrumentation.
Alternatively, label-free optical and nonoptical methods such as electri-
cal methods are under extensive development, notably to perform direct,
low-cost, and in situ detection [3]. In this case, and in the absence of fluo-
rescent visualization, the detection signal relies entirely on a variation of
a physical parameter, such as electrical conductance or capacitance, of the
supporting material, which, in turn, should be thoroughly elaborated and
optimized in order to produce the maximum signal possible.
Nanowire-based field effect transistors (NWFETSs) have been under in-
tense development during the past decade in view of electrical label-free bio-
sensing. Indeed, they can achieve very sensitive (up to fm), real time, label-free
electrical detection of several kinds of charged biochemical species, such as
DNA, proteins, and ions [4—6]. Most of these NWFETS are based on silicon
(Si) [6], mainly due to their compatibility with the microelectronics industry.
Other nanowire (NW) materials oftering excellent electronic properties,
as well as inherent chemical robustness, nontoxicity, and biocompatibility, are
under investigation. For instance, some recent studies focus on NWFET de-
vices based on GaN NWs [7], doped graphene [8,9], or carbon nanotubes
(NTs) [10,11] in view of DNA detection. Silicon carbide (SiC) is another
promising semiconductor for these applications. Its wide bandgap (2.36 eV
for the 3C-SiC polytype) and relatively high electron mobility (900 cm®/V s
for 3C-SiC) allow for the realization of efficient field effect transistors (FETSs)
[12,13]. Mostly due to its chemical inertness, SiC 1s a highly stable and bio-
compatible material [14]. SiC is already used for many biomedical applications
ranging from the coating for implants [15,16] to myocardial heart probes,
bone prosthetics, coronary heart stents, and biomimetic structures [17]. SiC
is also being developed as an electrode for brain—machine interfaces [18] and
to enhance cellular reproduction in tissue regeneration [19]. Coupling both
NW and SiC properties, SIC NWFETs could potentially be an excellent
candidate for nanoelectronics in harsh or biological environments [20-22].
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In the field of sensing and detection, SiC is already used under several
morphologies according to the species to be detected and the way of de-
tection. Planar SiC FETs are used to achieve electrical detection of gases
[23-25]. SiC nanoparticles are used for in vivo pH measurement using fluo-
rescence [26].Yang et al. used nanocrystalline SiC electrodes for electro-
chemical biosensing applications [27]. Williams et al. selectively functional-
ized SiC N'Ws for protein immobilization but without reaching the step of
electrical detection of bioanalytes [28].

On this basis, our aim is to fabricate SiC NWFETs and to evaluate
their potential in order to envisage their use as label-free electrical DNA
biosensors. This chapter reports the fabrication of SiC NWFETs for DNA
biosensing involving DNA grafting and hybridization. Early results are re-
ported on the electrical detection of DNA grafting and hybridization.

To realize SiC N'W-based devices, such as NWEETS, it is essential to de-
velop single crystalline SiC at the nanoscale. One-dimensional (1D) nano-
materials have a great interest for nanoelectronic devices because of their
remarkable physical and electrical properties as well as their high surface-
to-volume ratio. Semiconductor N'Ws have been the topic of extensive
research as critical building blocks for many applications, such as electronics
[29], photonic devices [30], and sensors [31], due to their more interesting
electrical and optical properties in contrast to their bulk material forms.
However, it is clear that SiC 1D nanostructures are not easy to produce
without any structural defects whatever the elaboration process used. Cur-
rently, a common technique for the growth of SiC N'Ws is the bottom-up
approach, such as vapor-liquid—solid (VLS) [32] or vapor—solid (VS) meth-
ods [33]. Critical problems of these methods are that the as-grown SiC
NWs present a high density of structural defects, such as stacking faults, and
unintentional high n-type doping levels. These characteristics lead to low
electrical performance (such as weak gate eftects and low mobility) of the
related devices and limit their practical applications.

In this chapter, first we report two alternative methods to achieve SiC
NW growth, such as VLS or VS, that will be detailed in chapter: Silicon
Carbide Based Nanowires for Biomedical Applications. Here, using the
top-down approach, these alternative methods are the inductively coupled
plasma (ICP) etching method and the carburization method. This section
will be followed by a description of the technological process that we have
developed to build SiC NWFEFETs.

Then, we report the DNA functionalization process that we have de-
veloped on the various as-grown SiC nanostructures. The validation of
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DNA functionalization and hybridization on these nanostructures has been
achieved using characterization techniques such as fluorescent microscopy,
X-ray photoelectron spectroscopy (XPS), and atomic force microscopy
(AFM). Finally we report the preliminary results on electrical DNA detec-
tion using SiC NWTFETs.

9.2 ELABORATION OF SiC NANOSTRUCTURES

In this section, we focus on two innovative methods that we developed
to obtain high-quality SiC 1D nanostructures for their integration into
nanoFETs. Both are based on a top-down approach using an ICP etching
process. As this process offers a highly anisotropic profile, high etch rate, and
less etch damage compared with other dry etching methods, it is considered
as a possible solution to achieve high crystalline nanostructures with low
structural defects and controlled doping level.

The first method gives rise to SiC nanopillars (INPs) obtained by ICP etch-
ing of a SiC epitaxial layer. The second method provides Si—SiC core—shell NWs
by carburation of etched Si NWs in a chemical vapor deposition (CVD) reactor.

Physical characterization techniques such as AFM, scanning electron
microscope (SEM), dual focused ion beam—scanning electron microscope
(FIB-SEM), and transmission electron microscopy (TEM) are used to char-
acterize and optimize the grown nanostructures.

9.2.1 SiC Nanopillars by Inductively

Coupled SF /O, Plasma Etching

9.2.1.1 Introduction

The technology of single crystalline SiC growth has been developed over
the past few years and has shown commercial availability of SiC substrates
of ever-increasing diameter and quality [17]. Therefore, if the top-down ap-
proach is used on a single crystalline SiC substrate, it is possible to achieve
highly crystalline SiC nanostructures with low structural defects with con-
trolled doping levels. Moreover, it also permits one to control precisely the
geometry of the nanostructures, such as diameter and density.

Due to the strong bond energy between the silicon and carbon atoms
(4.25 eV) in the SiC lattice, plasma-based dry etching, such as ICP etch-
ing, 1s a promising method for top-down processing of SiC since it can be
carried out at much higher plasma density (>10" cm™) than in reactive
ion etching (RIE) systems (>10° cm™) [34], and with a lower chamber
pressure (<10 mTorr compared to 10-300 mTorr). High plasma density
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allows higher sputtering rates, which are able to break Si—C bonds and the
operation at low pressure improves the directionality of the ion flux, which
enables the achievement of highly anisotropic etch profiles. Moreover, the
plasma density and sputtering energy can be independently controlled,
thereby increasing flexibility in optimizing the etch process [35,36].

Many ettorts have been made in order to etch SiC with plasma meth-
ods, mainly for the patterning of microelectromechanical systems (MEMS)
applications [36,37], or the realization of via holes or trenches for power
microwave devices [38,39]. Two papers have reported the fabrication of
nanometer-scale SiC structures by the top-down approach. The first one
[40] has shown nanoelectromechanical systems devices based on top-down
SiC NWs with a diameter of 55 nm by etching heteroepitaxially grown
3C-SiC layers on Si. However, the growth of SiC on Si substrate leads to a
low crystalline quality due to the large lattice mismatch (almost 20%) and
the difference of thermal expansion coefficient (almost 8%) between the
3C-SiC layer and the Si substrate. The second study [41] has reported NP
structures of SiC obtained by dry ICP-RIE with a self-assembled silicon
dioxide (SiO,) mask. The maximum achieved pillar height cannot exceed
600 nm due to the low selectivity of SiO, with respect to SiC. In addition,
self-assembled methods could not fully control pitch distance, mask diam-
eter, and mask materials. Therefore, it is still worthwhile investigating the
etching of features for nanoscale single crystalline SiC pillars using a dry
etching method from the practical application viewpoint.

In the following section, SiC NP ICP etching is reported using an
SF /O ,-based gas mixture. The etching profile evolution has been studied
according to the etch process parameters.

9.2.1.2 Experiment

Experiments were carried out in a commercial high-density plasma-etching
chamber from Applied Materials Inc., which has been presented elsewhere
[42]. The wafers used in this study were 8 degrees off-axis 4H-SiC(0001),
which is fabricated by physical vapor transport (PVT) methods [43]. The
doping level of the 4H-SiC wafer was 10" cm™ with n-type. We fabricated
an additional marker to identify the crystallographic orientation of [11-20],
while the (0001) direction is tilted to 8 degrees from the surface normal.
Many difterent fluorinated-based gases, such as SF, [36,38,44], NF, [34], and
CHEF, [45], with the addition of O, have been considered to achieve high-
rate ICP etching of SiC. Among these, we have employed SF, (sulfur hexa-
fluoride) for SiC etching due to the relatively obtained high etch rate [44].
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Regarding the etch masks, two different sizes of circular patterns (115
and 370 nm diameters) were prepared with the same pitch distance (7 wm)
using electron beam lithography (JEOL JSM-7401F). Various metal (Ni, Al,
and Cu) masks of 110 nm thickness were deposited on the Si face of the SiC
substrate by e-beam evaporation. The patterned samples were loaded on a
He backside-cooled chuck biased with 13.56 MHz of power. Total gas flow
rate, ICP coil power, substrate bias voltage, chamber pressure, and etching
times remained constant at 50 sccm, 1500 W, 150V, 6 mTorr, and 180 s, re-
spectively, unless otherwise mentioned. SEM was used to examine the mor-
phology of etched samples, while initial mask pattern size and thickness after
lift-oft processing measured by tapping-mode AFM,Veeco Dimension 3100.

9.2.1.3 Results and Discussion
Effect of Metal Mask Species

A masking material with high selectivity with respect to SiC in the SF /O,
etching process is needed to achieve maximum height of the SiC NPs. To
examine suitable mask materials, ICP etching was carried out at 1500 W of’
ICP coil power with an etching gas mixture of SF :O, of 40:10 sccm with
different metal masks (Cu, Ni, and Al) for an etching time of 3 min.

SiC NPs with the Cu mask show a roughness on the sidewalls (see
Fig. 9.1a). This might be attributed to the irregularly formed etch by-
products on the mask. These products are formed during the etching process
via Cu reacting with F or O radicals. These nonvolatile reaction products
(Cu,F or Cu,O) formed on the mask exhibit high etch selectivity and
sputter-resistant properties, which is why Cu has been evaluated as the best
candidate materials for the pattern mask materials of MEMS devices [37].
However, Cu metal masks are not suitable for etching at the nanoscale. In-
deed, irregularly formed products on the mask modify the mask geometry,
which induces roughness on the sidewalls of etched pillars (Fig. 9.1a). SiC
pillars with an Al mask presented a higher roughness on the sidewalls than
that with the Cu mask along the vertical direction (Fig. 9.1¢). It might be
due to mask damage caused by energetic ion bombardment. Ni masks are
much more sputter resistant and protect the SiC beneath the mask without
irregularly forming a volatile metal-fluoride layer. Consequently, etching
profiles of SiC NPs processed with Ni masks show clear sidewall surfaces
on the NPs with uniform mask shape (Fig. 9.1b).

Fig. 9.1t shows a high density of residue (grass-like structure) on the sub-
strate, which is believed to be due to a micromasking effect caused by the
redeposition of sputtered material from the Al mask [46].The mask material
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2
45-degree tilted view 45-degree tilted view —_—

Figure 9.1 SEM images of SiC NPs with (a) and (d) Cu, (b) and (e) Ni, and (c) and (f) Al
metal mask (45-degree tilted view) (initial mask size = 370 nm).

with a relatively low selectivity (such as Al) is more likely to be sputtered
from the mask onto the SiC surface by the energetic ion bombardment
than other masks with a relatively high selectivity, such as Cu and Ni [47].
Consequently, sputtered mask material on the surface leads to a micromask-
ing eftect that eventually results in rough and textured surfaces with grass-
like features. The observed micromasking effect decreased in the following
order, Al, Ni, and Cu (see Fig. 9.1d—f), which shows the reverse tendency
of sputter resistance (Cu > Ni > Al). As a result, the higher the sputter
resistance of the mask the cleaner the SiC substrate surface compared with
lower sputter resistance of the mask.

Even though the Cu mask shows the clearest surface, Cu is not a suitable
mask material due to the induced roughness on the pillars. Based on these re-
sults, Ni was chosen as the mask material for the etching of NPs because of the
observed clear sidewall surface and the relatively low density of micromasking.

Effect of SF,/O, Flow Rate Ratio

The etching behavior depends strongly on the composition of the etch
gases. Specially, in the case of an SF_ plasma, oxygen concentration is known
to influence the profile of SiC NPs, such as anisotropy, surface cleanness,
metal mask selectivity, and etch rate by controlling the neutral fluorine
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of (a) 10%, (b) 20%, (c) 30%, and (d) 40%, respectively (initial mask size = 370 nm and
etching time = 180 s).

density [48]. To examine the oxygen effect, ICP etching was carried out
with different oxygen concentrations from 10 to 40 vol%, while all other
experimental conditions were kept constant.

Fig. 9.2 shows SEM images of NP arrays fabricated with different O,
concentrations. The pillar height initially increases with O, concentration,
and reaches a maximum value of 1.58 * 0.02 pm at around 20% of O, con-
centration. Then, it decreases with increasing O, concentration, as shown in
Fig. 9.3.The optimum O, concentration has been determined at the aspect
ratio maximum. The aspect ratio (H/ D) is simply calculated by dividing the
height (H) by the diameter (D) of the pillar at the base. The aspect ratio
shows a maximum value of 2.4 at 20% of O, concentration. The optimum
O, concentration (20%) and the observed trend are comparable to results
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Figure 9.3 Height and base width of the pillars, and corresponding aspect ratio with
different O, concentrations (initial mask size = 370 nm and etching time = 180 s).
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reported elsewhere [49]. The addition of O, can keep the F radical concen-
tration high, which is responsible for the etching of SiC, by reacting with
unsaturated CF and SF bonds so that F radicals do not combine with
them. In addition, F radicals from the plasma preferentially etch Si rather
than C [36]. As a result, a carbon-rich layer is formed on the SiC substrate,
which is one of the limiting factors for SiC etching. The presence of appro-
priate O, level provides the driving force for removing the carbon by form-
ing volatile etches products, such as CO, CO,, and CF, [44]. Consequently,
those two factors are believed to contribute to the increase of the observed
etch rate. However, further addition of oxygen decreases the etch rate due
to the dilution of the F concentration.

It was found that the O, concentration also affects the morphology (or
vertical profile) of the etched NPs. We believe that a higher density of F rad-
icals induces a more vertical profile of the NPs. Besides, the base diameter
slightly increases with increasing O, concentration due to the deposition of
a passivation layer during the etching process, such as SiF O .

Broader base diameter of the NPs than the size of mask could be ex-
plained by several factors, such as a mask shadowing eftect [36,50], deposi-
tion of a passivation layer, or mask erosion. In the ideal case, incident ions
arrive at the substrate vertically during the etching process, but in a practical
case, incident ions show a Gauss angle dispersion due to scattering with
other particles [50]. Therefore, incident ions are reduced in the vicinity of
the base due to the shadowing effect of the pattern and pillar. Simultane-
ously, the deposition of a passivation layer (SiF,O)) on the SiC NPs during
the etching process also contributes to tapered NPs since the deposition
rate decreases from the bottom to the top of the pillars.

Generally, these two effects are enough to describe the slope of structures
with microscale patterns. However, in the case of nanoscale etch patterns
and long etching time, mask erosion also needs to be considered. Moreover,
if the pillar height is high enough to induce a nonuniform charge distribu-
tion within the etching features, the deflected ions can also significantly
influence the tapered profile of the pillars. This will be discussed in more
detail in the next paragraphs.

Fig. 9.2d shows a deposited layer on the sidewalls of the SiC NPs. It is
believed to be due to the redeposition of nonvolatile species including etch
products [51]. The excess inclusion of O, (above 20% of O, concentration)
tends to react with the Si and form SlO or SiF O on the surface, which
has lower etch rates than SiC (the SiO, etch rate is about 90% of the SiC
etch rate for SF /O, [52]). Meanwhile, msufﬁcwnt O, concentration (below
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. i _
Figure 9.4 Side-view SEM images of SiC NPs at different bias voltages of (a) 100V, (b)
150V, (c) 200V, and (d) 300 V, respectively (initial mask size = 115 nm, pressure = 6 mTorr,
and etching time = 180 s).

20%) induces a carbon-rich layer and nonvolatile carbon-related products
(CF) on the substrate. At the optimum O, concentration (20%), clean wall
surfaces are observed due to the balance between the etching by F radicals
and the deposition by O radicals.

Effects of Bias Voltage and Chamber Pressure

The effects of bias voltage and process pressure have been investigated us-
ing a small mask circular pattern (115 nm diameter) to fabricate SiC NPs.
This size is the smallest circular pattern size that we could realize with a
metal (Ni) deposition of 110 nm.The circular pattern below 100 nm disap-
pears during the lift-oft process due to low adhesion between Ni and SiC
substrate.

Fig. 9.4 shows SEM images of etched SiC NPs as a function of bias
voltage for 180 s of etching time. Higher bias voltage increases the direc-
tionality of ion and ion bombardment energy, so it provides more efficient
bond breaking of SiC. As a result, the height and aspect ratio of the SiC
NPs is gradually increased with an increase of bias voltage, as shown in
Fig. 9.5a. Pillar height and aspect ratio reach the value of 2.2 pm and 7.4 at
300V bias voltage, respectively. Moreover, the size of the observed pillar base
microtrench increases with increasing bias voltage due to enhanced direc-
tionality of energetic ions. On the other hand, mask thickness and diameter
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Figure 9.5 Height and aspect ratio of the pillars as a function of (a) bias voltage and (b)
chamber pressure (initial mask size = 115 nm and etching time = 180's).

considerably decrease with increasing bias voltage, which is induced by en-
hanced physical sputtering. As a result, the initial mask size (115 nm) is con-
siderably reduced to 60 nm for 300V of bias voltage, as shown in Fig. 9.4d.

Fig. 9.6 shows SEM images of the etched SiC NPs with a small mask
circular pattern (115 nm) as a function of chamber pressure at 300V bias
voltage and 180 s etching time. There are no big differences between
5 mTorr and 6 mTorr in terms of pillar height and aspect ratio, as depicted
in Fig. 9.5b. The pillar height at 4 mTorr is slightly decreased due to the

Figure 9.6 Side-view SEM images of NPs at different chamber pressures of (a) 4 mTorr,
(b) 5 mTorr, (c) 6 mTorr, and (d) 7 mTorr, respectively (initial mask size = 115 nm, bias volt-
age =300V and etching time = 180s).
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decrease of the ion density, but there is no very obvious change of the
aspect ratio.

At a pressure of 7 mTorr, the pillar height slightly increases due to the
increase of the ion density, while the aspect ratio was considerably reduced
from 7.4 at 6 mTorr to 4.9 at 7 mTorr (Fig. 9.5b). Increasing the pressure
also increases the number of colliding atoms, so the mean free path of the
ions decreases [44]. It reduces the directionality of the ions and finally re-
sults in a tapered profile with low aspect ratio.

Effects of bias voltage and chamber pressure have been investigated to elab-
orate the SiC NP formation using a 115-nm diameter circular mask pattern.
The obtained SiC pillars at an optimum bias voltage (300 V) and chamber
pressure (6 mTorr) show a height of 2.2 pum and aspect ratio of 7.4.The etched
SiC NPs at these conditions have a minimum diameter of 60 nm. The length
of the pillars (below 100 nm in diameter) was around 800 nm, which is long
enough to reveal the electrical properties of the SiC nanoFET that will be
presented later. Mask erosion and a tapered profile are inevitable for the etch-
ing of hard-to-etch materials like SiC using the ICP etching process but these
optimized parameters have resulted in reasonable feature definition.

An alternative etching technique, such as capacitively coupled plasmas,
might be a better choice than the ICP methods just described in terms of
the anisotropic profiles, due to the characteristic of higher ion energies with
low density [53]. But this technique also has some drawbacks. For example,
metal mask thickness can be eroded much faster than for the ICP process
due to the relatively high-energy ion bombardment. Finally, it leads to low-
er pillar height than in the case of ICP etching. Therefore, there is a need for
further comparative studies according to the different etching techniques to
elaborate the high aspect ratio of SiC NPs.

Etching Profile Evolution Over-Etching Time
Due to mask erosion during the ICP process, pillar height is strongly lim-
ited by the lateral mask size as well as vertical mask thickness. Therefore, we
have to take into account the mask erosion for the design of the mask pat-
tern size in order to obtain long SiC NPs. In this section, we have investi-
gated the etching behavior using a large circular pattern (370 nm diameter)
as a function of etching time, not only to get longer SiC NPs, but also to
monitor the etch characteristic parameters, such as mask size, mask thick-
ness, pillar height, and sidewall bowing.

Fig. 9.7 shows the morphology of the etched SiC NPs according to
etching time at the optimum O, concentration (20 %) and 150 V bias
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Figure 9.7 SEM images of SiC NPs for different etching times of (a) 360s, (b) 480 s, (c)
660 s, and (d) 840 s, respectively (initial mask size = 370 nm).

voltage. The height of the SiC NPs was found to increase depending on the
etching time. For a quantitative analysis, the mask size, mask thickness, and
pillar height are plotted as a function of etching time, as shown in Fig. 9.8.

The aspect ratio of the pillars increases with etching time (see Fig. 9.7).
The maximum ratio was 6.45 for an 840-s etch time. Long etching times
lead to high etching depths with high anisotropy, but it also gives an under-
cut etching profile at 840 s (see Fig. 9.7d), due to high chemical etching by
direct exposure of F radicals from the plasma. Minimum diameter of SiC
NPs at 840 s is around 60 nm at the undercut point. Therefore, it is obvi-
ously necessary to balance the physical (related to ion bombardment) and
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Figure 9.8 Mask size and thickness, and corresponding pillar height as a function of
etching time. LMR, lateral mask erosion rate from the fitted curve.
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chemical (related to F radicals) contributions in order to get straight pillar
features.

The etch rate is calculated by the pillar height over-etching time. It
remains almost constant (550 nm/min) during etching, and then begins
to decrease (165 nm/min) in the region between 660 and 840 s when the
metal mask is completely removed. The etch selectivity of mask materials
(N1) with respect to the SiC is around 65.

Mask thickness at the center is linearly reduced with time as shown in
Fig. 9.8, so the vertical etch rate of the mask remained constant throughout
the etching process (8.4 nm/min). Besides, the lateral etch rate of the mask
increases evidently with increasing etching time. Vertical and lateral etch
rate of the mask was fitted to a linear and a second-order polynomial for
the experimental data, respectively. Mask erosion behavior seems to be quite
well described by fitting the curve with R? values for mask size and thick-
ness of 0.93 and 0.97, respectively.

To analyze mask profiles in more detail, the Ni mask part of each SiC
NP is magnified, as shown in Fig. 9.9. Mask erosion is a little bit faster at the
edges due to strong physical sputtering of energetic ions, which is enhanced
by the local distortion of the electric field [47]. Therefore, mask faceting is
observed due to the ion bombardment eftect. Consequently, mask slope an-
gle is progressively decreased from 55 degrees at 36 s to 35 degrees at 660 s,
as shown in Fig. 9.9.This can explain the increasing of lateral mask erosion
rate over-etching time, because mask size is more rapidly decreased at lower
mask slope under the same sputtering condition. Lateral mask erosion rate
from the fitted curve increased from 25 to 43 nm/min, and the correspond-
ing mask slope decreased from 55 to 35 degrees, when the etching time
increased from 360 to 660 s.This result confirms the angle-dependent sput-
tering yield of the mask, showing an increase in mask erosion rate at lower
mask slope [54].

As the etching proceeds, the edge of the mask pattern is etched away.
The SiC below the etched Ni mask is no longer protected and begins to
be etched. Finally, when the metal mask is completely removed, SiC NPs
begin to develop a slight convex shape at the top of the pillar, as shown in
Fig. 9.9e.

As noted previously, mask erosion can be one of the reasons for the ob-
served vertically tapered sidewalls of SiC NPs since reduced mask thickness
exposes more of the energetic ion flux on the top part of the pillars than
the bottom part. As the mask pattern size is shrinking at the nanoscale, mask
erosion and undercutting play a crucial role for determining the maximum
height and etching profile of SiC NPs.
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Figure 9.9 (a) AFM profile after lift-off, and (b-e) magnified SEM images of the Ni mask
after etching for (b) 360 s, (c) 480 s, (d) 660 s, and (e) 840 s. 100 nm scale.

9.2.1.4 Conclusion

The etching characteristics of 4H-SiC(0001) have been investigated us-
ing ICP etching in an SF, /O, plasma to elaborate SiC NPs.The etching
profile of the SiC NPs and etch rate are controlled by O, concentration
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in the etching gas. The effects of bias voltage and chamber pressure
have also been investigated using a circular mask pattern of 115 nm.
The obtained SiC NPs at an optimum bias voltage (300 V) and pres-
sure (6 mTorr) exhibited a high aspect ratio (7.4) with an etching depth
of 2.2 pm. Etching profile and mask evolution were monitored versus
etching time using a circular mask of 370 nm diameter. As the etching
progressed, the pillar height and aspect ratio increased until the mask
removal point. The vertical etch rate of the mask remained constant
throughout the etching process, but the lateral etch rate of the mask
gradually increased with increasing etching time. This “top-down” ap-
proach with dry plasma etching has shown the capability of achieving
single crystalline SiC NPs with high aspect ratio (6—7) and a large etch
depth (>7 wm) [55]. We also reported elsewhere [56] that hexagonal
facets of the SiC NPs have been obtained for long etching times because
of the crystallographic structure of the a-SiC phase. Thanks to the mask
erosion and undercutting, the minimum diameter of etched pillars can
be shrunk down to 60 nm. This will allow for the study of the electri-
cal properties of single crystalline SiC nanostructures after integration
into nanoFETs (Section 9.3). Due to their shape, this also opens new
possibilities to apply these NPs for widespread applications, such as bio-
medical probes [57].

9.2.2 Si-SiC Core-Shell Nanowires by Carburization
9.2.2.1 Introduction
As introduced in Section 9.1, high-quality 1D SiC nanostructures are
needed to realize SiIC N'W-based nanoelectronic devices or sensors, such as
FETs, to be used in harsh and/or biological environments. We have present-
ed in Section 9.2.1 a “top-down” approach leading to SiC NPs.The second
alternative method developed in this section gives rise to Si—SiC core—shell
NWs.The idea is to benefit from the excellent electronic transport into the
Si core NW and from the biocompatibility of the SiC shell all around the
Si NW for new integration prospects for in vivo biosensors. In this section,
we present innovative Si—SiC core—shell N'Ws, which are elaborated from
previously etched Si N'Ws by a two-step process:
1. Insitu deoxidation of Si NWs under H, flux;
2. Growth of'a SiC shell by Si carburization under CH, or C,H,.

Each step of the synthesis has been characterized either by SEM or
TEM.The dependence of the thickness of the SiC shell with the carburiza-
tion time has also been studied and is presented next.
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1 um

Figure 9.10 SEM image of etched Si NWs. (a) Cross-section view. (b) Detail of the top of
one Si NW, tilted at 30 degrees.

9.2.2.2 Experiment

For this study, Si N'Ws are obtained by the top-down approach using a
SF./O, plasma etching of an exactly <001>-oriented Si substrate [58].
The as-formed NWs are 3.4 wm long with a diameter of 200 nm and
are spaced with a pitch of 200 nm (Fig. 9.10a). These Si N'Ws display a
nonnegligible roughness (Fig. 9.10b) due to the etching process itself.
However, these etched Si N'Ws present major advantages such as single
crystallinity, absence of metal catalysts, and high reproducibility of the
fabrication process.

The aim of this set of experiments is the study of the dependence of the
thickness of the SiC layer with the carburization time. Concerning the in
situ deoxidation, a high H, flow and the high Si ad-atom mobility at high
temperature lead to the smoothing of the St NW sidewalls, accompanied by
a slight diameter reduction (Fig. 9.13b).These smoothed Si NWs are excel-
lent starting points for the carburization process.

The carburation step is performed in an alumina hot-wall CVD furnace
at 1100°C and atmospheric pressure. The main flow is composed of a mix-
ture of H, diluted into Ar with a ratio of 50 sccm:200 sccm. The removal of
native silicon oxide on the Si N'Ws is processed directly inside the reactor
thanks to the reductive properties of H,.

Methane is used as a carbon precursor and injected into the reactor dur-
ing the temperature ramp from 800°C to the dwell with a flow of 0.5 sccm.
This flow is then increased to 4 sccm at the temperature plateau, which lasts
from 1 to 60 min. This high dilution of the precursor gas into the carrier
gases allows for the limiting of the carbon deposit in favor of the carbu-
rization of silicon. The system is naturally cooled down after the specified
growth time.
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A dual FIB-SEM (FEI Helios 450S) is used to prepare the thin lamella
for TEM characterizations of the as-grown SiC layer both on a control
planar Si(100) surface and on carburized Si N'Ws. Standard thin films are
grown on Si(100) and this baseline process is used to study the SiC layer
growth directly on the carburized silicon N'Ws. This process consists in a
fib-cut perpendicular to the z-axis of the NWs leading to thin lamella of
sliced N'Ws.

First, the sample is coated either with a polymethylmethacrylate (PMMA)
resin or an e-beam-induced platinum deposit in order to protect and main-
tain the carburized Si N'Ws during the focused ion beam (FIB) processing.
Then, a standard FIB lamella is processed with a volume of 10 X 20 X 5 pwm.
Thanks to a micromanipulator, the thin lamella is moved to a grid and fixed
with an ion beam-induced platinum deposit at 90 degrees for specimen
thinning. A second ion beam induced platinum (Pt) deposition is done on
the top of the lamella. This Pt layer is useful to evacuate the charges and, also,
to control the speed of the thinning. The lamella is thinned until a thickness
of 50 nm, and then characterized by TEM.

9.2.2.3 Results and Discussion

In this section we will deal with the carburization of Si NWs under CH,
flow, which has been studied as a function of the time of carburization. Si
NWs carburized under CH, (Fig. 9.13c) have the same roughness before
and after carburization (Fig. 9.10), and the overall morphology is kept, such
as length and diameter.

The thickness of the 3C-SiC layer, measured by TEM, is about €= 3 nm
and is completely sealing the Si NW surface (Fig. 9.11a). This thickness is
in accordance with the thickness measured on planar Si(100) as shown in
Fig. 9.11b. Therefore the Si—SiC core—shell NWs have been well elabo-
rated. The 3C-SiC layer surrounding the Si NWs is single crystalline and
no voids were observed at the interface of the Si—SiC contrary to previous
studies conducted on Si substrates [59,60].

In Fig. 9.11c, the thickness of the 3C-SiC layer as a function of the
squared root of the carburization time is reported. It appears to be a lin-
ear relationship between the thickness and the square root of process time,
which is typical for a diftusion-limited process. In the case of the carburiza-
tion of Si, it has been shown that Si is the diffusing species through the SiC
layer [60]. In a previous study conducted at low pressure, this phenomenon
has been used to produce SiC NTs from carburization of St N'Ws [61].
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Figure 9.11 (a) Bright-field TEM image in <001> zone axis of a carburized Si NW during
10 min of SiC film growth at 1100°C. The thickness of the SiC layer is about 3 nm and
crystallized in the cubic (3C-SiC) phase. (b) Bright-field TEM image of a 3C-SiC layer ob-
tained by carburization of a Si(100) surface for 10 min at 1100°C. The 3C-SiC thickness is
comparable to the shell thickness on NWs. (c) Thickness of the 3C-SiC layer on top of Si
NWs as a function of carburization time, for a temperature plateau of 1100°C. A thicker
layer of about 20 nm appears on the image which is only due to the initial roughness.
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According to the second Fick’s law, and the Einstein—Smoluchowski’s
relation, the depth of the Si surface affected by the carburization is given by
Eq. (9.1) in first approximation [62]:

g~ 2Dt +b 9.1)

where € is the thickness of the 3C—SiC shell, ¢ is the carburization time
at 1100°C, Dy, is the apparent diffusion coefficient of Si through the SiC
layer, and b is the SiC thickness elaborated from 800 to 1100°C. Applying
Eq. (9.1) the calculation of the diftfusion coefticient of Si into SiC at 1100°C
under CH, is D = 3.7-107"® cm?/s. This value is in accordance with previ-
ous studies conducted under similar experimental conditions [63,64].

The study and the estimation of the apparent diffusion of Si through
3C-SiC in the case of the carburization of Si N'Ws was of interest be-
cause carburization takes place here on many different crystallographic
planes contrary to previous studies conducted on bulk Si(100) surface
[59,60]. Moreover, the control of the out-diffusion of Si allows the real-
ization of various nanostructures: Si—SiC core—shell NWs, SiC N'Ws, or
SiC NTs [61].

In order to check the SiC shell conformity and to be sure that our future
application, that is, nanobiosensors based on Si—SiC core—shell NWs, is pos-
sible, a simple chemical etching of the SiC layer was done. Carburized and
noncarburized Si N'Ws were etched with a potassium hydroxide (KOH)-
diluted-in-water solution at 50°C for 2 min [65].As shown in Fig. 9.12, the
Si=SiC core—shell NWs have the same morphology before (Fig. 9.12a) and
after the chemical etching (Fig. 9.12b) whereas the noncarburized Si N'W's
have totally disappeared after etching (Fig. 9.12d).

9.2.2.4 Conclusion

Si-SiC core—shell NWs have been successfully elaborated from etched Si
NWs by a process including in situ deoxidation of Si NWs at high tempera-
ture under H, flow and the subsequent carburization of Si.The carburization
process is limited by the out-diffusion of Si through the first SiC layer. It has
been possible to calculate the apparent diffusion coefficient of Si through SiC
at 1100°C under CH, in the case of the Si NW carburization. After carburiz-
ing the smooth Si NWs obtained after the in situ deoxidation step, no mor-
phological change is visible (Fig. 9.13d). Besides that, an accurate control of Si
out-diffusion via the control of the total pressure inside the reactor can support
the growth of either Si—SiC core—shell NWs [66] or SiC NTs [61,67].
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Figure 9.12 SEM images of: (a) carburized Si NWs before the KOH etching; (b) carbu-
rized Si NWs after the KOH etching; (c) noncarburized Si NWs before the KOH etching;
(d) noncarburized sample after the KOH etching. Note the Si NWs have disappeared
without the protective SiC coating.

Finally, a perfectly conformal 3C-SiC coating of ~2.5 nm thick was
obtained on Si N'Ws during the carburization step. The conformality was
tested by chemical etching in hot KOH.This 3C-SiC layer was observed to
act as a protective shell against harsh environments such as acid or basic so-
lutions for the Si core of the nanostructure. These innovative nanostructures
have potential applications in the nanobiosensors field thanks to the high
biocompatibility of the 3C-SiC [17] and the very good and well-known
electronic properties of Si.

9.3 TECHNOLOGICAL PROCESS OF nanoFETs
9.3.1 Introduction

Only a few works have been reported on nanoFETs based on SiC nano-
structures, and the experimental electrical performance of such nanoFETs
is still very low compared to theoretical expectations [68]. For instance, low
values of effective mobility with nanoFETs based on VLS SiC N'Ws are re-
ported in the literature: 16 cm?/V s for electrons [12,13] and 6 cm?/V s for
holes [69]. In this section, we report our results of the electrical performance
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Figure 9.13 SEM images of etched Si NWs. (a) As prepared. (b) After in situ deoxidation
under H, at 1000°C during 5 min; sidewalls have been smoothed. (c) NWs in (a) after
carburization under CH,. (d) NWs in (b) after carburization.

of nanoFETs using innovative 1D SiC nanostructures, presented in Section
9.2, as the transport channel such as: SiC NPs, Si—SiC core—shell NWs, and
SiC NTs.

Backgated nanodevices, based on these nanostructures, are realized with
the upstream facilities of the Advanced Technology Platform (PTA) in Mi-
natec using deposition and etching, and also advanced e-beam lithography
and lift-off techniques for achieving optimized microcontacts.

9.3.2 Experiment

Five different kinds of SiC-based 1D nanostructures were used for this

study (Fig. 9.14):

1. 5-pm length Si NWs (210-nm diameter) obtained by the top-down
approach, consisting of a plasma etching process of Si(100) waters de-
scribed elsewhere [58]. These Si N'Ws are used as reference material for
nanoFETs fabrication;
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Figure 9.14 SEM images of (a) Si NWs obtained by plasma etching process. Si-SiC core—
shell NWs have exactly the same morphology. (b) SiC NTs obtained by carburization of
Si NWs. (c) Typical SiC NPs obtained by a plasma-etching process.

2.

5-pm length Si—SiC core—shell NWs (210-nm diameter) obtained by
a combined top-down and bottom-up approach: first, St NWs are ob-
tained by a plasma etching process, followed by a carburization route at
atmospheric pressure, leading to a single crystalline, 3-nm thick 3C-S1C
shell described in detail in Section 9.2.2 and elsewhere [66]. As a con-
sequence, the morphology of Si N'Ws and Si—SiC N'Ws is identical (see
Fig. 9.14a);

5-pm length 3C-SiC NTs (250-nm diameter) obtained by a combined
top-down and bottom-up approach: first, Si NWs are obtained by a
plasma etching process, followed by a carburization route where the
pressure is monitored in order to empty out Si through a SiC shell [67].
620-nm length 3C-SiC NPs (120-nm diameter) obtained by a top-
down approach, consisting of a plasma etching process of a 3C-SiC
epilayer with an n-doping level of about 2—-8 X 10'® cm™ described in
detail in Section 9.2.1 and elsewhere [55,56];

570-nm length 4H-SiC NPs (110-nm diameter) obtained by a similar
top-down approach, consisting of a plasma etching process of 4H-SiC
wafers with an n-doping level of about 4 X 10" cm™ also described
elsewhere [55,56] and in Section 9.2.1.

These nanostructures have been integrated into back-gate FETs by the

following two difterent processes:

1.

Simultaneous process (Fig. 9.15): In this first process, described else-
where [70],a p** Si(100) substrate covered with a 100-nm thick Si,N,
layer is used, acting as a gate oxide, where nanostructures are dispersed.
Optical lithography is then used to define drain and source contacts
with a spacing of 1 pm, and the nanostructures are placed in between.
After development, contacts are metalized (Ni 80 nm/Al 120 nm) us-
ing an e-beam evaporator. A lift-oft step is then performed to remove
residual resist and an O, plasma step is used to clean the wires from all
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Figure 9.15 Fabrication steps for microcontacts in the simultaneous process. (1) Dis-
persion of the nanostructures, (2) design of the macro- and microcontacts by optical
lithography, and (3) contact metallization.

resist waste, which could perturb electrical transport. This process was
used for nanostructures (1), (2), and (3). SEM micrographs of the as-
fabricated nanoFETs are shown in Fig. 9.18a—c, respectively.

2. Sequential process (Figs. 9.16 and 9.17): For nanostructures (4) and (5),
the p™* Si(100) substrate is covered with a 80-nm thick SiO, layer. Be-
cause of the small length of these nanostructures, optical lithography is
only used to define a window for the macrocontacts but is not usable
as a microcontact. Therefore, an e-beam lithography step is necessary to
define drain and source microcontacts to connect the nanostructure.

8 mm
>

8 mm

100 um

100 um

Figure 9.16 Fabrication steps for microfabrication, showing alignment markers and
macrocontacts in the sequential process. (1) Design of the alignment markers by e-
beam lithography, (2) metallization of the markers, (3) design of the macrocontacts by
optical lithography, and (4) macrocontact metallization.
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b

Figure 9.17 Fabrication steps for microcontacts in the sequential process. (5) Disper-
sion of the nanostructures, (6) design of the microcontacts by e-beam lithography, (7)
macrocontact metallization.

Following the integration process, these two devices are annealed at
650°C for 30 s in an N, ambient within a rapid thermal annealing furnace
to obtain ohmic contacts and low contact resistance. SEM images of the as-
fabricated 3C-SiC NPFET and 4H-SiC NPFET are shown in Fig. 9.18d
and e, respectively.

The drain current (I,) of the nanoFETs as a function of the source—
drain voltage (1) was measured at room temperature and in ambient air
using a semiconductor parameter analyzer (Keithley 4200), the results of
which are presented next.

9.3.3 Results and Discussion

In Fig. 9.19, I —V, ¢ characteristic curves with gate voltage (1) varying
in the range of +20 to —20V are reported for the Si NWEFET, Si-SiC
core—shell NWFET, and SiC NTFET, respectively. It clearly shows that each
nanoFET works and that a gate eftect is obtained, with an n-type behavior.
However, current levels measured even for high gate voltages are really low
compared to the literature on SiC nanoFETs [13] and Si ones [71].
It is possible to estimate an apparent carrier mobility, M, n these
nanoFET thanks to the cylinder—plate capacitance model in Eq. (9.2) [72,73]:
g,
K, = C— (9.2)

gate I/vDS

where ¢_is the transconductance, which can be obtained from the slope of
the I, versus 1 plot, Lis the length of the channel, C_ is the gate capaci-
tance,and V/_ is the drain—source voltage. The gate capacitance C,. can be
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Figure 9.18 SEM images of (a) a SiNWFET, (b) a Si-SiC core-shell NWFET with drain and
source contacts spacing of 1 wm, (c) a SiC NTFET with drain and source contacts spaced
of T wm, (d) a 3C-SiC NPFET with drain and source contacts spaced at 570 nm, and (e) a
4H-SiC NPFET with drain and source contact spacing of 620 nm. (a-d) Drain and source
contact spacing of 1 um.



SiC Nanowire-Based Transistors for Electrical DNA Detection 287

(a)

10n

Ips (A)

(b)

-40,0n .
—50,0n, Ve=-20V

—60,0n ———¢

<
= =70,0n
8

-900n{"  Vo=-20V
5 4 3
Vos (V)

(©

{ Vo=-20V
2500 e

5.0 -45 -4.0 35 3.0 -25 -2.0
Vos (V)

-25o0n ——m——————————7——T1 17—
-5 4 -3-2-1 0 1 2 3 4 5

Figure 9.19 Experimental characteristics of the nanoFETS showing their | -V . char-
acteristic curves, for V values of +20 V to —20 'V, in steps of 2 V. (a) Si NWFET; (b) Si-SiC
core-shell NWFET; (c) SiC NTFET.
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estimated by the metallic cylinder on an infinite metal plate model as de-
scribed by Eq. (9.3), where h is the insulator thickness and r is the radius of
the nanostructure with a quasicircular cross-sectional approximation [73]:

2727808 L
=t (9.3)

C =
gatc +
cosh™ (h r)
r

The extracted apparent mobility is really low, around 0.01 cm?/V s for

these three different nanoFETs. This can be explained by the absence of con-
tact rectification due to contact annealing since, with the same integration
process, electrical performance enhancement of Si nanoFETSs has already
been demonstrated thanks to metallic contact silicidation [70].

Fig. 9.20 shows results of electrical measurements of I~V . char-
acteristic curves for (a) 3C-SiC NPFET and (b) 4H-SiC NPFET for
V., varying between +3V and =3V in steps of 1.5 V. First, a gate effect
is directly observable and the current levels are higher than in Fig. 9.19
because of the silicidation of contacts during annealing. Moreover, the
extracted apparent carrier mobilities of these two nanoFETs are 232
and 53 cm?/V s, respectively, which are the best reported results for SiC
nanoFETs [74] compared to those reported in the literature [12,13]. This
can be partly explained by the high crystalline quality of both 3C-SiC
and 4H-SiC materials constituting the N'Ws. Indeed, in the case of SiC,
the top-down approach leads to very low crystalline defects densities in
the NWs compared to those obtained by a bottom-up approach. Last, but
not least, the association of a low doping level of 3C-SiC and 4H-SiC
(of about 10" at cm™) [75] with good crystalline quality also guarantees
these high measured mobilities. Moreover, these first experimental mea-
surements on SiC nanoFETs tend to confirm that the electron mobility is
higher in 3C-SiC than in 4H-SiC.

9.3.4 Conclusion

In this section, experimental results from the integration of innovative 1D
SiC nanostructures are reported based on SiC NPs, Si—SiC core—shell NWs,
and SiC NTs incorporated into nanoFETs. The top-down study leading
to 3C-SiC NPs has also displayed evidence of the highest experimental
electron mobility already reported for a SiC nanoFET. In the near future,
thanks to the optimization of contact quality through silicidation, electrical
performance of these transistors will be greatly enhanced.
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Figure 9.20 Experimental characteristics of the nanoFETS showing | -V . characteristics
curves forV  values from +3 Vto —3 Vin steps of 1.5 V. (a) 3C-SiC NPFET; (b) 4H-SiC NPFET.

9.4 FUNCTIONALIZATION AND DNA HYBRIDIZATION
9.4.1 Introduction

Generally speaking, the fundamental DNA structure can be simply per-
ceived as a double helical structure: two single DINA strands twisted around
each other in the form of a double helix (Fig. 9.21). Single DNA strands
consist of a long chain of repeating subunits, which are called nucleotides
(Fig. 9.21).The latter are composed of three parts: a five-carbon cycle sugar,
named as ribose, a phosphate group, and a nucleobase (adenine, guanine,
cytosine, and thymine). The phosphate groups are negatively charged at
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Figure 9.21 Schematic model of the DNA double helix showing the composition of the
nucleotide subunit.

neutral pH, their pK being near 0 (refer, for instance, to http://en.wikibooks
.org/wiki/Structural_Biochemistry/Nucleic_Acid/DNA/DNA_structure
among others). That is why DNA is a negatively charged molecule and,
more precisely, an anionic polymer (at pH = 7).

When immobilized on the surface of a semiconductor N'W, the DNA’s
negative charge induces a change in the conductance of the NW by the field
effect mechanism. Depending on the doping type of the N'W, the conduc-
tance change is not the same. In the case of an n-type semiconductor N'W,
the DNA charge depletes the whole volume of the NW and reduces its
conductance. On the contrary, in the case of a p-type semiconductor NW, an
accumulation effect is expected under the surface, which increases the con-
ductance [3-5].To the best of our knowledge, no study has been reported
on label-free electrical DNA detection using SiC NWFET-based devices.

To achieve SiC NWEFETSs for label-free electrical DNA detection with
high detection performance, it is crucial to control and optimize the DNA
functionalization process on the SiIC NW. To be efficient, the functional-
ization process must provide covalent DNA probe grafting, which is both
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localized and selective. On the one hand, it should take into account the global
morphology and geometrical configuration of the sensing area represented by
both the NW and its immediate environment. The NW surrounding involves
electric metallic contacts or other NWs. On the other hand, the process of sen-
sor fabrication is issued from microelectronic techniques, which are not always
compatible with biochemical functionalization steps. Some adaptation must be
carried out. Finally, the lack of adapted nanocharacterization techniques makes
difficult the analyses of the results of the DNA functionalization steps.

For these reasons, prior to performing the DNA probe covalent grafting
and hybridization on single SiC N'Ws, it is important to check the function-
alization efticiency on other kinds of SiC nanostructures. This enables one
to perform physicochemical characterization such as XPS and fluorescence
microscopy. In this aim, we have used SiC structures such as (1) planar SiC
surfaces [76], (2) top-down SiC NP arrays [66,76], and (3) core—shell Si—SiC
NP arrays [56,77]. Then, the functionalization process is applied on a single
NP similar to a transistor channel [77]. For this specific application, the func-
tionalization process is locally performed thanks to e-beam lithography. Due
to the size of the area of interest, fluorescence microscopy is combined with
AFM measurements to characterize the functionalized transistor.

In the following, first we describe the DNA functionalization process,
which leads to the covalent DNA probe grafting and hybridization on SiC
wafers. Then, we use this process to functionalize different SiC nanostruc-
tures. In both cases, we report the corresponding characterization results to
validate the functionalization process |76,77]. Finally, we report the early
results on label-free electrical detection of DNA using SiC NWFETs [78].

9.4.2 DNA Functionalization Process

The DNA functionalization process used to covalently graft DNA probes
on both SiC wafers and different SiC nanostructures up to DNA hybrid-
ization is presented in Fig. 9.22. The method is adapted from the one that
we have already used on silicon dioxide and metal oxide [79,80]. The first
step is the hydroxylation of the surface. This step creates hydroxyl groups,
which are at the origin of the surface hydrophilicity. The hydroxylation
can be achieved by several chemical treatments. Some of them involve hy-
drofluoric acid [81]. In our case, we use oxygen/air plasma, which is more
convenient. The next step is the silanization, which enables us to deposit
a layer of an organosilane on the SiC surface in order to create a covalent
link between SiC and the DNA probes. The aminopropyltriethoxysilane
(APTES, ROTH with purity over 97%) is terminated by amino groups
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Figure 9.22 Flowchart of the chemical process to achieve DNA hybridization on an SiC
surface.

that enable the covalent bond with NH -terminated DNA probes via a
cross-linker. The triethoxy function of APTES allows reticulation and is less
sensitive to hydrolization than methoxy groups. The grafting of APTES is
performed by the CVD technique. Due to the lower viscosity of vaporized
APTES compared to the liquid version, the CVD method is expected to
give better results than the liquid method with nanostructures. The samples
are placed inside a sealed chamber with nitrogen and 150 wL of liquid AP-
TES. The vaporization temperature is set to 80°C for 1 h.Then the samples
are rinsed with pure ethanol and deionized water, and then annealed at
110°C for 1 h. To make a chemical bond between the amine functions
of both APTES and DNA strands, the samples are immersed in a solu-
tion of 10% glutaraldehyde (grade I, 50% concentrated, provided by Sigma-
Aldrich) in water. After rinsing, DNA probe grafting on the SiC surface
is carried out by depositing 2 wL drops of a solution of the DNA probes
(C =10 pmol/L) diluted in a phosphate buffer. The probe strand sequence
is 5'-NH,-C ~-TTTTTGATAAACCCACTCTA-3". After 2 h, the N=C
bonds are stabilized through a reduction step in a sodium borohydride solu-
tion (0.1 mol/L) by modifying the imine bonding into an amine one. The
DNA target molecules are either complementary single strands of DNA
that fully hybridize with the DNA probes to create double strand DNA, or
noncomplementary sequences. The complementary target strand sequence
is 5'-CATAGAGTGGGTTTATCCA-3" while the noncomplementary
strand is 5'-CATCTCACTAACGCGGTCA-3'. These target strands are
labeled with a fluorescent cyanine Cy3 molecule. Complementary, or non-
complementary, hybridization is performed with a 2 pumol/L DNA target
solution for 45 min at 42°C under a wet atmosphere. The samples are then
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rinsed with saline solution to remove all of the unbound targets from the
surface and dried with nitrogen. The complementary DNA targets can be
removed thanks to a DNA denaturation process by immersing the chip in
sodium hydroxide (NaOH) (C = 0.1 uM) solution during 45 min and af-
terward the hybridization step could be reiterated.

9.4.3 Characterization of the DNA Functionalization Process
on Planar SiC and Different SiC Nanostructures

The planar SiC surfaces come from a 6H-SiC(0001) on-axis single crystal
wafer provided by Cree and polished by Novasic™ (Fig. 9.23a). The SiC
nanostructures are NPs obtained by a top-down method using ICP etching.
Compared to the bottom-up approach, top-down gives shorter structures
but in a better-organized array with a lower density of structural defects and
controlled doping level.

The fabrication of the SiC NP array is achieved by etching of a bulk
substrate of 4H-SiC provided by Cree. A Ni mask patterned by e-beam
lithography defines both the position and diameter of the pillars. The etch-
ing step is performed at low pressure in a reactor with a mixture of SF_ and
O, gases as described previously. More details about this process are given in
[56].The term “nanopillars” is due to their dimensions, which are 1.6 pwm
in height with 0.8 wm diameter. The 5 pm pitch between the pillars cor-
responds to a density of 4 X 10* pillars/mm?. A tilted SEM image and a
schematic view of the pillars are given in Fig. 9.23b.

The second array of nanostructures is composed of core—shell Si—SiC
NPs obtained by carburization of etched Si NPs.The carburization is con-
ducted in vapor phase with methane as the carbon source [66]. The 3-nm
thick SiC shell totally covers the Si core and both are single crystalline. The
NP height is 0.5 wm for 200 nm diameter. Compared to the previous ar-
ray (Fig. 9.23b and e), the density is 10 times superior, 4 X 10° pillars/mm?,
with a distance of 0.5 pm between pillars. The difference of morphology
can be easily visualized from the 45-degree tilted SEM image and its sche-
matic view (Fig. 9.23¢). The NWFET is made with a horizontal SiC NW
flattened on a silicon dioxide surface. The NW is 1 pm in length for 50 nm
of diameter. It is connected at both extremities by nickel—gold contacts.

9.4.3.1 Planar SiC

First, the functionalization is performed on a planar 6H-SiC surface. Dur-
ing this process, drops of DINA probes are deposited on the surface. After
DNA hybridization, rinsing, and drying, homogeneous typical fluorescent
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Figure 9.23 (a) Optical image of a 6H-SiC substrate and its schematic representation,
(b) SEM view of SiC NP and its schematic representation, (c) SEM view of core-shell NP
and its schematic representation, (d) epifluorescence microscopy image of a hybrid-
ized DNA drop at the edge of a SiC substrate, (e) epifluorescence microscopy image of
functionalized SiC NPs after DNA hybridization, (f) epifluorescence microscopy image of
functionalized core-shell Si-SiC NPs after DNA hybridization.

spots are observed using fluorescence microscopy. In Fig. 9.23d, the edge of
a fluorescent spot is clearly visible. Such a spot indicates the specific hybrid-
ization of complementary DNA strands with the immobilized DNA probe
strands. It validates the efficiency of the functionalization process involving
APTES in the vapor phase on a planar SiC surface.

To further investigate the DINA presence, physicochemical analyses were
carried out using XPS. This technique characterizes the chemical state of
the extreme surface (first 10 nm). Due to the natural surface charging that
occurs with these types of materials, the analyses have been performed us-
ing a flood gun. The overall charge compensation gives a Cls atmospheric
carbon contamination peak at 284.6 eV.

The DNA single-strand molecule is composed of successive nucleotides
containing a phosphate group, a deoxyribose, and a nucleobase (Fig. 9.21).
While the APTES molecule just contains one kind of nitrogen atom, each
DNA strand contains various kinds of nitrogen atoms provided by the differ-
ent nucleobases as well as specific phosphorous atoms. Three difterent samples
issued from a highly polished on-axis 6H-SiC wafer are analyzed: a bare SiC
substrate, a silanized SiC substrate, and a SiC substrate after DNA hybridization.
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Figure 9.24 XPS surveys of (a) bare 6H-SiC and (b) biomodified 6H-SiC sample with
hybridized DNA.

The general XPS survey of the bare sample (Fig. 9.24a) exhibits mainly
the presence of silicon, carbon and oxygen, the latter coming from organic
contamination. In the case of the silanized sample, if similar elements are
found (C, Si,and O), an additional nitrogen peak is detected which confirms
the presence of APTES on the SiC surface. In the case of the SiC sample
modified with hybridized DNA, the XPS general survey (Fig. 9.24b) exhib-
its the presence of carbon and silicon coming from both the SiC substrate as
well as organic molecules. Besides, other chemical species are detected such
as nitrogen and especially phosphorus. Fig. 9.25a and ¢ presents the N1s
high-resolution spectra in the case of both silanized samples and after DNA
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Figure 9.25 XPS high-resolution spectra of (a) N1s in the case of a silanized SiC surface,
(b) N1s in the case of a hybridized DNA on SiC surface, and (c) P2p in the case of hybrid-
ized DNA on the SiC surface.
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hybridization while Fig. 9.25b presents the P2p high-resolution spectrum.
The P2p peak located at a binding energy of 132.7 eV is characteristic of
phosphate groups in the DNA molecule. The N1s peak obtained after SiC
silanization is constituted of both mainly free amine, —NH,, and to a lesser
extent a protonated amine, —NH,". On the contrary, after DNA hybrid-
ization, the N1s peak (Fig. 9.25b) can be fitted using three peaks: —N=,
—NH—, and —NH,. The distance between these peaks is fixed as follows:
1.22 eV between —N= and —NH— and 1.04 ¢V between —NH— and
—NH, which is a typical result for a surface covered by DNA [82,83].
Consequently, the result of the chemical analysis of the surtace by XPS
demonstrates the presence of DNA on the SiC surface after hybridization.

9.4.3.2 SiC Nanopillar Array

On the basis of the previous and highly successful results, the functionaliza-
tion process was transferred onto difterent SiC NP arrays. Fig. 9.23e shows a
top view epifluorescence microscopy image of SiC NPs obtained by plasma
etching after the DNA functionalization process and DNA hybridization.
From this image, an array of fluorescent spots is clearly observed. Each spot
corresponds to one NP. The fluorescence is more intense on and around the
NPs than on the planar region due to their high surface/volume ratio. By
considering that the NPs have cylinder shapes the sum of the lateral and top
pillar areas is equal to 10 wm? while the base area is 2 pum?.

From this top-view observation, the repartition of DNA molecules along
the NPs could not be determined. That is why the confocal laser-scanning
microscope was used to take images on different focusing plans. An image
set is taken from the ground plane up to 4 wm with a step of 0.25 wm. By
assembling the 17 pictures, a 3D stereoscopic fluorescent view of the surface
can be built (Fig. 9.262). In this set, while keeping the focusing plane away
from the substrate, it can be observed that the fluorescence intensity of the
substrate decreases and the one of the pillar stays constant. Although pillars are
1.6 pm in height, the fluorescence is visible up to 4 pm away from the surface
because of vertical light scattering. This representation shows the regularity and
the important intensity of the pillar fluorescence. This result is a visual proof of
the interest of nanostructures for nanosensor sensitivity improvement. How-
ever, the question is: are the DNA molecules uniformly distributed along the
NP side or are they more concentrated at the top or at the bottom of the NP?

Simulations were conducted to further investigate the distribution of
DNA molecules along the NP. To do this, the pillar was meshed into 17
cylindrical finite elements. The fluorescence intensity inside an element is
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Figure9.26 (a) Three-dimensional reconstructed view of fluorescent DNA on NPs obtained
by confocal scanning laser fluorescence microscopy, and (b) SEM view of the SiC NPs.

considered as a constant that can be calculated from the intensity provided
by the DNA of the element plus the sum of intensities coming from the
neighboring elements. To calculate the fluorescence intensity contribution
of DNA from other elements, the Bouguer law Eq. (9.4) is used.

b

I=at+—F
(c—=)

(9.4)

where a is the background noise intensity in arbitrary units, b the intensity
when the distance between the source and the detector is zero in arbitrary
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units, ¢ the distance offset in micrometer, and z the vertical coordinate in
micrometer.

This law describes the intensity detected by a sensor following the
distance between the source and the sensor. The fluorescence intensity is
considered to be similar for all fluorophores. This implies that the constant
b is assimilated to the quantity of grafted DNA in the element.The fluores-
cence intensity is measured for the 17 slices of the stack. The evolution of
the intensity is investigated as a function of z: for different nanostructures
and for an area without NPs where all the DNA molecules are located
in the z = 0 element. Collected data are used to determine the a, b, and
¢ parameters. An algorithm is then used to find the b parameter of all the
elements in order to fit the measured data on a NP. From this method, it is
possible to approximate the most probable repartition of DNA molecules
along the NP.

Values of g, b, and ¢ were then deduced from calculation as a = 50 a.u.,
b = 45750 a.u., and ¢ = 3.82 pm. Resulting simulations show the fluores-
cent intensity as a function of z in the case of three hypotheses (Fig. 9.27a).
In the first hypothesis, DNA molecules are mainly located on the pillar base.
In this case, the intensity continuously decreases with z and the curve is
concave (Fig. 9.27a, case 1). In the case of a localization of the DNA mol-
ecules on the top of the NP (Fig. 9.27a, case 2) the curve is composed of
two concave parts. Finally, it DNA molecules are equally distributed along
the structure, the corresponding curve exhibits for low z a convex part, and
for high z a concave one (Fig. 9.27c, case 3).To compare these calculated
behaviors to the measured ones, the geometrical diftferences between the
pillars are to be taken into account. Indeed, after the e-beam lithography
step, three main types of pillars can be distinguished as shown in Fig. 9.26a
and b. The first type is represented by a pillar from the C1 column on
Fig. 9.26a and b.These pillars are well defined and are the tallest one. Pillars
from the C2 and C2’ lines are smaller and exhibit a more slender top than
the previous one. C3-type pillars are blurring and needle shaped. Depend-
ing on the pillar geometry, the fluorescence intensity is plotted as a function
of z in Fig. 9.27b in the case of each pillar type. The three curves present
a convex part for lower z and a concave one for high z.The curve of C3-
type pillar is considered as an intermediate case between case 1 and case
3 because its convex part is very limited. Finally, it can be concluded that
the DNA molecules should be located all along the NP for types C1 and
C2.The particular morphology of the top of the C3 type of pillar leads to
nonuniform DNA grafting.
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Figure 9.27 (a) Calculated distribution of the fluorescence intensity as a function of the
focal plane coordinate for different locations of DNA along the SiC NP. (1) DNA mol-
ecules located around the pillar base. (2) DNA molecules located on top of the pillar. (3)
DNA molecules located along the pillar side. (b) Measured fluorescence intensity data
obtained in the case of C1, C2, and C3 type pillars (see text and Fig. 9.26 for C1, C2, C3
definition).

9.4.3.3 Si-SiC Core-Shell Nanowire Array

The second array of nanostructures is composed of core—shell Si—SiC NPs.
An SEM view of this array is shown in Fig. 9.23c. Fig. 9.23f is a top-view
image of the array after functionalization and DNA hybridization obtained
by epifluorescence microscopy. In contrast with the discrete distribution of
fluorescence obtained in the case of the previous array (Fig. 9.23b), a unique
fluorescent spot covering the entire array is observed. The fluorescence in-
tensity is more homogeneous at the center of the spot, whereas a gradient
in intensity is observed all around the center (area between continuous and
dotted white lines in Fig. 9.23f). Such a gradient in fluorescence is due to
the spreading of the DNA probe liquid droplet caused by the capillary effect.
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The comparison between this result and the previous one highlights the im-
portance of the global nanostructure morphology on the functionalization
process efticiency. The pitch distance seems to be an important parameter.
Depending on the shape of the nanostructure, the DNA molecules could be
concentrated around the pillars or ignore them. The first result shows that a
more complete and systematic study concerning the influence of both size
and pitch of a nanostructure array on functionalization is necessary.

9.4.3.4 SiC Nanowire-Based Sensor

Finally, the process is applied on one single NP used as a transistor channel — the
SiC NWFET-based sensor. For this specific application, the functionalization
process is locally performed thanks to e-beam lithography. Due to the size of
the area of interest, fluorescence microscopy is combined with AFM measure-
ments to characterize the functionalized transistor [77].

In this case, the functionalization of the nanostructure is made after
the device fabrication process because of the 600°C temperature required
for nickel-gold contact annealing. The FET fabrication process is fully
described in [84]. The DNA probes must be localized accurately on the
NW to guarantee the best sensitivity. Indeed, to detect the lowest level of
concentration, all the DNA targets must hybridize in the sensitive area. To
precisely localize the DNA probes, the functionalization process is coupled
with lithography and lift-oft steps (Fig. 9.28). Prior to silanization, an elec-
trosensitive resist, PMMA diluted at 4%, is spin coated on the bare SiC
sample. Then, a 1-pm wide area is opened by electronic lithography and
development along the N'W.The parameters used for spin coating are 4000
revolutions per second for 1 min and an exposure dose of 220 pwAs/cm?.
The solution used for development is a mixture of methylisobutylketon
and isopropanol (3:1). Then, the functionalization process is started with
silanization followed by glutaraldehyde grafting. The sample is immersed in
acetone for 20 min to remove the resist. After lift-off, the functionalization
is ended by DNA grafting. In this study, electronic lithography is chosen

-> -> D D> wm D> e > 28
SiC substrate Electroresist - Pattern
Bl APTES Glutaraldehyde g DNA

Figure 9.28 Process of localized functionalization of SiC surface.
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because it is possible to use the same pattern twice in the process. Optical
lithography can also be used to create DNA patterns [85] but the resolution
is limited. Moreover, e-beam lithography allows one to specifically func-
tionalize areas smaller than 0.5 pm? But in the present case, a wider area is
processed to keep the NW away from the border effects. Unlike the process
described in Ref. [86], lift-off is performed after glutaraldehyde grafting be-
cause the molecule is very reactive and will be physisorbed on the substrate
if the resist is removed before. Lift-off is facilitated by the large difference
between the thickness of the PMMA and APTES layers, which are 270 nm
versus 1 nm.The immersion in acetone does not modify the properties of
the organic layer.

In Fig. 9.29a is a detailed view of the e-beam lithography pattern used
during the SiC NWEET realization for contacting the N'W to the electrodes.

SiC nanowire
— Contact Ni/Au

150 nm

0nm

Figure 9.29 (a) Detailed view of a pattern used for SiC NWFET fabrication and function-
alization, (b) AFM topography mode image of the same area after functionalization and
DNA hybridization.
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The same pattern was used again during the functionalization to circum-
scribe DNA grafting and hybridization around the NW.The area to be func-
tionalized (in green on the picture) is 1 pm in length, the same length as the
NW, and 2 wm in width. Following the functionalization process and DNA
hybridization step, the resulting NWFET i1s observed using AFM (Fig. 9.29b).
The N'W is still connected to the metal electrodes as is clearly seen at the cen-
ter of the image. The functionalized area around the NW can be distinguished
from two features. First, its surrounding 100-nm high edges are composed of’
resist and polymerized APTES residues resulting from border eftects. Second,
from depth profiling measurement, it can be deduced that the center of this
area is at a higher level than the external ground substrate. The difference of
level is 10 £ 3 nm, corresponding to the thickness of APTES and DNA lay-
ers. It can be observed that the center exhibits a homogeneous and smooth
surface state, which is suitable for DNA immobilization.

9.4.4 Conclusion

Thanks to different characterization techniques such as fluorescence, XPS,
and AFM, we could validate the covalent DNA probe grafting and hybrid-
ization on different SiC nanostructures. This functionalization combined
with a lithography process allowed the realization of DNA functionalized
SiC NWEFETs. Further experiments, which are described in the following
section, consist in the electrical characterization of such systems to perform
electrical label-free DNA hybridization detection.

9.5 ELECTRICAL DETECTION OF DNA

This section reports early results on the electrical detection of DNA graft-
ing and hybridization using SiC NWEFET devices as resistors [78]. We re-
mind the reader that DNA is negatively charged due to nonprotonated
phosphate groups (Fig. 9.21).

Here, for electrical DNA detection, SiC NWFETS are fabricated using
3C-SiC NWs prepared by vapor phase epitaxy [87]. The N'W length ranges
from 5 to 10 pm for a diameter between 20 and 50 nm. Then, the NWs
are connected using e-beam lithography. A chip is prepared with several
NWEFETs, which are electrically characterized measuring the device [~V
and I~ v, characteristics. A typical I, -1/, curve of NWFETs with Schottky
contacts is reported in Fig. 9.30. The -1/ curve exhibits a symmetric shape
with no hysteresis. The polarization of the back-gate electrode induces a
weak but significant change of the I, current.
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Figure 9.30 |, =f(V ) characteristic after the fabrication of the SiC NWFET (V =0 V).

After SiC NWEFET fabrication, the functionalization process is per-
formed resulting in covalent DNA probe molecule grafting on the SiC
NWs. More particularly two SiC NWFETSs are selected for DNA detection
(Fig. 9.31). Thanks to e-beam lithography and the lift-off technique, only
one of these SiC NWFETS is functionalized (sensor) whereas the other one
is not functionalized, even though both are located on the same chip. The
nonfunctionalized one acts as a reference NWFET for the electrical DNA
detection measurement.

Prior to the functionalization process, e-beam lithography was used
to open a cavity (1 X 2 pm?) around the SiC NWFET sensor while the
other one (reference SiC NWFET) was still covered by the resist. As de-
tailed in Section 9.4.2, the functionalization process includes a silaniza-
tion step with APTES deposited in the vapor phase and glutaraldehyde

Sensor Reference

(b)
Figure 9.31 SEMimages of two SiC NWFETs: sensor (a) and reference (b) devices.
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Figure 9.32 Plot of the drain current evolution of both, the functionalized SiC NWFET
and the unfunctionalized (control) NWFET after different steps. The drain voltage is
equal to 5V while the back gate is grounded.

as a cross-linker. Afterward, a lift-oft is performed by immersing the chip
in acetone. Then, the last step is the grafting of the DNA probes. The
response of both NWEFETs was tested at each process step as well as by
performing (1) hybridization with complementary DNA targets, and (2)
dehybridization (or denaturation) achieved by immersing the chip in
NaOH solution.

Between each step of the functionalization processes, the chip is dried
and [~V characteristics of both FETs measured five times. Fig. 9.32 shows
the respective evolution of the drain current I, for both NWFETs after
these difterent steps for a value of I/, = 5V and V.= 0V.To quantify its
variation between each step, the change of the mean current value in per-
centage is calculated by taking a common reference, which is the current
mean value obtained after lift-off.

Apart from silanization, from cross-linking to lift-off, no significant
change in the current was observed. Then, the grafting buffer solution
(phosphate solution containing no DNA probe) deposited on both N'W-
FETs does not modify the current significantly. The weak current variation
proves that the phosphate solution, which is used for further DNA probe
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grafting, is not eftective on the current. On the other hand, after grafting
and hybridization of the DNA probes, the mean current strongly increases
for the functionalized NWFET sensor by 25% and 80%, respectively, while
keeping relatively constant values (4% and 10%) for the nonfunctionalized
NWEET. After DNA dehybridization, the change of the current obtained
for the functionalized sensor is opposite to the change obtained after DNA
hybridization (=80%), while it is still =10% in the case of the nonfunctional-
ized NWEFET. The symmetric results obtained in the case of the functional-
ized SiC NWEET prove (1) the reversibility of the dehybridization reaction
and (2) the reliability of the sensor. In addition, the increase of the current
upon DNA grafting and hybridization seems to indicate a p-doping char-
acteristic of the SiC N'Ws.

All of these results prove the specificity, reversibility, stability, and reli-
ability of the SiC NWEFET sensor to detect DNA. These results are pre-
liminary but they provide the basis for promising devices that fully exploit
the excellent properties of SiC. Further investigations will have to include
more statistical measurements and characterization at lower DNA concen-
trations as well as endurance in terms of long-time measurements, influence
of parameters such as temperature, and chemical inertness for sensing in
biological liquids.

9.6 SUMMARY

In the first part of this chapter we described the physical and morpho-
logical characteristics of different SiC nanostructures, such as SiC NPs
and Si-SiC core—shell N'Ws. These nanostructures have been elaborated
respectively using two alternative methods: ICP etching and a carburiza-
tion method. Then a technological process to fabricate SiIC N'WFETs
was described. In the second part, the chapter focused on the surface
modification of the as-grown SiC nanostructures in view of label-free
electrical DNA detection. A functionalization process has been developed
to covalently graft DNA probes onto SiC surfaces. DNA grafting and hy-
bridization have been validated using various characterization techniques:
fluorescence microscopy, XPS, and AFM. Finally, preliminary results of
label-free electrical DNA detection using SiC NWFETs were presented.
The obtained current evolution showed the specificity, reversibility, stabil-
ity, and reliability of the SiC N'WEFET sensor. These results provide the
basis for promising sensing devices that fully exploit the excellent proper-
ties of SiC.
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10.1 INTRODUCTION

Nanotechnology promotes the research and development of innovative sys-
tems with unique properties and applications in several fields, from sensors to
nanomedicine [1]. For healthcare applications, the ability to tailor the mate-
rial properties allows for the design of new nanosystems with enhanced per-
formance for diagnostics, imaging, and oncotherapy [2,3]. Nanowires (N'Ws)
based on cubic silicon carbide (3C—SiC) have a strong potential to pave the
way for the development of a novel generation of implantable nanodevices
since they are chemically inert and compatible in the biological environ-
ment. Indeed, 3C-SiC is a proven bio- and hemocompatible material, and
some prototypes for biomedical devices have been successfully realized by
micromachining of thin films, as reviewed by Zorman et al. in Chapter 10
of the first edition of this book [4].The combination of 3C—SiC with silicon
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dioxide (Si0,) in core—shell NW structures (ie, core—shell 3C-SiC-SiO,
NWs) opens more ways to engineer the surface via functionalization and
decoration with macromolecules and nanoparticles (NPs) [5,6]. The poten-
tial use of core—shell NWs in nanomedicine is driven by the presence of the
amorphous shell, since it can modity the material behavior in the biologi-
cal environment. For instance, for blood-contact applications, silicon oxide
could induce a stronger aggregation and activation of platelets, promoting
clot formation and acute inflammatory processes [7,8]. Further, a peculiar
feature of the core—shell NWs is their optical emission: the oxide shell en-
hances the core luminescence [9—11] when the nanosystem is excited by
highly energetic sources, such as electron beams or X-rays. This property
opens the possibility to exploit 3C-SiC-SiO_ NWs as radiation resistant
scintillation nanostructures, which can be properly functionalized to play an
active role for new oncotherapies, for example, X-ray-excited photodynamic
therapy [12], in nanomedicine.

In this chapter we review our recent results on the growth and char-
acterization of NWs (Section 10.2), the in vitro analysis of the cytocom-
patibility and cellular internalization mechanisms of 3C-SiC-SiO, N'Ws
(Section 10.3), the exploitation of 3C-SiC-SiO_NWs conjugated with an
organic photosensitizer for in vitro X-ray-excited photodynamic therapy
(Section 10.4), and, finally, the characterization of NW substrates in the
biological environment, through in vitro cell cultures and interaction with
platelet-rich plasma (PRP) (Section 10.5).

10.2 3C-SiC-SiO, CORE-SHELL NANOWIRES: GROWTH,
STRUCTURE, AND LUMINESCENCE PROPERTIES

Several synthesis methods have been reported in the literature to realize
SiC N'Ws. The most exploited are metal-assisted chemical vapor deposition
(CVD) synthesis methods [13], direct reactions such as carbothermal reduc-
tion of silica [14], and catalyst-assisted polymeric precursor pyrolysis meth-
ods [15]. In addition, physical vapor transport [16], laser ablation [17], arc
discharge [18], growth from solution [19] and carbon nanotube template-
mediated growth (also called carbon nanotube-confined reaction methods)
[20] have also been used. Complex processes and manipulation are involved
in many of these synthesis approaches, while the advantages of the CVD
technique are its low cost, the possibility of high growth rates on large ar-
eas, and the control of the shape and composition of the nanostructures by
changing the growth parameters (ie, temperature, precursor flux, choice of
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the metal catalyst, etc.). Further, a selective growth of N'Ws can be achieved
on patterned substrates or by patterning the catalyst deposition [21].

Core—shell 3C-SiC-SiO, NWs can be synthesized on silicon (Si) sub-
strates in a CVD reactor using carbon monoxide (CO) as a single precur-
sor. We defined a process with a gaseous CO precursor [22], different from
that initially proposed by Park et al. [23], who employed a solid mixture of
WO, and C as the CO source. Our process allows for the control of the
precursor low and concentration over time, and the growth temperature
can be more precisely tuned, while when using the solid precursor, CO
would be released at a fixed temperature [24]. The process is metal assisted,
and the choice of the catalyst has to be made on the basis of the target appli-
cation. Nickel-based compounds (eg, nickel nitrate (Ni(NO,),)) perform as
the most effective catalysts, but safety standards for applications in biological
environments require one to minimize the employment of nickel, which
can stimulate neoplastic transformations [25]. Therefore, we recently moved
toward iron catalysts (eg, ferric nitrate (Fe(NO,),)), which is far more suit-
able for biomedical applications.

Substrate preparation for growth is performed in three steps: (1) clean-
ing in an ultrasonic bath with organic solvents; (2) etching in hydrofluoric
acid (HF:H,O 1:20 for 120 s) to remove any native surface oxide. The sam-
ple is then rinsed in deionized water and dried in a nitrogen atmosphere;
(3) dipping in catalyst solution and drying at 40°C in air with controlled
humidity (less than 10%).To obtain uniform N'W growth over an area of at
least 10 cm?, it is useful to dissolve the catalysts in ethanol and add a non-
ionic surfactant (eg, oleylamine) to enhance ethanol wetting of the silicon
substrate. After the previously mentioned preparation protocol, the sample
is loaded in the growth chamber of an open-tube CVD system, which
is purged with N, to remove oxygen. The temperature is raised to about
1100°C and, upon reaching stabilization, CO is introduced with N, as the
carrier gas at a concentration of about 4%o. The growth lasts for 15-30 min,
and then the growth chamber is cooled down to room temperature in ni-
trogen atmosphere. During the heating phase, iron(IIl) nitrate undergoes a
decomposition to iron(III) oxide [26] and a dewetting takes place, so that
the catalyst forms droplets or islands on the substrate surface. The process
proceeds then as conventional vapor liquid solid (VLS) growth [27].

The typical morphology of the N'Ws over the growth substrate is that
of a dense network of long interwoven fibers (see Fig. 10.1a). Consistent
with VLS growth, the N'W tips are clearly distinguishable and composition-
sensitive techniques, such as scanning electron microscope (SEM) imaging
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Color mix: C,

Figure 10.1 (a) SEM image of as-grown core—shell NWs on a Si substrate. Inset: detail of
a NW tip. (b) TEM image of two neighboring NWs on a holey-carbon support film. (c) TEM
image of a single NW in cross-section view (crystalline core). (d) Elemental maps acquired
by TEM energy filtering (C K-edge at 284 eV, Si L-edge at 99 eV, O K-edge at 532 eV).
(Reprinted with permission from Ref. [51]. Copyright 2014 American Chemical Society.)

with backscattered electrons and transmission electron microscopy (TEM)
imaging in high-angle annular dark-field mode, show the presence of
high-Z elements in the tip, which is mainly composed by crystalline iron
silicides/silicates. From TEM studies (Fig. 10.1b—d), the N'Ws are shown to
exhibit a core—shell structure, with a crystalline core, univocally identified
as 3C-SiC by the crystal symmetry and the lattice spacing, wrapped by an
amorphous SiO_ shell, with x slightly lower than or equal to 2. The NW
axis defines the growth direction, which corresponds to the <111> direc-
tion of 3C—=SiC.The occurrence of planar stacking faults in the core along
(111) planes and of local stacking sequences typical of the 2H, 4H, and 6H
polytypes is observed, as commonly found in 3C-SiC whiskers [28]. The
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average core diameter is around 20 nm, while the shell thickness can be
tuned from about 20 nm (standard) to about 100 nm depending on the
growth conditions [10]. Wet chemical etching of the SiC/S10, NWs allows
one to remove the amorphous shell in order to realize entirely bare crystal-
line 3C-SiC N'Ws. It has to be noted that the complete removal of the shell
is not achievable by conventional HF etching |9], but it requires an ad hoc
process through a standard RCA clean followed by chemical treatment with
piranha solution (H,SO,:H,O,, 2:1) and a final etching (HCI:H,O, 2:1, and
HF:H,O, 1:50) [11].

The core-to-shell ratio influences the luminescence of the nanosystem
as proved, for instance, by cathodoluminescence (CL) spectroscopy. The
standard luminescence of the core—shell N'Ws is a broad visible emission
(see Fig. 10.2a). Gaussian deconvolution reveals that the broad emission is
composed of three main features: the most intense at 2.69 eV, a shoulder
at 2.38 eV, and a narrow emission at 2.00 eV. Two of these emissions are
related to radiative centers of silicon oxide. The 2.69 eV emission is re-
lated to the silicon oxygen deficiency center (SIODCII) [29], which is the
benchmark of the under-stoichiometry of the native silicon oxide shell.
The 2.00 eV is related to the oxygen nonbridging center [29]. The 2.38 eV
emission is instead related to the core and can be ascribed to 3C—-SiC near-
band edge (NBE) emission [30]. At a core-to-shell ratio of 1:1, the silicon
oxide shell is beneficial to enhance the light emission yield of the 3C-SiC
core [9]. Indeed, a type I band alignment [31] between 3C-SiC and SiO,
can be hypothesized (Fig. 10.2b). The conduction and valence band oft-
sets, experimentally determined in the case of bulk material, are equal to
AE_.= 3.6 eVand AE, = 2.9 eV, respectively [32]. Following electron beam
excitation, an electron—hole pair is created across the SiO_bandgap or oxide
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Figure 10.2 (a) Room temperature CL spectra of bare SiC NWs (solid line) and core-shell
SiC-SiO, NWs (dash-dotted line: as-grown, shell thickness 20 nm; dashed line: etched
and reoxidized, shell thickness 5 nm). (b) Sketch of the enhancement mechanism of the
3C-SiC NBE emission. (Adapted from Ref. [11].)
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intragap states (1) and the generated carriers diffuse to the 3C-SiC core (2)
and there recombine (3), giving rise to the emission of a photon with the
3C-SiC NBE energy (4). In this way, the 3C=SiC luminescence at room
temperature is enhanced in core—shell systems compared to bare SiC nano-
structures. It is worth noting that this process occurs only with high-energy
probes, such as an electron beam or X-ray photons, because the generation
of carriers across the bandgap of the insulating oxide coating (E,__, ~9
eV in the case of Si0,) requires a probe energy at least three times higher
(BE,_,) [33].The diftusion of the carriers could be considered as an energy
transfer from the shell to the core. Further, the shell acts not only as a car-
rier injector region but also as a passivation layer to reduce the nonradiative
recombination related to surface states, as in entirely crystalline core—shell
systems (eg, GaAs-based N'Ws) [34]. It has to be noted that the enhance-
ment takes place mainly when the shell thickness is comparable to the core
diameter. As the shell thickness increases, this beneficial effect is no longer
observed and, instead, the shell becomes detrimental. At a shell thickness
of about five times that of the core diameter (core-to-shell ratio 1:5), the
SiO -related emissions play a dominant role [10].

10.3 IN VITRO CYTOCOMPATIBILITY OF 3C-SiC-SiO,
NANOWIRES

Modern material research for nano/biomedical applications aims at devel-
oping multifunctional nanomaterials as vehicles for drug delivery [35], in-
tracellular probes [36,37], electrical- and fluorescence-based platforms [38],
etc. Any innovative nano/biomaterial in contact with animal and human
cells and tissue must be cytocompatible, and to maximize the treatment
efficacy it must also be internalized into the target cells [39]. Given these
requirements, it is clear in the study of a nanosystem the significance of the
ultrastructural study of the uptake process and the analysis of the interaction
between nanomaterials and intracellular components.

Among 1D nanostructures (nanotubes and N'Ws), it has been assessed
that some classes of materials, such as crystalline oxide NWs (eg, ZnO [40],
S§iO, [41], and TiO, [42]), induce cytostaticity or cell death, while others,
such as metal NWs (eg, based on gold [43], iron [44], and silver [45]), are es-
sentially cytocompatible. Contradictory results, highlighting the variability
due to dimension, surface properties, biodurability, dose, and exposure time,
have been reported for carbon nanotubes [46] (single walled and multi-
walled) and semiconducting NWs (eg, Si [47], GaN [48], and other III-V
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NWs [49,50]). Given the lack of previous in vitro and in vivo data about
cytocompatibility or cytotoxicity of core—shell SiIC-SiO, NWs, we recently
started a study about the interaction of these NWs with different cell lines
[51]. To perform the experiments the N'Ws were mechanically removed
from the substrate through a mechanical process, so that the ultra-long N'W
fibers were broken up into short segments below 5 wm, and suspended in
cell culture media for cell incubation. The NW behavior in water and in
cell culture media was first studied by dynamic light scattering (DLS) and
Z potential measurements on diluted suspensions. The size distribution es-
timated by DLS peaked around 900 nm, but showed tails down to 200 nm
and up to 5 pm, in good agreement with the N'W segment length mea-
sured by SEM on the dry product. The Z potential values were —(37 £ 3)
mV in deionized water, —(12 + 2) mV in Roswell Park Memorial Institute
(RPMI) 1640 medium, and +(2 * 3) mV in serum-supplemented medium.
These values indicated that the material in water has a negative surface
charge, likely related to O termination of the NW shell surface, and a good
stability. The modification of the Z potential in cell culture media, where
it becomes smaller and eventually changes sign, suggested that the medium
components (eg, proteins) interact with the NWs and likely cover their
surface causing a different charge compensation.

We analyzed how the N'Ws affect cell viability, morphology, and cell
cycle progression, and specifically investigated oxidative stress, autophagy,
and cellular uptake (internalization, compartmentalization, and cellular
physical parameters). As representative cellular models, we selected a nor-
mal cell line (human dermal fibroblasts, HuDe, as noncancer control cells)
and three human cancer cell lines: lung adenocarcinoma alveolar basal
epithelial cells (A549), breast cancer cells (MCF-7), and the monocytic
cell line derived from acute monocytic leukemia (THP-1).The choice of
the A549 and MCF-7 models was based on the evaluation of high inci-
dence tumors, which could be induced with standard protocols in nude
mice for future in vivo studies. The additional THP-1 model was tested for
its macrophage activity, which provides an insight into specific internal-
ization pathways.

To inspect the midterm (up to 72 h) effects of the core—shell 3C-SiC—
Si0, NWs on the selected cellular models, the cell viability was monitored
as a function of NW concentration in the range 1—100 pg/mL. Fig. 10.3
shows the percentage of viable cells, as estimated by trypan blue exclusion
and crystal violet staining assays, normalized to control untreated cells. The
viability assays prove that only at the highest concentrations tested, that is,
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Figure 10.3 Cell viability assays for cells exposed to NWs from 1 to 100 p.g/mL for 72 h.
Values are normalized to controls. The figure shows the mean (£SD) of at least three
separate experiments, each carried out in eight replicates. Significantly different from
untreated control: *, p < 0.05; **, p < 0.01. (Adapted from Ref. [51].)

50 and 100 pg/mL, the cell proliferation shows a small downward trend.
The effect is slightly cellular dependent: the decrease is being highly sig-
nificant (p < 0.01) for A549 cells and significant (p < 0.05) for THP-1 and
HuDe cells, whereas for MCF-7 the cell viability is almost not affected by
exposure to the NWs.

The analysis of the cell cycle progression shows that the N'Ws do not in-
duce any perturbation in any of the cellular models tested (Fig. 10.4). Further,
no sub-G /G, peak, corresponding to apoptotic cells, was detected in the cy-
tograms. The N'Ws do not induce apoptosis, as proved also by morphological
analyses (absence of changes typical of cell apoptotic death, including nuclear
condensation and apoptotic bodies) and by the lack of an increase of annexin-
V FITC/propidium iodide-stained cells and of caspase-3 activation.

The oxidative stress was evaluated through quantification of reactive
oxygen species (ROS), thiobarbituric acid reactive substances (TBARYS),
and carbonyl group levels (Fig. 10.5). While the NWs did not induce any
ROS production in THP-1 and MCF-7 models, the intracellular ROS in-
creased significantly (p < 0.05) and highly significantly (p < 0.01) in A549
and HuDe models after the first hour of treatment compared to control
untreated cells. However, basal levels tended to be restored after a few hours
and the recovery was complete after 24 h. As assessed by TBARS and car-
bonyl groups, the persistent intracellular presence of N'Ws caused, following
4-h incubation, oxidation of proteins and lipid peroxidation of membranes.
The increase of carbonyl groups was significant (p < 0.05) only at the
higher concentration tested (50 pwg/mL) in A549, HuDe, and MCF-7 ex-
posed cells. As for lipid peroxidation, the TBARS values were higher after
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Figure 10.4 Monoparametric DNA analysis of the cellular cycle distribution (after 24 h,
treatment with NWs at 50 ug/mL). The different peaks correspond to G /G,, S, and G,/M
phases. (Adapted from Ref. [51].)

treatment with N'Ws in all the cellular models. A dose-dependent increase
was observed in A549 and MCEF-7, highly significant (p < 0.001) only
for exposure to 50 pg/mL. In HuDe and THP-1 cultures, strong effects
(p < 0.001) were detected also at the lowest concentration (10 pg/mL).
These results indicate that the intracellular presence of N'Ws induced the
same molecular events, that is, oxidation of proteins and peroxidation of
membrane lipids, in all the cell lines, but to a different extent. These effects
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Figure 10.5 Effects of NW exposure on ROS, TBARS, carbonyl groups, and GSH. Values
(percentage vs. control = [sample value/control value] X 100) are mean + SD of three
separate experiments, each carried out in triplicate. Significantly different from untreat-
ed control: *, p < 0.05; **, p <0.01; ***, p < 0.001. (Adapted from Ref. [51].)
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are late and may be limited by the activation of protection systems, so N'Ws
do not elicit cytotoxic activity leading to irreversible cellular damage or
death. The antioxidant status of the cells was examined over time by mea-
suring the glutathione (GSH) contents, and no depletion of GSH was evi-
denced during the whole experimental period.

Since many biomedical applications (eg, biological sensing, drug delivery,
electrophysiological experiments, etc.) require a biological interaction on a
time scale of at least several days, we also tested the long-term (10 days) NWs’
cytocompatibility on the three adherent cellular lines (A549, MCE-7, and
HuDe). Following recent literature protocols [52], a clonogenic assay was
performed. Fig. 10.6 shows the colony-forming ability of the cells exposed to
the N'Ws, at the concentration of 10 and 50 wg/mL, for 10 days. No signifi-
cant reduction was observed, confirming that even on a time scale of 10 days
the core—shell 3C-SiC-SiO, NWs did not elicit any cytotoxic activity.

Flow cytometry revealed modifications of physical parameters correlat-
ed with NW uptake (Fig. 10.7). As proved in the literature [53,54], the side
scatter (SSC) value is a reliable indicator of the presence of NPs and fibers



Silicon Carbide-Based Nanowires for Biomedical Applications 321

150 B 0 ug/mL

= ] 110 ug/mL
*g [ 50 ug/mL
S ]
%5 100 T L T
° .
o 4
Ke)
E L
3 50
s ]
=
S
[e) -
&} 1

0

A549 HuDe MCF-7

Figure 10.6 Effects of long-term exposure to NWs, evaluated by clonogenic assay. The
histograms (means + SD) report the colony-forming ability of A549, HuDe, and MCF-7
cells treated for 10 days with NWs at a concentration of 10 and 50 mg/mL, compared to
control cells. (Adapted from Ref. [51].)

inside the cells. An increase of the SSC was detected during cell incubation
with SiC-SiO, NWs (50 pg/mL), in particular for the A549 cellular model
(mean SSC ratio [treated/control] statistically increased at 4 h [p < 0.05]
and 24 h [p < 0.001]). When the NW concentration was varied, the mean
SSC ratio exhibited a dose-dependent behavior, confirming that this pa-
rameter changes with the quantity of NWs internalized in cells.

No major alterations in cell morphology between cells treated with
NWs and their controls were observed by SEM analysis. In particular, no
morphological alteration related to cellular suffering and programmed cell
death, such as membrane blebs and rounded apoptotic bodies, was detected.
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Figure 10.7 (a) Flow cytometry analysis of side scatter (SSC) versus forward scatter (FSC)
in A549 cells. Unexposed cells were scanned as controls and compared to cells exposed
to NWs at 50 pg/mL for 24 h. Representative cytograms are displayed. (b) Influence of
the incubation time on SSC for the different cell lines. (c) Change of the SSC parameter
over 24 h in A549 cells treated with NWs at 10 or 50 g/mL. The curves indicate that up-
take is fast and uptake rate is similar at the two doses. Data are expressed as mean SSC
ratio (treated/control) + SD. Significantly different from untreated control: ¥, p < 0.05; **,
p < 0.01; ***, p < 0.001. (Adapted from Ref. [51].)
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However, the cellular spreading was higher in cells treated with the NWs,
compared to controls. In addition cytoplasmic protrusions, in particular la-
mellipodia and filopodia, were detected as the structures of contact between
the cell membrane and extracellular clusters of N'Ws. Single N'Ws, partly
internalized inside the cells, were also detected [51].

TEM studies confirmed that the NWs did not induce shape/size chang-
es or alterations of the nucleus/cytoplasm ratio. Clear images of NW in-
ternalization were obtained (Fig. 10.8). As discussed in the literature, the
cellular uptake of a nanomaterial can occur by three main mechanisms:
receptor-mediated endocytosis, pinocytosis, and phagocytosis [55]. In our

~ il

Figure 10.8 NW internalization analyzed by TEM in A549 cells (first row), MCF-7 cells
(second row), HuDe cells (third row), and THP-1 cells (fourth row). The arrows indicate
macropinocytosis with circular ruffles, the arrows with circular head indicate lamelli-
podia-like macropinocytosis, and the star indicates blebs of macropinocytosis. Pseudo-
podia engulfing NWs at an early (fourth row, a-b) and late (fourth row, c) stage of the
phagocytosis process are indicated by arrows with square heads. A NW directly pen-
etrating the cell membrane is visible in the micrograph (d) of the third row. (Reprinted
with permission from Ref. [51]. Copyright 2014 American Chemical Society.)
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samples, contacts between the plasma membrane and individual N'Ws, or
small groups of NWs, were frequent for both concentrations of 10 and
50 wg/mL. In the proximity of the NWs, the plasma membrane presented
cytoplasmic protrusions, characteristics of the process of endocytosis, which
will expand to encompass the NWs in small vesicles. Analyzing the mor-
phology of these protrusions, three types of macropinocytosis processes,
such as lamellipodia-like, circular ruffles, and blebs, were identified. In detail,
the lamellipodia-like morphology appears as a thin and long cytoplasmic
evagination that surrounds the NW from one single side in the vicinity
of the membrane. The structure of the circular ruffle is constituted by two
symmetrical protrusions whose ends approach incorporating the N'W while
the structure in the blebs is recognizable by a bulging circular end.

The THP-1 cells showed, in addition to the micropinocytosis, a spe-
cific pathway for the internalization of N'Ws: phagocytosis. This particu-
lar mechanism, exclusive of macrophage-like cells, has been observed in
different steps of advancement: in the initial phase the cells emit visible
pseudopodia that subsequently surround agglomerates of several NWs in
order to incorporate them into a single vacuole (Fig. 10.9). The analysis
of cellular vesicular transport (Fig. 10.9) showed single or small groups of
NWs in small vesicles, predominantly localized in the vicinity of the plasma
membrane, whereas clusters of NWs are compartmentalized in big round
vesicles with a perinuclear localization. The larger vesicles are presumably
engaged in a compartmentalization function, whereas the smaller vesicles
are used for vesicular transport [44—50,52—56]. Further, individual N'Ws are
occasionally seen trapped in the cytoplasm and not included in vesicular
structures. However, it must be stressed that the N'Ws were never observed
inside the cell nucleus or in contact with the nuclear envelope.

As a final remark, the proved biocompatibility of the core—shell SiC—
§i0, NWs, together with their good optical efticiency (Section 10.2) and
ease of surface functionalization, pave the way to an application of these
multifunctional nanosystems as future intracellular electrodes, biomolecule-
delivery vectors, as well as drugs for photodynamic therapy (Section 10.4).

10.4 FUNCTIONALIZED 3C-SiC-SiO, NANOWIRES FOR
X-RAY-EXCITED PHOTODYNAMIC THERAPY IN VITRO

In the field of clinical oncotherapy, the standard protocols to control cancer
growth and spread are still based on chemo- and radiotherapy combined
with surgical resection. New strategies, such as the genetic approach, are
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Figure 10.9 TEM micrographs showing cases of NWs that directly penetrate the cell
membrane (a) and are trapped in the cytoplasm (b), and the vesicles'intracellular com-
partmentalization of NWs (c-d). (Reprinted with permission from Ref. [51]. Copyright 2014
American Chemical Society.)

nowadays in trial and are expected to deeply change cancer treatments in the
near future. Alternative approaches aimed at killing tumors while minimizing
side effects could be allowed by new classes of multifunctional nanomaterials
and are presently under study. For instance, scintillation NPs were recently
proposed in pilot studies [57,58] to activate self-lighted photodynamic ther-
apy (SLPDT) to treat deep cancer. SLPDT is a variation of the well-assessed
photodynamic therapy (PDT) usually used to “treat tumors on or just under
the skin or on the lining of internal organs or cavities through the genera-
tion of an active form of oxygen (singlet oxygen, 'O,) that destroys nearby
cancer cells” (definition from the US-National Cancer Institute). In the pre-
viously mentioned pilot studies on SLPDT, photosensitizers are attached to
the scintillation NPs and allow light generation under X-ray irradiation.
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The photosensitizer (eg, organic dyes, aromatic hydrocarbons, porphyrins,
phthalocyanines, and related tetrapyrroles) [59] promotes, through singlet
oxygen generation, oxidative stress to kill cancer cells [60]. Since X-rays can
penetrate through body tissue, deep tumors can be reached and treated with
this method.

This approach requires the long-term biocompatibility of the scintil-
lation NPs, which is not always verified in the literature, and the ability to
properly conjugate the NPs with the photosensitizer, in order to enhance
the photosensitizer absorption and reach an efficient singlet oxygen pro-
duction. We recently proposed for SLPDT an innovative hybrid nanosys-
tem based on core—shell 3C-SiC-SiO_NWs, which are cytocompatible
(see Section 10.2), functionalized with a tetracarboxyphenyl porphyrin
derivative. Indeed, the N'Ws have an optical emission spectrum (see Sec-
tion 10.2), which matches well the absorption bands (ie, for porphyrins
the Q bands and the tail of the Soret band) of many organic photosen-
sitizers. Among the different photosensitizers, the class of porphyrins has
a well-established application in PDT, with initial approvals by the U.S.
Food and Drug Administration. In our study we sought to link porphyrins
to the SiC-SiO_NWs by the formation of covalent bonds via 1,3-dipolar
cycloaddition reaction. Therefore azide functional groups were intro-
duced on the NW surface and carbon—carbon triple bonds in the phenyl
rings of the porphyrin. In detail, to conjugate the porphyrin to the N'Ws
a click-chemistry procedure was employed (Fig. 10.10). The as-grown
NWs lying on Silicon substrates were first activated in aqueous HCI and
then reacted with 3-azidopropyltrimethoxysilane by refluxing in toluene.
This process leads to the binding of azide groups to the NWs, via con-
densation of alkoxysilyl groups with the hydroxyl groups present on the
NW shell surface. The selected porphyrin was the tetra(4-carboxyphenyl)
porphyrin (H,TCPP), whose carboxyl groups were converted into am-
ides containing a short chain with a terminal alkyne functional group.
Indeed, to allow an efficient energy transfer from the NWs to the pho-
tosensitizers, they have to be linked together and the distance between
the donor and the acceptor should be less than 10 nm [58].The carboxyl
groups of the porphyrin were first activated using EDCI/HOBt (EDCI,
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide; HOBt, hydroxyben-
zotriazole), typical reagents employed for amino acid condensation.
The hydroxybenzotriazole ester of H TCPP, formed as an intermediate,
was in situ coupled with 2-propynylamine in the presence of dimeth-
ylaminopyridine in dimethylformamide at room temperature, affording
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Figure 10.10 Design of the SiC-SiO ~H,TPACPP system: as-grown nanowires were
functionalized with azide groups; the H,TCPP porphyrin derivative containing C-C
triple bonds (H,TPACPP) was synthesized by converting the carboxyl groups into
N-propynylamides; the nanohybrid was constructed by bonding H,TPACPP to the NWs.
(From Ref. [12].)

tetra(N-propynyl-4-aminocarbonylphenyl)-porphyrin (H,TPACPP). The
attachment of the photosensitizer to the N'Ws was accomplished on the
basis of reactive group matching, that is, via the Huisgen 1,3 dipolar cy-
cloaddition reaction giving the stable triazole (1,4- and 1,5-isomers) link.
Thermal conditions, 130°C for 24 h, were preferred to Cu(l)-catalyzed
click-reaction to avoid the metal insertion into the porphyrin core.

The hybrid NW—-H, TPACPP nanosystem has a room temperature fluo-
rescence (see spectrum in Fig. 10.11a) characterized by the features of both
the inorganic component, that is, the large and unstructured green band
ascribed to the NBE 3C-SiC emission, and the organic photosensitizer,
that is, the two orange and red emission peaks ascribed to the Qx(0,0) and
Qx(0,1) porphyrin levels. The SiC NBE emission appears slightly red shift-
ed in conjugated N'Ws compared to as-grown N'Ws.This red shift could be
partly due to screening effects of the covering porphyrin due to Q-band
absorption [61]. A small red shift and slight peak broadening occur also
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Figure 10.11 (a) Fluorescence spectra acquired at room temperature over as-grown
SiC-SiO, core-shell NWs (bare, green dashed-dotted line) and NWs functionalized with
H2TPACPP (conjugated, orange solid line). The emission of H2TPACPP porphyrin in di-
chloromethane solution (red dashed line) is also shown for sake of clarity. (b) Room
temperature CL spectra of the as-grown NWs (bare, left panel) and of the NW-H2TPACPP
(conjugated, right panel). (Adapted from Ref. [12].)

for the porphyrin emission peaks in the nanosystem compared with the
fluorescence of the free molecule in solution. This suggests important steric
effects due to the bonding: the formation of covalent bonds and the adhe-
sion to the locally flat NW surface (NW radius ~30 nm, much larger than
the molecular size), can lead to a reduction of the tilting angle of the phenyl
rings with respect to the macrocycle plane. According to this picture, the
degree of conjugation of the molecule 1s increased for the bonded porphy-
rin compared to the free one. According to the literature [62], the electronic
coupling and the steric molecule arrangement are expected to cause some
red shift of the fluorescence spectrum. In a similar way, the slight broaden-
ing can be ascribed to intermolecular interactions in the solid state between
H,TPACPP molecules, besides a possible heterogeneous contribution from
environments of different molecular packing.

The observation of porphyrin emission features in the fluorescence
spectrum of the conjugated N'Ws is a key result. Indeed, the optical exci-
tation for fluorescence measurements (laser wavelength 473 nm) is in the
spectral region of NW absorption but out of the main absorption band of
porphyrin. Therefore, the detected porphyrin emission can occur only if
some form of electronic coupling between the NWs and the porphyrin
takes place. This mechanism is confirmed by CL spectroscopy (Fig. 10.11b).
The conjugated NWs show an orange CL band composed of a main peak
at 620 nm and a shoulder at 652 nm.The 620 nm emission is ascribed to
the nonbridging oxygen center (SiO) [63].Then its increase in functional-
ized N'Ws, compared to as-grown NWs, is probably related to the residual
SiOR group, used as a functionalization anchor. The 652-nm emission is
due to the porphyrin luminescence, in particular the Qx(0,0) emission.
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Considering the low energy release of the impinging electron beam to
the porphyrin monolayer, the porphyrin emission is possible thanks to an
energy transfer from the N'Ws to the molecule. Two possible energy trans-
fer processes can take place: (1) a radiative energy transfer, in which the
porphyrin absorbs the light emitted by the NWs, and then it reemits on its
typical Q(0,0) emission [64], and (2) a Forster resonance energy transfer,
in which the NWs, acting as the donor chromophore, transfer energy to
the porphyrin, the acceptor, through nonradiative dipole—dipole coupling
[65,66]. The hot electron transter mechanism from the inorganic NW to
the organic molecule can, instead, be ruled out, due to the presence of the
wide bandgap oxide shell.

The energy transfer from the inorganic nanosystem component to the
organic one is at the basis of its activity as a singlet oxygen source to in-
duce oxidative stress in cancer cells (Fig. 10.12).The generation of 'O, by
the hybrid NW—H, TPACPP system was tested in water by exposing the
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Figure 10.12 'O, production excited by X-rays in a radiation therapy setup. Sketch of
the experimental steps: a dish containing the sample solution is put on the couch and
irradiated from the bottom, then it is transferred to a spectrophotometer to acquire the
fluorescence spectrum of the SOSG marker. The plot reports the measured integrated
fluorescence intensity, proportional to 'O, generated, as a function of the radiation
dose. The experimental points are obtained from SOSG kit in water, with H2TPACPP-
functionalized NWs (red circles) or without NWs (black diamonds). The up-triangle at
0.6 Gy is the experimental point obtained from SOSG kit in a water solution of mere
porphyrin, while the down-triangle is obtained from SOSG kit in a water suspension of
NWs as grown. The usual dose for clinical treatment (2 Gy) is indicated by the red vertical
line. (From Ref.[12].)
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NWs (detached from the substrate using an ultrasound microtip) to 6 MV
X-rays in a clinical Linac Varian setup for radiation therapy. It has to be
noted that no amorphous-to-crystal transition of the SiO_ layer, which
is known to be cytotoxic in the crystalline phase, was induced by X-rays
as verified by TEM studies. Singlet oxygen generation was revealed by a
marker kit (Singlet Oxygen Sensor Green, SOSG [67]) based on fluo-
rescein bound to a dimethylanthracene derivative, which shows a green
fluorescence activated by interaction with 'O, and is highly selective to
singlet versus other oxygen species (hydroxyl radicals, superoxide, etc.).
In detail, a set of NWs (2 mg) was dispersed in a given aliquot (500 wL)
of SOSG water solution (5 M) and the solution was then exposed to
radiation. After irradiation, the NWs were separated through ultracentri-
fugation and 200 WL of the remaining solution were sampled for fluores-
cence analysis. For each run, the fluorescence spectra were acquired on
the as-prepared solution, the irradiated solution, and the irradiated solu-
tion treated with N'Ws. The spectrum of the not irradiated aliquot was
acquired as a reference signal of the SOSG marker, while the spectrum
of the irradiated aliquot as a background for the signal of the irradiated
aliquot with N'Ws. An enhancement of the SOSG green fluorescence after
treatment with the conjugated N'Ws exposed to radiation was observed,
proving the production of 'O, by the NW-H2TPACPP system even in
extremely low-dose irradiation conditions (0.4 Gy). On the contrary, no
SOSG activation was observed in treatments with bare N'Ws, or with mere
porphyrin solution, confirming that the 'O, production requires the con-
jugated NW—porphyrin system and occurs through the self-lighted pho-
todynamic process. The 'O, concentration, as deduced from the integrated
intensity of SOSG fluorescence, increases steeply as a function of the dose
released up to 1 Gy.The dose—response relationship is shown in Fig. 10.12,
from extremely low-dose values (fraction of Gy) to typical doses of radia-
tion therapy in clinical cancer treatments (about 2 Gy per each session).
The response of the nanosystem suspension (NW—H, TPACPP in water,
circles) is well above the control solution (SOSG kit alone in water, dia-
monds) and almost five times higher than the mere porphyrin response
at the same dose (free porphyrin diluted in water, up-triangle) as well
as the N'Ws as grown (suspension in water, down-triangle). The satura-
tion in the SOSG fluorescence signal reached around 1 Gy, which can be
reasonably attributed to the finite capacity of SOSG molecules to detect
'O, immediately after it has been produced. This is limited by the short
lifetime of this species in water (4 ws) [68] and by the exchange—limited
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Figure 10.13 Top: Surviving fraction, normalized to control, of cells treated only with
NW-H,TPACPP (50 ng/mL), only with radiation (2 Gy, single session of 20 s) or a combi-
nation of NW-H,TPACPP and radiation. Columns: mean of three determinations; bars:
standard deviation. Each letter indicates a different level of significance (p < 0.05) af-
ter ANOVA analysis followed by a post-hoc test. Bottom: Intracellular ATP in A549 cells
treated with NW-H_TPACPP and radiation therapy (dose of 6 Gy, single session).

by diffusion—of SOSG molecules between the nanosystem surface and
the bulk of the solution.

Finally, in vitro experiments (Fig. 10.13) were performed on A549 ad-
enocarcinoma human alveolar basal epithelial cells to test the efficiency of
the NW-H,TPACPP nanosystem as an agent for SLPDT. The cells were
incubated with H, TPACPP-conjugated N'Ws and irradiated after 24 h with
6 MV X-rays at a dose of 2 Gy, chosen according to the standard conditions
of clinical radiation therapy per single session. After treatment, a clonogenic
survival assay (Fig. 10.13, top) was performed: cells were cultured for 12 days
and then examined to verify whether the NW—H TPACPP nanosystem was
able to enhance the effects of the ionizing radiation and to inhibit the cell
proliferation. The histograms indicated that H TPACPP-conjugated N'Ws
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affect the survival of A549 cells, either with or without irradiation. The most
striking result is that an additive antiproliferative effect was found compared
to irradiation alone at the selected dose, and the cell-plating efticiency after
the radiation treatment was significantly lower for cultures incubated with the
NWs than for control cells (75%). To stress the effectiveness of our approach,
an additional experiment was performed at increased N'W concentration (100
and 500 wg/mL) and at increased dose (single exposure at 6 Gy), evidenc-
ing a remarkable reduction of the adenosine triphosphate (ATP) intracellular
amount, which is directly correlated to the cellular viability (see Fig. 10.13,
bottom). These results prove that the designed nanosystem enhances the ef-
fects of conventional radiation therapy and is therefore extremely promising
in clinical oncotherapy to reduce the dose and/or the irradiation time, which
means a reduction of target movements and of the psycho/physical discom-
fort of patients immobilized inside the isolated treatment room.

10.5 NANOWIRE PLATFORMS: IN VITRO
CYTOCOMPATIBILITY AND PLATELET ACTIVATION

Recent studies underline the importance of micro- and nanoscale features
on biomedical implant surfaces in determining cell viability and activity
[69,70]. Complex surface patterns are usually defined by top-down pro-
cesses to resemble the extracellular matrix structure; however, an innovative
bottom-up approach to biomimicking can be offered by NWs [71,72]. In
particular, NWs based on cubic silicon carbide, either bare (3C-SiC N'Ws)
or surrounded by an amorphous shell (3C-SiC-SiO, core—shell NWs), may
meet the chemical, mechanical, and electrical requirements for tissue en-
gineering. They therefore have a strong potential to pave the way for the
development of a novel generation of implantable nanodevices provided
that they are compatible in the biological environment.

We recently proved SiC-based NW platforms as biomaterials [73]. As
stated in the ISO 10993-5 guidelines [74] “an important quality issue of
materials for medical devices having direct or indirect contact with the
body tissue is the biocompatibility”” Therefore any biomaterial with poten-
tial in vivo application must be tested through specific in vitro biocompat-
ibility analyses, starting with cytotoxicity tests.

We initially performed indirect contact cytotoxicity tests, selecting as
cellular models L929 mouse fibroblasts, which are one of the standard cell
lines specified in ISO 10993-5, and the A549 human lung adenocarci-
noma epithelial cells, which are widely documented for in vitro toxicity
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experiments |75]. Three thousand cells were seeded in 96 multiwell plates
in DMEM and the plates were incubated at 37°C and 5% CO, in a humidi-
fied atmosphere for 24 h. The N'W samples were cleaned with a piranha
solution (H,SO,:H,O, 2:1), washed twice in deionized water, dipped in
ethanol (99%), sterilized with UV light for 15 min, and finally soaked for
either 24 h or 10 days in DMEM at 37°C in the incubator. To analyze the
potential release of cytotoxic species from the sample, an aliquot was taken
from the conditioned (ie, left in contact with the N'W samples, for either
24 h or 10 days) medium and added to a pristine medium in different per-
centages (50,70, and 100% of conditioned medium over total DMEM vol-
ume), following the ISO 10993-5 protocol for porous materials. The cells
were cultured with the obtained medium for 24 h and then an MTT colo-
rimetric assay, based on the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide dye, was performed to assess the cell viability. To confirm
the results, a CellTiter-Glo luminescent cell viability assay, a homogeneous
method of determining the number of viable cells based on quantitation of
the ATP present, was performed. It was found (see Fig. 10.14) that the two
viability assays were consistent with each other and the cell viability was
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Figure 10.14 Cell viability (a, b: CellTiter-Glo assay; c, d: MTT assay) of cells cultured
with conditioned medium (percentages of 50, 70, and 100 as indicated), for the indirect
contact toxicity test. The bars are normalized to control cells cultured with noncondi-
tioned medium.
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always greater than 95%, indicating the absence of any toxic contamination.
We also verified for both L929 and A549 cells that the conditioned medium
did not affect normal cell-cycle progression. According to ISO 10993-5, a
material is accepted as biocompatible if the viability is greater than 70%, and
our findings demonstrate that this criterion was met by both the core—shell
SiC-SiO, and bare SiC N'Ws.

A direct contact cytotoxicity test was then performed using the N'W
samples as platforms for culturing L929 and A549 cells. Twenty-thousand
cells/mL were seeded on 1 X 1 cm NW samples (piranha-cleaned and
sterilized as detailed earlier) and cultured in DMEM at 37°C and 5% CO,
in a humidified atmosphere for 24 or 48 h.The cell viability was then ana-
lyzed via CellTiter-Glo assay, whereas MTT assays were not reliable due
to direct chemical interactions of the reagent with the N'W sample that
alter the biological response. Fluorescence microscopy was employed to
evaluate the adhesion and proliferation of live cells on the N'W samples.
For the analysis, the samples were thoroughly washed with DMEM and
phosphate buffer solution (PBS), marked with a fluorescent dye (calcein
AM, excitation/emission wavelengths of 495/515 nm), and observed af-
ter 30 min with an epifluorescence microscope. Fig. 10.15 shows the cell
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Figure 10.15 CeIIV|ab|I|ty histograms (a, c) and fluorescence images (b, d) acquired on
A549 (a, b) and L929 (c, d) cells cultured for 24 and 48 h over different platforms: SiC
NWs, SiC-SiO, core-shell NWs, flat SiO,, and control PET and Cu surfaces.
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viability (A549: panel (a), L929: panel (c)) at 24 and 48 h after cell seeding
on the NW samples. In agreement with ISO 10993-5 guidelines, cell viabil-
ity for direct contact tests on polyethylene terephthalate (PET), as the nega-
tive control, and copper, as the positive control, is reported for comparison.
We also tested a flat SiO, (from natively oxidized Si) sample as a reference.
Based on the observed viability (Fig. 10.15a and ¢) and fluorescence assays
(Fig. 10.15b and d), cells appeared to be more numerous on the flat samples
(PET and SiO,) than on the NWs after 24 h of culture, likely indicating that
cell adhesion was more difticult on the N'Ws.

Cell attachment and spreading on biomaterials are mediated by highly
complex cellular structures called focal adhesions, which are multiprotein,
microscale assemblies involving clustering of ligated transmembrane recep-
tors called integrins [76]. It has been shown that integrin spacing is impor-
tant to their clustering and focal adhesion formation. There is evidence that
integrin clustering requires a 50—70-nm spacing between ligated integrins
[77]. Nanotopographies with spacing larger than 100 nm have been shown
to inhibit cell adhesion [78]. In our case, the NW diameter ranges between
20(for bare SiC NWs) and 60 nm (for core—shell N'Ws) and the distances
between N'Ws vary from hundreds of nanometer to several micrometer.
Hence, although integrin clustering may occur on a single NW, the mi-
croscale focal adhesion assembly can be impaired because of the long dis-
tances between N'Ws, which can explain why cell attachment was observed
to be lower on the NWs than on the planar surfaces. However, fluorescence
data (Fig. 10.15b and d) and SEM observation clearly show that both cell
lines proliferate by 48 h.This suggests that the N'W-coated substrates have
a good biocompatibility and do not hinder cell growth. Additionally, it can
be noted that A549 cells have almost the same viability, as assessed by che-
miluminescence after 24 h, on SiC-SiO, and SiC N'Ws indicating that the
adhesion and proliferation of this cell line was not aftected by the NW type.
On the contrary, L929 viability was significantly lower on SiC NWs com-
pared to core—shell NWs, consistent with the idea that difterent cells may
express different arrays of adhesion structures and be differently affected by
the surface characteristics of the substrate.

Cellular adhesion and morphology on N'W samples and the flat SiO,
reference were analyzed by SEM, after proper fixation (2.5% glutaralde-
hyde in 0.1 M sodium cacodylate buffer for 30 min), dehydration in etha-
nol (EtOH), and gold coating. Figs. 10.16 and 10.17 report representative
SEM micrographs of the A549 and L1929 cells, respectively, imaged at 24 h
(top line) and 48 h (bottom line) after seeding. For all samples, the cellular
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Figure 10.16 SEM images of fixed A549 cells cultured 24 h (top line) and 48 h (bottom
line) on different substrates: flat SiO, (a), SiC-SiO, core-shell NWs (b), and SiC NWs (c).

membrane displayed the typical morphology of healthy living cells. No
morphological signs of cellular degradation or programmed cell death, such
as membrane blebs and rounded apoptotic bodies, were detected. Com-
pared to the flat SiO, samples, a larger number of rounded cells were pres-
ent on the NW platforms (Figs. 10.16 and 10.17, top line). However, cells
adhered to the NW platform after 48 h, with lamellipodia and filopodia,
were observed to be entangled in the N'W network.

Figure 10.17 SEM images of fixed L929 cells cultured 24 h (top line) and 48 h (bottom
line) on different substrates: flat SiO, (a), SiC-SiO, core-shell NWs (b), and SiC NWs (c).
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Finally, we analyzed the blood compatibility of the NW platforms
in terms of adhesion and activation of platelets on the N'W bundles, in
conformity with ISO 10993-4 [79] standards and as described in chap-
ter: Study of the Hemocompatibility of 3C-SiC and ¢-SiC Films Using
ISO 10993-4. Blood samples were collected by routine phlebotomy, us-
ing blood collection tubes containing 0.105 M (3.2%) buffered sodium
citrate for anticoagulation, from young, healthy, female farm pigs weigh-
ing approximately 45 kg, free of hepatitis or other blood-borne disease.
From these samples, PRP was obtained by centrifuging the whole blood
at 1200 G for 10 min. The N'W samples (piranha cleaned and sterilized
as detailed earlier for cytotoxicity tests) were soaked in PRP for 15 min
and rinsed in PBS. The adhesion of platelets on the sample surface and
their shape, indicative of the activation status, were then examined by
SEM after proper fixation (paraformaldehyde 4% or 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer for 30 min), dehydration (with EtOH
at increasing concentrations), and gold coating. Typical SEM images are
reported in Fig. 10.18 for bare and core—shell NWs, compared to a flat
3C-SiC sample (thin film grown by CVD [80]) and a flat SiO, sam-
ple. The inspection of the observed platelets indicates that the observed
platelet activation state is material dependent and that nanostructured and
bulk materials behave quite similarly. In particular, the majority of plate-
lets on the 3C-SiC-only samples were resting discoid-shaped platelets
(Fig. 10.18a) and b), whereas star-like shapes, characteristic of activated
platelets, were observed for samples exposing an oxide surface (Fig.10.18¢

Figure 10.18 SEM micrographs of platelets (bottom line: overview, top line: detail) on
different samples: flat 3C-SiC film (a); 3C-SiC NWs (b); flat SiO, (c); and core-shell NWs
(d). The starry shape indicates an activation of the platelets.



Silicon Carbide-Based Nanowires for Biomedical Applications 337

and d). To confirm these results, an enzyme-linked immunosorbent assay
was performed to evaluate P-selectin release. In detail, PRP (400 L) was
deposited with a micropipette on the surface of the N'W samples (pre-
warmed at 37°C) and they were then incubated at 37°C for 60 min. After
incubation, the PRP was recovered and the plasma separated by centrifu-
gation. Soluble P-selectin was quantified by specific immunosorbent assay
(sP-Selectin ELISA kit) and concentrations were correlated to untreated
PRP.The results (Fig. 10.19) attest that a higher platelet activation was in-
duced by the nanostructured platform with respect to the corresponding
planar material, and this activation was higher with core—shell NWs com-
pared to bare 3C-SiC N'Ws. Indeed, the maximum release (approximately
+80% with respect to the untreated PRP) occurs for the core—shell NWs,
while 3C-SiC N'Ws induce, as in the bulk material (3C-SiC film), a sig-
nificantly lower P-selectin level.

For implantable devices, the cytocompatibility and the limited platelet
activation demonstrated for 3—SiC N'Ws makes them a biomaterial of inter-
est for advanced application fields such as the brain—machine interface (see
chapter: In Vivo Exploration of Robust Implantable Devices Constructed
From Biocompatible 3C-SiC), in line with very recent results demon-
strated on 3C—SiC needles [81]. Core—shell NWs are instead cyto, but not
hemo, compatible. They provide a biomimetic cell growth substrate, likely
because the NW network resembles the biological extracellular matrix, and
promotes platelet activation, which makes it a suitable implantable biomate-
rial for tissue regeneration.
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Figure 10.19 Soluble P-selectin released by platelets over different nanostructured
samples (core-shell and bare NWs), compared with flat SiO, and 3C-SiC samples. Con-
centrations were related to untreated PRP (sample value/untreated PRP value) X100
(control).
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10.6 SUMMARY

This chapter presented an overview of the growth and optical properties
(Section 10.2) and some in vitro applications of core—shell 3C-SiC-SiO,
NWs and bare SiC N'Ws.

In Section 10.3 it was shown, by the analysis of cell proliferation, cell
cycle progression, and oxidative stress, that the core—shell NWs are cyto-
compatible over a time of up to 10 days. They are eftectively internalized
by cells through the macropinocytosis mechanism (phagocytosis only in the
THP-1 model) and sporadically by direct penetration. In all the cell lines,
the intracellular presence of NWs induces the same molecular events: per-
oxidation of membrane lipids and oxidation of proteins. These effects are
late and may be limited by the activation of protection systems, for instance
the effect of ROS is not acute and eftectively countered by the intracellular
scavenger. Our results highlight that the core—shell 3C-SiC-SiO, NWs do
not elicit either midterm (72 h) or long-term (10 day) cytotoxic activity
leading to irreversible cellular damages or death.

In Section 10.4 it was shown that the hybrid nanosystem formed by core—
shell NWs conjugated with an organic photosensitizer, a tetracarboxyphenyl
porphyrin derivative, is an efficient source of singlet oxygen under 6 MV
X-ray irradiation. Further, this nanosystem is eftective for SLPDT tests in vitro
on lung cancer cells cultured with the functionalized N'Ws and irradiated in a
clinical linear accelerator for radiation therapy. The experimental results vali-
date the nanosystem in view of nanomedicine applications aimed at the defini-
tion of more eftective and synergic treatments of tumors deep inside the body.

In Section 10.5 it was shown that core—shell 3C-SiC-SiO, NWs and
bare 3C-SiC N'Ws could be used as a biomimetic biomaterial for cell cul-
tures, providing a biological interface that is biocompatible according to
ISO 10993 standards. The blood compatibility of the N'Ws was also evalu-
ated analyzing the interaction of the N'W platforms with PRP, in agreement
with ISO 10993-4 guidelines. The analysis of adhesion and activation of
platelets on the N'W bundles indicates that a higher platelet activation was
induced by the core—shell structures compared to the bare ones. These data
suggest that SIC-SiO, N'Ws may be suitable for tissue regeneration, while
SiC N'Ws may be exploited for implantable prosthetic devices.
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Ceramic semiconductors, 208
iridium oxide, 208
titanium nitride, 208
titanium oxide, 208
3C—, 4H—, and 6H-SiC polytypes
physical and electronic parameters, 145
Chandler’s circuit design, 75
Chandler’s loop system, 74
peristaltic pump, 74
polymeric gasket, 74
sample holder, 74
S-50-HL PVC medical surgical tubing, 74
surfacearea-to-blood-volume ratio, 74
vacuum system, 74
Charge-modulated field-eftect transistor
(CMFET), 169
floating gate MOS transistor, 170
standard OTFT, 170
Chemical inertness, 145
Chemically exfoliated graphene,
application, 128
Chemical—physical properties, 167
Chemical vapor deposition (CVD), 53, 86,
211,264,312
advantages of, 312
core—shell 3C-SiC-SiO, NWs, 313
graphene, 86, 130
grown graphene
application, 129
growth on SiC, 90-91
Chemotaxis, 227
Chitosan, 128
CMOS technology, 169
CNS. See Central nervous system
Colorimetric assay techniques, 36
Conductivity, 158
Confidence interval equivalence tests, 53
Continuous glucose-monitoring system
(CGMS), 180, 185
photographic sequence, 181
silicon carbide (SiC), 181
Core—shell NW structures, 311
Core=shell SiC-SiO, NWs
cytocompatibility/cytotoxicity of, 316
Core-to-shell ratio, 315
Corrosion testing, in simulated solution, 213
Crystallization, 144

Index 345

3C-SiC. See Cubic-silicon carbide
(3C-SiC)
CTPC. See CT polycarbonate (CTPC);
Culture treated polycarbonate
(CTPC)
CT polycarbonate (CTPC), 47
CTPSt. See Tissue culture (TC)-treated
polystyrene plate (CTPSt)
Cubic-silicon carbide (3C-SiC), 210
accelerated aging study, 218
electrolyte-to-surface area ratio, 218
phosphate buffer saline (PBS), 218
surface roughness change of SiC,
3C-SiC, Si0,, 219
AFM data extracted from in vitro
tests, 217
AFM micrographs, samples immersed in
cell media, 213,215
analysis techniques for, 211
biocompatibility of, 80
biomedical testing, 56
for BMI applications, 235
optical micrograph of an SiC neural
implant, 236
chemical resilience of, 210
chemical treatments of, 218
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tissue evaluation, 225
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in vitro evaluation, 53
biomedical devices, advantages of, 53
materials and methods, 54
in vivo implantation protocol, 223
in vivo performance of, 220
tissue evaluation, 225
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quantitative methods for, 35
screening assay methodology, 44
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International Standards Organization
(ISO) 10993, 29
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ISO 10993-5 extract and direct
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1929 murine fibroblastoma cell
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testing materials, 66
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(100) silicon, 66

D
DARPA program, 52
Deionized water (DI), 211
DexCom STS, 181, 186
D-glucose, 193, 194
DI. See Deionized water
Diabetes mellitus, 179
Diamond-like coatings (DLC), 73
Diazotization, 115-116, 118-119
Diffusion coefficient, 280
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in dimethylformamide at room
temperature, 325
Direct-seeding method, 48
DLC. See Diamond-like coatings (DLC)
DMEM. See Dulbecco’s minimum eagle
medium (DMEM)
DNA, 261
biomarkers, 261
detection of, 261
fluorophore, 261
electrical detection of, 302
characteristic after fabrication of SiC
NWEET, 303
drain current evolution of both,
functionalized, unfunctionalized
NWEET, 304
Schottky contacts, 302
SiC NWEET devices, 302
functionalization process, 290
genetically modified organisms, to
evidence presence of, 261



hybridization of, 263
probes, 261
schematic model of double helix, 290
sequences of, 261
selective detection of, 261
DNA functionalization process, 291
characterization of on planar SiC and
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microscope, 296
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NP, 299
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of SiC surface, 300
SiC nanowire-based sensor, 300
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three-dimensional reconstructed view
of fluorescent DNA, 297
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N1s, 295
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hybridized DNA, 295
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DNA hybridization, 127, 130, 163, 289
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DNA sensors, 130
Double helical structure, 289
Drug delivery, 146, 320
biological microelectro mechanical
system for, 72
devices, 30
systems, 146
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Dynamic hemocompatibility material,
formulation of PRP for, 76
Dynamic light scattering (DLS), 316

E

E-beam evaporation, 191
EBPVD. See Electron beam physical vapor-
deposited (EBPVD) metal
EBTx/EBRx antennas, 199
EBTx signal frequency, 197
Efficient field effect transistors, 101
based on MOS capacitors, 170
Efficient field effect transistors
(FETs), 262
Einstein—Smoluchowski’s relation, 280
Electrical devices within body, 210
contamination from metallic
ions, 210
Electrical properties, 145
Electrocardiograms (ECG), 28
Electrochemical biosensors, 101, 150
SiC biosensors, 150-158
Electrochemical detection techniques, 101
Electrochemical impedence spectroscopy
(EIS), 105-106
Electrochemistry techniques, 100
amperometry, 101
conductometric, 103
potentiometry, 103
redox reactions, 102
Electrolyte—insulator—semiconductor
devices, 167
Electron beam physical vapor-deposited
(EBPVD) metal, 31
Electronic lithography, 300
Electronic parameters, 144
Electrophysiological experiments, 320
Environmental toxins, 252
screening of, 252
Enzyme-linked immunosorbant assays
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Epitaxial graphene, 86
sensor, 129
Epitaxial growth on silicon carbide, 91
related growth techniques on SiC, 94
Si- and C-face growth, 92-93
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Extracellular fluid, 210
Extraction concentration consistency, 33
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Fabricated antenna, 196

F-4040-A, lubricant tubing formulation, 31

Far infrared (FIR) spectroscopy, 182
FBS. See Fetal bovine serum (FBS)
Fenton chemistry, 209

Ferric chloride, 223

Fetal blood albumens (FBA), 199
Fetal bovine serum (FBS), 32

FETs. See Efficient field effect transistors
FIB. See Focused ion beam

Fick’s law, 280

Film stress, 67

Flexibility, 163

Fluorescent microscopy, 38, 51, 263
Fluorescent optical micrographs

surviving fraction, normalized to
control, of cells treated only with
NW-H, TPACPP, 330

for x-ray-excited photodynamic therapy
in vitro, 323-330

GaAs-based NWs, 315

Gaseous systems, 167

Gaussian deconvolution, 315

GFAP. See Glial fibrillary acidic protein
GFAP" glial cells, 226

GHz SiC REF sensor, 191

Glial fibrillary acidic protein (GFAP), 250
Glucose concentration

frequency shift dependence, 195

displaying 1929 cells stained with the
LIVE/DEAD assay, 38
negative control material display, 40

Fluorophore, 261
Focused ion beam (FIB), 278
Forward scatter (FSC)

flow cytometry analysis of, 321

Fourier transform infrared spectroscopy

(FTIR), 71,217

Free radical, 217
FTIR. See Fourier transform infrared

spectroscopy (FTIR)

Functionalization chemistries, 109—110

chemical methods, 111

acid or other wet treatments,

111-112

amination, 115

APTES, 117-118

diazotization, 115-116

plasma methods, 113114
electrochemically activated methods, 118

diazotization, 118—119

electrochemical oxidation, 119
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polymer coating of graphene, 119

larger molecules, 119-120

Functionalization, ease of, 145

Functionalized 3C-SiC-SiO, nanowires

fluorescence spectra, 327

'O, production excited by x-rays in a
radiation therapy setup, 328

SiC-SiO -H, TPACPP system, 326

Glucose, self-monitoring, 181
Glucose sensors, 185
GlucoWatch, 181
Glutaraldehyde, 291
Glutathione (GSH) contents, 318
GlySens, 184
Graphene and graphene-related materials
used to fabricate biosensors for, 128
Graphene-based biosensors, 86
application, 128
Graphene-based electronic devices, 86
Graphene-based glucose oxidase
biosensors, 128
Graphene-based immunosensors
application, 129
Graphene characterization methods, 94
CHEMEFET, 106
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contact angle, 108
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electrical characterization, 100
electrochemical characterization, 100
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Fourier transform infrared spectroscopy,
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Raman spectroscopy, 94-98
scanning probe techniques, 107
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Graphene devices, 86
Graphene-modified electrode, 163
Graphene production, 86
chemical exfoliation, 87
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CVD growth on SiC, 90-91
mechanical exfoliation of graphite, 87
metal substrates, 89
growth on copper, 89
growth on nickel, 89-90
roll-to-roll production, 89
supporting substrates, 88
Graphene sensors, 129
Graphene—substrate interface, 167
Graphene transistors
from CVD graphene on glass
substrates, 130
GSH NW exposure, effects of, 320
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Healthcare applications, 146
Hemocompatibility, 144
blood cell adhesion, 73
Hemocompatible, 73
Hemocytometer, 74
H4 human neuroglioma, 213
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substrate, 86
High-performance transistors, 86
High-temperature chemical vapor
deposition (HTCVD), 13
Hippocampal microglial cells, 213
immunofluorescence analysis of mouse
tissue, 226
nitric oxide (NO), 213
Histoacryl glue, 52
Histoacryl, surgical cyanoacrylate, 48
Homoepitaxy, 14
Hot-wall design, 14
HP 8719D, 192
HP 8719D VNA, 193
4H-SiC as sensor transducer, 1
HTCVD. See High-temperature chemical
vapor deposition (HTCVD)
HuDe models, 318
Hydrofluoric acid (HF), 211
Hydrogenated amorphous silicon carbide
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Hydrogen etching process, 14
Hydrogen peroxide (H,0,), 211
8-Hydroxydeoxyguanosine biomarker, 5
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IACUC. See Institutional Animal Care and
Use Committee (IACUC) protocol
ICP. See Inductively coupled plasma
Ideal mechanical properties, 145
Immunofluorescence analysis, of C57BL/6]
mouse hippocampal tissue, 226
Immunohistochemical analysis, 255
Immunosensors
based on CVD graphene, 130
based on exfoliated graphene, 129
IMP antenna, 199
Impedance, 105
Impedance spectroscopy/electromagnetic
coupling technique, 190
Implantable devices
functionality of, 29
historical perspective, 208
screening of, 29
biocompatibility, 29
corrosion resistance, 29
durability, 29
hemocompatibility, 29
quantifying material properties, 29
Implantable materials, potential
international standard ISO 10993 for, 252
in vitro cytotoxicity testing of, 252
Implantable microelectrode arrays (MEAs), 249
commercially available planar, 253
fabrication of, 249
paralysis, 249
restoring vision, 249
structure of, 249
treating neurological diseases, 249
Implantable neural interfaces (INI), 1, 28,
30,220
3C-SiC as possible material for, 221
materials used in construction of, 221
Implantable neurological devices, 252
use of mammalian fibroblasts, 252
Inductively coupled plasma (ICP), 263
Industrial, scientific, and medical (ISM)
band, 195
patch antenna, microstrip, 197, 198
sensor platform development, 195-200
RFID sensing platform
CGM using SiC RF antenna, 197
SiC antenna design, 196
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INI. See Implantable neural interfaces (INT)
Inorganic semiconductors, 146
Institutional Animal Care and Use
Committee (IACUC)
protocol, 74
Insulated gate bipolar transistors
(IGBTs), 165
Interstitial fluid (ISF), 181
In vitro cytocompatibility and platelet
activation, 331-337
cell viability, 332, 333
SEM images of fixed A549/ L929 cells
cultured, 335
SEM micrographs of platelets, 336
soluble P-selectin released by
platelets, 337
In vivo glucose sensor, 1
Tonic—electronic conduction, 158
Ton-sensitive field effect transistors
(ISFETs), 168
biosensor, 168
ISO standards
ISO 10933-4
hemocompatibility in accordance
with, 64
ISO 10993, 29, 208
standards, 30, 46
testing method, 48
ISO 10993-4, 212
ISO 10993-5
cytotoxicity
limit, 70
method of, 35
tests, fluorescent micrographs of, 45
direct contact
method, histogram
representation, 41
protocol, 45
methodologies of, 30
protocol, 31, 46
standard, 41
ISO 10993-12, 30
standard, 41
ISO 10993: BAMBI method, 44
cytotoxicity testing evaluation of
3C-SiC, 55
methodology, 47
results, 52

isopropanol alcohol, 212
isopropanol/formazan solution, 35

K
Kidney disease, 179

L
1929 cells, 33
Liquid phase epitaxy, 14
LIVE/DEAD assay kit, 36
LIVE/DEAD® assays, 33
LIVE/DEAD cytotoxicity assay, 49
1929 mouse fibroblast cells stained with
LIVE/DEAD solution, 56

L1929 mouse fibroblastoma, 71

cell culture protocol, 32

M
Magnetic resonance imaging (MRI), 27
MAP2" cells, 227
Mass spectrometry, 127
MEA devices, 249
abiotic mechanisms of failure, 250
biotic mechanisms of failure, 250
astrocytes, 250
blood—brain barrier, 250
brain’s immune response, 250
CD68, 250
disturbances to extracellular matrix,
glia, 250
electrical impedance, 250
glial fibrillary acidic protein
(GFAP), 250
glial scar, 250
hypertrophy, 250
leukocyte-associated molecules, 250
macrophages, 250
microglia, activation of, 250
nonfunctional NeuroNexus probes from
rat motor cortex, 255
role of material choice in tissue
response, 251
fabrication techniques, well-developed,
251
oxidative stress, excessive, 251
parylene C, 251
plasma-enhanced chemical vapor
deposition (PECVD), 251



polyimide-insulated tungsten
microwire arrays, 251
SiC, 251
a-SiC-coated probes, 254

in vivo tissue response to, 254

MEAEs. See Implantable microelectrode arrays

Mechanical exfoliation of graphite, 87
Medtronic, 181, 185
MEMS. See Microelectromechanical
systems (MEMS)
Metallic ions, 210
Metal-oxide semiconductor field effect
transistors (MOSFETSs), 165
Methane, 277
Microdialysis systems, 186
Microelectrode arrays, 30
Microelectromechanical systems (MEMS),
3,17
Micromechanical tool, 146
Microorganisms, 143
Micropinocytosis, 323
Microstrip patch antenna, 191
Molecular beam epitaxy, 14
MTT assay
analysis, 40
colorimetric, 41
cytotoxicity protocol, 35
protocol, 42, 43
Multilayered epitaxial graphene
(MEG), 166
SiC interface, 171

N

Nano/biomedical applications, 316
Nanobiosensors, 280
Nanoelectronics, 262
NanoFETs, technological process of, 281
advanced e-beam lithography, 282
advanced technology platform
(PTA), 282
backgated nanodevices, 282
experiment, 282-283
I, =V, characteristics, 289
I, =V, curves, forV_ values, 287
infinite metal plate model, 285
litt-off techniques, 282
process for integration of nanostructures
into back-gate FETs, 283
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fabrication steps for microcontacts
in sequential process, 285
in simultaneous process, 284
gate oxide, 283
optical lithography, 283
SEM images of Si NWFET a Si-SiC
core—shell NWFET, 286
sequential process, 284
simultaneous process, 283
steps for microfabrication,
macrocontacts in sequential
process, 284
results/discussion, 285
Nanoparticles (NPs)
functionalization and decoration, 311
Nanoribbon structure, 130
Nanosystem, luminescence of, 315
Nanowire-based field effect transistors
(NWFETs), 262
carbon nanotubes (NTs), 262
DNA, detection of, 262
doped graphene, 262
electrical label-free biosensing, 262
ions, detection of, 262
proteins, detection of, 262
silicon based, 262
Nanowires (NWs), 262
A549 cells, internalization analyzed, 322
as-grown core—shell, SEM image of, 314
cell cycle progression
analysis of, 318
cell viability assays, 318
characterization of, 311
clonogenic assay, 321
core-shell SiC-SiO,, 323
cubic silicon carbide (3C-SiC), 311
incorporations, 1
optical emission spectrum, 325
physical parameters, 320
platforms, 331
scanning electron microscope (SEM)
imaging, 313
SiC/SiO,, chemical etching of, 313
substrate preparation, 313
TEM, internalization analyzed, 322
TEM micrographs, 324
TEM studies, 322
NCTC clone 929, 48
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Near-band edge (NBE) emission, 315
Near infrared (NIR) spectroscopy, 182
Nervous system, 179, 208
action potential, 208
electrical activity of, 208
Neural implants, 221
Neural inflammatory response, 228
Neural interfaces, 252
NeuroGrid, 161
Neuromuscular activity
alternating current (AC), 208
direct current (DC), 208
electrical stimulation of, 208
Neuronal networks, 254
effects on activity, 254
Raster plots activity, exposed to
negative/positive control
materials, 254
Neuropharmacology, 252
Nickel-based compounds, 313
NiO/SiC nanosystems, 161
Nitric oxide (NO), 213
role in biochemistry of neurological
systems, 213
Nitrogen-doped graphene, 128
application, 128
Nitrogen gas drying, 211
NO. See Nitric oxide
Noble metals, 208, 249
platinum, 208
Noncancer control cells, 317
Noninvasive devices/companies status, 183
NPs. See Silicon carbide (SiC), nanopillars
NTs. See Carbon nanotubes
Nucleic acid
labeling fluorescent detection technology,
261
sequences of, 261
Nucleobase, 289
adenine, 289
cytosine, 289
guanine, 289
thymine, 289
Noucleotides, 289
NWEETs. See Nanowire-based field effect
transistors
NWs. See Nanowires

(0

Optical properties, 145

OptiClear coverslip, 49

OptiClear® polycarbonate cover slides, 47
Organic semiconductors (OS), 146
Organosilanes, 145

Organotin, 252

O-Si—O bonds, 71

Oxidative stress, 129, 209, 318

P
Parkinson’s disease, 28
Parylene-C, 209, 249
scanning electron microscope
micrographs of coated tungsten
wires, 209
PBS. See Phosphate buffer saline
PE. See Polyethylene Transpore ™ (PE)
PECVD. See Plasma-enhanced chemical
vapor deposition (PECVD)
PEDOT:PSS-based OECT sensor, 163
PEDOT:PSS biosensors, 148, 164
PEDOT:PSS device, 158
configuration, 159
PEDOT:PSS electrodes, 161
PEDOT:PSS, ionic liquids, 159
PEDOT:PSS OECT sensors, 159
PEDOT:PSS probes, 161
PEG. See Polyethylene glycol (PEG)
Phagocyte cells, 235
mononucleated, 235
multinucleated, 235
Phagocytosis, 217
Phosphate bufter, 291
Phosphate bufter saline (PBS), 218
Photodynamic therapy (PDT), 323
Photosensitizer, 323
Physicochemical transducer, 146
Pig blood, 194
Piranha solution, 212
Plasma density, 264
Plasma-enhanced chemical vapor
deposition (PECVD), 31, 65, 211,
251
Plasma methods, 113
plasma amination, 114
plasma chlorination and fluorination, 113



Platelet activation, dynamic
hemocompatibility, 80
Platelet-rich plasma (PRP), 73,312
preparation, 74
PMMA. See Polymethylmethacrylate
Point-of-care service, 188
Polyaniline (PAni), 146
Polycarbonate, 47
Polycarbonate coverslip surface, culture
treatment of, 47
Polycrystalline silicon film, 15
Polyethylene (PE), 47,252
Polyethylene glycol (PEG), 190, 229
Polyethylene terephthalate, 163
Polyethylene Transpore ™ (PE), 30
Poly(3-hexylthiophene) (P3HT), 146
Polyimide, 208, 249
formulations of, 209
Polymerization, 163
Polymers, 208
parylene, 208
polyimide, 208
Polymethylmethacrylate (PMMA) resin, 278
Polymorphism, 130, 144
Polypyrrole, 146
Poly-SiC oxide technology, 18
Polytypes, 53
Polytypic compounds, 144
Polytypism, 144
Polyvinyl chloride (PVC), 30, 252
Porphyrin, 325
Potassium hydroxide (KOH), 280
Potential implantable materials, 252
2-Propynylamine, 325
Prosthetic devices, use of, 71
Proteins attached to surface, study of, 79
ATR-FTIR, 79
Fourier transform infrared
spectroscopy, 79
liquid chromatography, 79
mass spectrometry, 79
PRP. See Platelet-rich plasma (PRP)
PTA. See Advanced technology platform
Pt electrode, 164
Pt nanoparticles, 159
PVC. See Polyvinyl chloride; Polyvinyl
chloride (PVC)
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R

Radio frequency (RF) antenna

transducer, 1
Radio frequency (RF) antenna, 179
Radio frequency identification

(RFIDs), 190

based CGM concept, 198

detection RF front, 199

sensor antennas, 201

sensor, second phase of, 200
Radio frequency (RF) systems, 187
Reactive ion etching (RIE), 264
Reactive oxygen species (ROS), 318
Ribose, 289
RIE. See Reactive ion etching
Rithron-XR™ cardiac stents, 65
ROS NW exposure, effects of, 320
15R-SiC Lely platelet, 16

S

Sample preparation, 211
SAM:s. See Self-assembled monolayers
(SAMs)
Scanning electron microscope (SEM), 76,
209, 264
imaging, 313
Scanning tunneling microscopy (STM), 143
Self-assembled monolayers (SAMs), 3
Self-lighted photodynamic therapy
(SLPDT), 323
Self~-monitoring glucose (SMG)
method, 180
blood-glucose levels, 180
clinical studies, 180
SEM. See Scanning electron microscope
(SEM)
Semiconductor, 262
electronics, 208
material, 86
n-type, 290
NWs, 316
p-type, 290
silicon carbide (SiC), 262
Semiconfluent cell growth, 47
Sensor encapsulation, 184
Sensor performance, 189, 194
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SiC. See a-Silicon carbide (SiC); Silicon Ni mask, 274
carbide (SiC) nonvolatile carbon-related
Si—C bonds, 264 products, 269
SiC nanostructures, 264 nonvolatile reaction products, 266
core—shell nanowires by patterning of microelectromechanical

carburization, 276
bright-field TEM image in zone axis
of a carburized Si NW, 279
carbon deposit, 277
carburization time, 277
carrier gases, 277
experiment, 277
focused ion beam (FIB), 278
growth of shell by carburization under
CH4 or C3H8, 276
ion beam-induced platinum
deposit, 278
polymethylmethacrylate (PMMA)
resin, 278
results/discussion, 278
SEM images
of carburized Si NWs before KOH
etching, 281, 282
of etched Si NWs, 277
in situ deoxidation of Si N'Ws under
H, flux, 276
nanopillars (NPs), by inductively coupled
SE /O, plasma etching, 264
AFM profile after lift-off, 275
aspect ratio, 268
effects of
bias Voltage/Chamber pressure, 270
flow rate ratio, 267
metal mask species, 266
electron beam lithography (JEOL
JSM-7401F), 266
energetic ion bombardment, 266
etching process, 269
etching profile evolution over-etching
time, 272
experiments, 265
Gauss angle dispersion, 269
height/aspect ratio of pillars, 271
height, base width of pillars, 268
ion bombardment effect, 274
mask erosion, 274
mask size, thickness, and pillar height
as a function of etching time, 273

systems (MEMS), 265
physical vapor transport (PVT), 265
reactive ion etching (RIE) systems,
264
results/discussion, 266
SEM images of
for different etching times, 273
ICP-etched SiC NPs, 268
NPs at different chamber pressures,
271
SiC NPs at difterent bias voltages,
267,270
Si—C bonds, 264
sulfur hexafluoride (SF,), 265
Side scatter (SSC)
flow cytometry analysis of, 321
Silica-glass fiber composites, 30
Silicic acid, 214
Silicon, 212, 249, 251, 277
anisotropic etching of, 212
carburization of, 277
corrosion testing in simulated
solution, 213
artificial cerebrospinal fluid
(ACSF), 214
C12 rat pheochromocytoma
immortalized cell culture, 213
H4 human neuroglioma, 213
hippocampal microglial cells, culture
of, 213
manufacturing of probes, 222
Silicon carbide (SiC), 9, 86, 143, 188, 210,
253,262
bandgap of, 262
based nanowires
nanotechnology, 311
biocompatibility of, 210
biomedical applications, use in, 262
as biomedical material, 19
B-SiC, 10
chemical resilience of, 210
coatings, bio- and hemocompatibility
of, 69



commercially available wafers, 13
crystal surface, 14
efficient field effect transistors
(FETs), 262
electrodes, 263
for brain—machine interfaces, 262
electrochemical biosensing
applications, 263
film, AFM image of, 69
growth and processing, 11
amorphous silicon carbide
coatings, 17
bulk growth, 13
micromachining, 17, 18
thin-film growth, 14
hemocompatibility of, 54, 210
hexagonal forms, 10
4H-SiC, 10
6H-SiC, 10
high electron mobility of, 262
implantable sensor, 229
4H-SiC-based Ti/Au antenna, 229
SiO,-coated Ti/Au antenna, 229
materials for biomedical applications, 188
mechanical stability of, 9
nanoparticles, 1, 263
nanopillars (NPs), 264
nanostructures of, 264
packaging variations of, difterent, 253
physical properties of, 53
relative to culture treated polycarbonate
(CTPC), 70
for RF biotechnology, 187-188
a-SiC, 10
SiC NWEETs
fabrication of, 263
SEM images of sensor and reference, 303
SiC N'Ws, 263
room temperature CL spectra, 315
vapor-liquid-solid (VLS), 263
vapor—solid (VS), 263
SiC optrodes, 4
SiC polytypes, 64
atomic stacking sequence of, 11
4H-SiC, 65
6H-SiC, 65
SiC RF antenna development, for CGM,
189-190
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implantable SiC RF antenna glucose
sensor, 190-193
sensor characterization, 193—-195
SiC=Si0O_ —H, TPACPP system, 326
SiC/ZnO bilayer, 168
single-crystal substrates of, 13
technology, 146
variants of, 211,253
in vitro cytotoxicity assessments, 253
in vitro assay for hemocompatibility of, 71
dynamic, 78
hemocompatibility, 73
ISO 10993-4, 74
Chandler’s loop, 74
platelet-rich plasma preparation, 74
static, 77
in vitro biocompatibility
with broblasts, 54
with neural cell lines, 54
with skin cells, 54
Silicon dioxide (Si0,), 31, 210, 265
chemical treatments of, 218
genotoxic effects within cells, 210
substrates, 70
surface roughness change of, 219
Silicon nitride, 249
Silicon oxide, 249
Silicon wafers, 66,211
cleaning procedures, 211
sample preparation, 211
as test materials, 211
SiO,. See Silicon dioxide
S/N ratio, 161
Solid-state lighting revolution, 10
Spectroscopy/electromagnetic coupling
technique, 185
Static hemocompatibility fluorescence
micrographs, 77
Stoney’s equation, 67

T
TBARS NW exposure, eftects of, 320
TEM. See Transmission electron
microscopy

Therapeutics, 252

preclinical testing of, 252
Thermal conductivity, 146
Thin film transistors (TFTs), 165
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Thiobarbituric acid reactive substances
(TBARS), 318
THP-1 cells, 323
Tissue culture (TC)-treated polystyrene
plate (CTPSt), 32
Tissue evaluation, 225
Tissue fixation, 225
fluorescent digital microscopy, 225
paraformaldehyde, 225
protein marker, 225
sodium azide, 225
Titanium dioxide (TiO,), 187
Transdermal technologies, 185
Transmission electron microscopy (TEM),
264,313
Transport properties, eftect on, 125-127
TRUEtrack™ blood-glucose monitoring
system, 193
Tygon PVC fuel, 31

U

University of South Florida’s Center for
Advanced Medical Learning and
Simulation (USE-CAMLS), 74

\"

Vector fluxgate magnetometer
(VMAG), 200

Vector network analyzer (VNA), 192

w
Wide bandgap (WBG) semiconductors, 144
WiFi, 187
applications, 1
Wireless communication, 187

X
XPS. See X-ray photoelectron spectroscopy
X-ray excited photodynamic therapy, 5, 311
X-ray photoelectron spectroscopy

(XPS), 263
X-ray photons, 315

Y

Young’s modulus, 15

Y4
Zen software’s image analysis module, 50, 51
Zinc oxide (ZnO), 187



