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advantages of magnetic
purification/preconcentration and the use of
gold nanoparticle (AuNPs) tags for the sensitive electrochemical detection of
such amplified DNA is developed.
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electrostatic or hydrophobic enzyme-graphene oxide interactions.
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The influence of graphene oxidative
grades, concerning their clear influence on
conductivity and hydrophobicity upon

biosensing response is studied. Different

levels of graphene oxide results on
changes of (bio)conjugation properties

occurring at enzyme/graphene oxide interface mainly due to the electrostatic or



hydrophobic interactions with biomolecules in comparison with bare screen
printing electrodes. Tyrosinase enzyme as a proof of concept receptor with
interest for phenolic compounds detection is tested through its direct adsorption
onto SPE previously modified with highly oxidized graphene oxide reduced
graphene oxide. The electrochemical responses of this reduced graphene oxide
have been compared with the responses obtained for graphene oxide and their
electrochemical performance has been accordingly discussed with various

evidences obtained by optical techniques.

3) Luis Baptista-Pires, Carmen C. Mayorga-Martinez, Mariana Medina-
Sanchez, Helena Monton and Arben Merkoci, Water Activated
Graphene Oxide Transfer Using Wax Printed Membranes for Fast
Patterning of a Touch Sensitive Device. ACS Nano, 2016. 10(1): p.
853-860.

A methodology for fast patterning and
transfer graphene oxide wusing water

|\«( ' % activated wax printed membranes with

infinite shaping capability is presented.

':

Water activation transfer of patterned GO over flexible substrates using the roll-
to-roll mechanism for rapid building of plastic, paper or textile electronic
platforms is demonstrated. A touch sensitive device over PET for switching on
and off a LED is produced.



Thesisoverview

This PhD thesis is divided in 6 chapters where we discuss the importance of
nanomaterials for designing novel biosensors and devices. Chapter 1 is a
review about the nanomaterials history, their importance in (bio)sensing
strategies and how we applied them in the projects presented in further
chapters. A deep study over graphene materials and architectures is presented
and their applications are described. In this chapter, we want the reader to be
clarified about the importance of nanomaterials such as gold nanoparticles
(AuNPs), magnetic beads (MB) and graphene-based materials for the
development of portable and wearable devices that might come into day-life in

the near future.
In Chapter 2 the objective of the thesis are explained.

In Chapter 3 a biosensor using screen printing carbon electrodes (SPCE) as
electrical transducer for the detection of leishmania is presented. The
manuscript entitled “Magnetic bead/gold nanoparticle double-labeled primers for
electrochemical detection of isothermal amplified Leishmania“ (Small, 2015.
12(2):p.205-2013) introduces the possibility for low temperature DNA
amplification in the presence of labeled AuNPs and MB with primers using
isothermal amplification. The AuNPs enable electrochemical detection and the
MB for cleaning the excess of unbounded primers opening the opportunity for

fast electrochemical detection on the surface of the SPCE.

In Chapter 4, the tuning of a SPCE with graphene oxide (GO) and reduced GO
(RGO) was performed for the detection of catechol using enzyme immobilized
onto the surface of the SPCE. The publication is entitled “Electrocatalytic tuning
of biosensing response through electrostatic or hydrophobic enzyme-graphene
oxide interactions” (Biosensors & Bioelectronics, 2014. 61: p. 655-662). GO and
RGO were characterized either optically and electrochemically to understand
the influence of the materials properties to the electrochemical performance.

Enzyme was immobilized by simple drop casting and adsorbed over the



modified SPCE working electrode with GO and RGO and the electrocatalytic

tune was obvious in the presence of graphene based materials.

In the Chapter 5, a novel GO printing technology is presented using wax
printed membranes and the published article entitled: “Water Activated
Graphene Oxide Transfer Using Wax Printed Membranes for Fast Patterning of
a Touch Sensitive Device, Acs Nano, 2016. 10(1): p. 853-860). This technology
have enabled to print GO over a wide variety of substrates such as plastic,
paper or textile. The technique is simple, low cost and doesnt need for
personnel with expertise, enabling for rapid prototyping with unlimited shaping

capabilities. A touch sensitive device is described for turning on/off a LED.

Finally, in Chapter 6 the general conclusions and the future perspectives are

discussed.

The Annex A lists all the publications accepted by the commission (including

their supporting informations) for this thesis.
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Chapter 1 Introduction

Chapter 1

Introduction

This introductory chapter aims to give the reader the basis to understand the
importance of biosensors and nanomaterials. Particular focus will be done in the
evolution of (bio)sensors, the nanomaterials applications in immunosensors that
involve gold nanoparticles or magnetic beads and the interest and role of

graphene materials in developing novel (bio)sensing applications.
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1. Nanotechnology
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Figure 1. Chronography of the history of nanotechnology.

Feynman in 1959 in a simple after dinner talking has determined the start of a
new way of looking at science and gave rise to a new field of research called
nowadays nanotechnology. At that time Feynman, simply introduced the
concept of “molecular manufacturing” - “I am not afraid to consider the final
question as to whether, ultimately — in the great future — we can arrange the
way we want , the very atom all the way down!” (there is a plenty of room at the
bottom). Erix Drexler for instance in 1986 wrote a book (Engines of Creation:
The Coming Era of Nanotechnology) envisioning that nanoscale managing
would change industry and technology as the way we were seeing it before and
introduce nanomachines with a billion of nanomachines inside from medicinal
robots that help clear capillaries to environmental scrubbers that clear pollutants
from the air. We have already got into it in our last living live decade, using

transistor and chips in everyday life electronic technology.

Although, nanotechnology is widely present in nature, where the downscale
reveals impressive characteristics such as hydrophobic effect of a Lotus which
able this plant for self-cleaning; the gecko ability to walk over the walls; the
peacock wing or the butterfly wings with their amazing optical patterns. All these
are biological features from nature that were reproduced recently in laboratories

using nanomaterials or nanopatterns. In ancient times, the nanotechnology
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Chapter 1 Introduction

have already been developed by man (possibly without knowing) and were
present in glasses of churches which change colors upon the sunrise, or in a
cup. This cup, the Lycurgus Cup is a glass from the 4th century which was done
using a colloidal nanoparticles (70 nm) suspension of gold and silver which is

responsible for the dichroic effect (red/green).

Nowadays, we are able to manipulate single atoms using a technique as simple
as Scanning Tunneling Microscopy (STM). The question is how to establish an
end to our nanoscale managing and which direct research fields should focus.
From nanotechnology advances we got nanomedicine, nanoelectronics,
nanobiosensing, nanomechanics, nanophotonics, nanoionics and recently
quantum nanoeletrconics giving rise to quantum computers and the
management of quarks. All this research areas are of most importance and the
creation of nanomaterials have created tools to re-arrange old techniques
where the use of carbon based nanomaterials, gold nanoparticles, nanocore-
shell particles and quantum dots for example have been identified to have
manufacturers . Forward in this work, we will discuss how the nanomaterials like
gold nanoparticles (AuNPs), magnetic beads (MBs) or graphene can produce
novel sensing and biosensing systems and discuss material architecture

specially in graphene materials for the development of (bio)sensing systems.
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2. (Bio)sensing systems
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Figure 2. Scheme of the principal components of a biosensor and their
functions. The case of an electrochemical biosensor is shown. Optical or mass
changes can also be produced leading to other kinds of transducers (i.e. optical,

piezoelectric etc.).

Sensors and biosensors are devices formed by a transducer and a receptor.
The receptor in the case of biosensors recognizes an analyte, enabling to sense
biochemical or chemical compounds through very highly specific (bio)chemical
reactions and can be constituted by enzymes, proteins or DNA in between
others (figure 2). The transducer transmits the signal produced upon the
(bio)chemical recognition event as an electrical, optical or other output. The
absence of receptors has also been used for the development of the so-called
label free biosensors that take advantage of the transducer affinity to specific

molecules.
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Figure 3. Sensors overview: A) GC electrodes (reprinted with permission from
reference [1]) ; B) SPCE; C) inkjet printed transistor (reprinted with permission
from reference [2]) ; D) silver pen printed electrodes (reprinted with permission
from reference [3]); E) tattoo like sensors (reprinted with permission from
reference [4]); F) wearable graphene based electrochemical sensors enabling
theranostic (reprinted with permission from reference [5]); G) jewel like sensors
(reprinted with permission from reference [6]); H) tattoo like sensor with
incorporated traditional electronics (reprinted with permission from reference
[7]); 1) home touch sensors using carbon paint (reprinted with permission from

reference [8].

Electrochemical biosensors have been widely used in recent years and have
undergo through an immense evolution in terms of portability, flexibility,
wearability and human-machine interaction. For instance, the glassy carbon
electrodes (GCE) represented in figure 3A, one of the most used electrodes for
biosensing applications is a rigid electrode composed of a carbon paste
normally used in a three electrode system composed of a GCE as working

electrode, platinum (Pt) as a counter electrode and a silver(ag)/silver
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chloride(AgCl) reference electrode. These electrodes are highly feasible and
can be reused by simply polishing the surface[9]. Nevertheless they lack
portability and for personal use are quite problematic. In this way screen printing
electrodes (SPE) produced using a screen printing technology which is common
for printing t-shirts came to innovate in a sense of miniaturization and portability
(figure 3B) [10]. These can be printed over a wide variety of substrates: flexible
as plastics and non-flexible as ceramics. They are disposable, for example
glucose biosensor, one of the most worldwide used biosensor for diabetes
control. SPEs are fabricated through a sequential deposition of layers of
different conductive or non-conductive inks on a variety of inert substrates.
Nowadays, screen-printing microfabrication technology is well-established for
the mass production of thick film electrodes and it is widely applied to build
biological or chemical sensors. The need for smaller and more tiny electrodes
have attracted much attention in the electrode field for biosensing in which
photolithography or inkjet printing have played an important role[2]. Field effect
transistors have been developed for biosensing proposes also over flexible or
rigid substrates reducing even more the volume of analyte or the receptor
concentration which have important advantages in the price or the sample
volume (ex. blood) extracted from a patient for instance (figure 3C). These
techniques in between others somehow have made biosensors and sensors to
perform better, use less sample volumes, to be flexible and disposable. Some
other techniques have been used such as simply drawing with a pen a carbon
or a silver paste as represented in figure 3D [3]. This has introduced the ability
for the absence of laboratory facilities or specialized people with specific
printing know how. Another important advance was the development of novel
substrates that can be stretched and are transparent that were able to have
skin like appearance [4, 11, 12]. The formation of electronic devices over these
substrates has permitted to develop tattoo like sensors (figure 3E) [4]. This is a
quite big change in how we see biosensors and a direction that envisions the
wearability of these devices performing in day-life. The addition of extra
electronic capabilities in these sensors such as wireless communication or near
field communication (NFC) makes a step forward in human-machine interface
with automatic responses such as the in-situ therapy enabling theranostic

(figure 3F) [4, 5]. Reorganizing components of biosensing platform is still a
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challenge, ethical aspects also are and how to prove the need of real time
sensors or biosensors without medical observation is still a challenge. Despite
this, sensing technologies are getting in fields like design or architecture;
communities such as do-it-yourself (DiY) or internet-of-things (IOT) are coming
into play for sensors and biosensors making these more connected. The beauty
of the devices are upcoming with jewel like tattoos (figure 3G), the coolness in
wearing an electronic tattoo with LED incorporated being there (figure 3H) and
the human-machine interface at home is no more a promise (figure 3l) [6-8].
Biosensors are changing, are more attractive and effective, communicative, and
can already take automatic decisions leading to a society that can be more
responsible for their medical problems encouraging for a better life quality and

personal knowledge of their body.
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3. Nanomaterials

3.1 Gold nanoparticles and magnetic beads

A C

n M,,gw I

AuNPs/antibody \

e |

Figure 4. Biosensing using AuNP and MB. A) AuNP influence of size in colour
absorbed (reprinted with permission from reference [13] ); B) MB under applied
magnetic field (reprinted with permission from reference [14]) ; C) schematics of
magnetosandwich incubation and separation for the capture of Caco2 cells
(reprinted with permission from reference [15]) ; D) electrochemical detection of
magnetosandwich using SPCE and chronoamperometry ; E) Scanning electron
microscopy. (a—d) Caco2 cells captured with MB/anti-EpCAM and
simultaneously labeled with AuNPs/anti-EpCAM, in the presence of THP-1
cells. (a, b) SEM images of a Caco2 cell captured by MBs/anti-EpCAM. (c, d)
Higher magnification backscattered images of the Caco2 cell surface showing
AuNPs distributed along the cell plasma membrane. Scale bars, 3 um (a), 400

nm (b), and 200 nm (c, d) (reprinted with permission from reference [15]) .
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AuNPs are nanoparticles that are of easy preparation in comparison with other
nanoparticles such as CdSe quantum dots mainly due to the Turquevich
method which introduced single phase water based reduction of gold by citrate
[16]. This enabled to have a suspension of AuNPs with tunable sizes with
unique electronic, optical, and catalytic properties (figure 4A). These are easily
modified (with biological compounds for instance) and highly biocompatible
which have raise research in fields such as immunocytochemistry and cell
biology. According to this, their properties and biocompatibility have raised a
variety of analytical and sensing applications, including DNA and immuno-
sensing. Electrochemical sensing using DNA assays were explored by our and
other groups and can be detected using two different strategies: one direct and
one indirect. The direct approach consists of three steps: first the adsorption of
the AuNPs on the surface of the electrotransducer, then the electro-oxidation of
the AuNPs to Au(lll), and finally the reverse electroreduction to Au(0) this last
step generates a well-defined cathodic peak , which constitutes the analytical
signal [17]. In the indirect step, the AuNPs catalysis the hydrogen formation in
acidic solution (1M HCI) producing a current that can be measured by
chronoamperometry holding the working electrode at a potential of +1.35V for
1min followed by a negative potential of —1V for 100s or the time it needs to be
constant [18]. The current intensity is directly proportional to the amount of
AuNPs. The last methodology was the one applied in the following chapter of
this PhD thesis. In our proposed biosensing system, we bring also into play
MBs represented in figure 4B). This magnetosandwich immunoassay is a
system where the AuNPs are used as labels and the MBs as immobilizations
platforms. This enables attraction using a magnetic field (a permanent magnet
for instance), of all the AuNPs that are labeled to the surface of the electrode
enhancing the signal and cleaning the unbonded AuNPs that could give a false
positive (figure 4C and D). This strategy have been widely used by our group for
biosensing systems where efforts were made to optimize and characterize the

AuNP and MBs size studying their importance in practical biosensors.
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3.2 Carbon nanomaterials: the graphene rise

Fullerenes Carbon
(c60) Nanotubes

| | |
1985 1993

Science 306, 666-669 (2004). Geim and Nosolev (2007)

Figure 5. Chronology of carbon materials history.

Carbon nanomaterials are a wide range of materials that due to the nanometric
size give rise to electric and optical properties that are not present on the initial
graphite. Fullerenes (C60H60) “buckyballs” which have a spherical (0D)
structure composed only by carbon atoms are of most importance, highly
present in nature and can be present as a cylindrical nanometric structure
denominated as Carbon Nanotubes (CNT). CNT (1D) have generated great
interest due to their field emission and electronic transport properties, their
chemical properties and their high mechanical strength. This material is also a
semiconductor and can be an insulator or conductor at the same time applying
nanoelectronics to reduce size mostly on transistors fabrication. When wrapping
CNT sp? bonds cylindrical structure a completely new structure called graphene
apears. This 2D single sheet was first found in 2004, using a simple scotch tape
method to exfoliate bulk graphite [19]. This hexagonal packed carbon atoms
structure have even stronger properties in comparison to CNT, is highly
transparent and has charge carriers behave as massless relativistic particles or
Dirac Fermions and under ambient conditions they can move with little
scattering. “Golden rush” or “the rise of graphene” were the words described by
Geim and Nosolev in 2007 that couldn’t fit better with what was coming on. This
way, graphene was called as the “wonder material” of our generation and many

graphene materials have raised. Graphene oxide (GO), graphene

10
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polycrystalline, graphene quantum dots, graphene fibers, graphene foams,
graphene ribbons or graphene scrolls are some of the type of family materials
we have seen during last years and have invaded all fields of technology, from

energy, sensing or medicine in between others.

11
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3.2.1 Graphene materials production

Pristine graphene Mechanical exfoliation

Reduction of Y
graphene oxide

Liquid-phase Bottom-up
exfoliation synthesis
0 = None or N/A
1= Low
Chemical vapour 2 = Average
deposition 3 = High

Figure 6. Graphene production properties. A) graphene materials structure
(reprinted with permission from reference [20-22] ). B) Each method has been
evaluated in terms of graphene quality (G), cost aspect (C); a low value
corresponds to high cost of production), scalability (S), purity (P) and yield (Y) of
the overall production process structure (reprinted with permission from
reference [23]).

Graphene materials are different from each other depending on their production
methodology (figure 6). Each material has inherent characteristics such as
defects, functional groups and impurities. These characteristics can change
from material to material, but a balance between cost of production and
performance is of major importance for industrial applications and to implement

graphene based devices in day-life technologies. For instance, pristine

12
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graphene found in 2004 has remarkable properties based on their perfect
crystalline structure [19]. Although it's production is tedious, with limited
scalability and with high production cost. In this way, mechanical exfoliation is
similar with growing techniques with this characteristic such as epitaxial grouth
on SiC and bottom up synthesis from structurally defined organic percursors[24,
25]. Chemical vapour deposition (CVD) for instance seem rather unsuitable for
mass production due to their high cost, low yield and moderate purity. On the
other hand, liquid phase exfoliation of graphite seems promising due to its low
cost and high scalability making it promising for the production of high quality
graphene in bulk quantities [26]. Nevertheless this technique lacks form high
yield due to the presence of unexfoliated graphite particles that need to be
removed. Chemical exfoliation of graphite and posterior reduction of the
obtained GO seems to be cost effective for mass production with high yield but
has demonstrated production of structures with plenty of defects and with the
presence of impurities [23]. Although it has demonstrated to be effective in a
wide range of applications performing similarly or even better than pristine or
CVD graphene. In the following, we will describe technologies from production
to printing and a study in the electrochemical behavior of these materials that

have been one of the main focuses of this PhD thesis.

13
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3.2.1.1 Pristine graphene

Figure 7: Pristine graphene. A) Graphene Vvisualized by atomic force
microscopy; B) TEM image of graphene sheet freely suspended on a
micrometre-size metallic scaffold; C) SEM of a relatively large graphene

crystal. (reprinted with permission from reference [19]

Pristine graphene can be produced using top down methodologies such as
mechanical exfoliation of graphite or solution based exfoliation of graphite.
Mechanical exfoliation, also known as the “scotch tape method”, was the first
proposed methodology known to isolate graphene as a single layer form[27].
Successive “peeling off’ of graphene layers from highly oriented pyrolytic
graphite (HOPG) using adhesive tape enabled to isolate and deposit over a
SiO2 substrate a single graphene layer. This mechanical methodology enabled
to experimentally measure the extraordinary electronic, mechanical and thermal
conductivity properties of graphene [27-32]. This is the method for achieving the
highest graphene quality so far in terms of impurities and defects. Solution-
based exfoliation of graphite consists in trying to achieve a comparable material
to pristine graphene by the chemical route. In this way, HOPG is submersed in
organic solvents and subjected to ultrasonication in order to facilitate the

separation between sheets although breaking them into very small flakes [33-

14
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38]. Despite high quality graphene flakes are achieved, the high quantity of
multilayer and unbreaked graphite is huge, in addition to the defect containing in
the edges by the ultrasonication. Impurities have also been addressed

especially when added surfactants[39].

3.2.1.2 Polycrystalline graphene

A 0
[ glass
11Cm

MM
1cm

—

graphene

Figure 8. Polycrystalline graphene. A) SEM image of graphene on a copper foil;
B) High-resolution SEM image showing a Cu grain boundary and steps, two-
and three-layer graphene flakes, and graphene wrinkles. Inset in (B) shows
TEM images of folded graphene edges; C) and D) Graphene films transferred
onto a SiO2/Si substrate and a glass plate, respectively. Reprinted with

permission from reference [40].

Bottom up approaches to produce polycrystalline graphene are based on
chemical synthesis, epitaxial growth on SiC, chemical vapor deposition, arc
discharge and open/unzipping of carbon nanotubes. Chemical synthesis
consists on the synthesis of small polycyclic aromatic molecules that combine
into larger structures to form graphene. They have very well defined structure
and edge shape (it have been demonstrated in performing a 30nm length
nanoribbon) [41-43]. In epitaxial growth on SiC, graphene is grown over SiC

substrate by heat treatment at very high temperatures under ultra-high vacuum
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(UHV) conditions where the Si atoms sublimate to leave an exposed layer of
carbon atoms that will rearrange to form graphitic layers (epitaxial graphene)
[44-46]. CVD is one of the most promising techniques for the production of large
area graphene films with high quality structure (figure 8) [25]. Single, double
and multilayer graphene have already been produced using this technique. The
methodology consists in the high temperature decomposition of a carbon
source in the presence of transition metal catalyst on which carbon atoms will
deposit and rearrange into sp? like structures. It has been grown in metals such
as ruthenium, platinum, iridium, nickel or copper [40, 47-50]. Nickel and copper
in the last years have been the mostly used due to their high availability and low
cost in comparison with the others mentioned above. Despite the great success
in recent developments, the production of a total monocrystalline film is still a
gap, whereas the presence of polycrystalline sites is common in few areas of
the film. This comes across due to the fact that carbon atoms starts from
different nucleation sites during the cooling process and then crystal growth
laterally with specific lattice orientations until the entire metal substrate surface
is covered. This results in the appearances of grain boundaries - intrinsic
defects in the carbon structure. These boundaries have been widely studied
due to their reactivity to molecules and to the possibility of performing spin
theoretical physics opening fields in graphene sensing research. The possibility
to have large films with boundary defect control could be a major advantage in
graphene applications. The appearance of graphitic regions or islands has also
been reported, and can have great implications in sensing or biosensing
technologies. Apart from the growth of graphene which represent an issue in
order to achieve a perfect atomic ordered structure, CVD also faces the
problem of transferring the graphene film without contamination once the
methodologies involve chemical etching of the copper or nickel over polymer
support such as PMMA or PDMS, resulting in wrinkled graphene films or
structural damage from tearing and ripping [47, 51]. Fe, Ni and Cu are common
impurities that transform mostly the electronic properties of the graphene film
[39]. Top down approaches are based on opening/unzipping carbon nanotubes
and arc discharge [52, 53].
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3.2.1.3 Graphene oxide

A

Figure 9. Graphene oxide. A) GO powders resulting from 3 different production
methodologies. B) TEM images for the 3 different production methodologies.

Reprinted with permission from reference [54].

GO like pristine graphene is produced by top down approaches and as his
name suggests contains oxygen functional groups. It can be produced by
electrochemical exfoliation of graphite or chemical oxidation. Electrochemical
exfoliation consists in immersing a HOPG as a working electrode in a typical 3
electrode system: auxiliary (usually Pt) and reference (SPCE, Ag/AgCl, efc...)
and applying a cathodic (reduction) or anodic (oxidation) potential or current in
aqueous or organic electrolytes [55, 56]. When a positive potential is applied the
HOPG is oxidized and the negatively charged ions from the solution are
intercalated onto the graphitic layers. This is followed by the application of a
negative potential that facilitates the exfoliation process. The use of high anodic
potentials produces GO rich in oxygen functional groups and structural defects
[56]. The sheet size varies a lot as well as the layer distribution and structure is
also damaged. The chemical oxidation of graphite is a well-known methodology
that in recent years was developed for a less hazard methodology by Tour and
coworkers (2010) due to the recent interest in graphene materials. Although, it
has already been successfully developed in 1898 by Staudenmaier, 1937 by
Hofman and Konig and in 1958 by Hummers and Offeman to obtain that time
called graphite oxide [39, 57]. This terminology has been substituted in recent
years for GO and is associated with a high content of oxygen functional groups
on the basal plane and edges of the graphene sheet and innumerous structural

defects on the honeycomb structure. It consists in oxidative intercalation using
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strong oxidation agents such as concentrated sulfuric and nitric acids for the
exfoliation of graphite. The last developments changed the addition of
potassium chlorate by potassium permanganate avoiding the formation of CIlO;
gas (figure 9). This GO sheets can be suspended in water offering the
possibility for large scale production [23]. It is a highly resistive material due to
the high presence of oxygen functional groups although their presence can be
advantageous for the functionalization of biomolecules. It also exhibits
photoluminescence due to the band gap opening as a result of quantum
confinement effect from small sp? domains. It is an excellent fluorescent
quencher which in addition with their bio functionality (sp? and sp® sites) can
result in advanced sensors. The versatility of this material is also ascribed to the
possibility of the elimination of the oxygen content called reduced GO (RGO).
Although the total removal has not been achieved, highly effective methods
such as hydrazine, thermal, sodium borohydrate or more ecofriendly such as
ascorbic acid, tea extract or even bacteria procedures have been highly
effective for GO reduction [58]. In recent published articles even the use of
camera flash or laser scribe from commercial optical drive were used for
reducing GO [59].
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3.2.1.3.1 Graphene oxide architectured materials

Figure 10. GO materials. A) GOQDs (Reprinted with permission from reference
[60]); B) GO fibers (Reprinted with permission from reference [61]; C) GO foam
(Reprinted with permission from reference[62] ; D) GO scrolls (Reprinted with

permission from reference [63].

Playing with the GO architecture has demonstrated to produce novel materials
that can be shaped in different forms and one could state “all dimensions”
shape like structures. In the following, we will discuss how to produce these and
their applications. In the special case of biosensors, GO quantum dots (GOQD)
are making a step forward in applications, whereas GO fibers or GO foams are
mainly used for energy storage. The GO scrolls applications are not clear in our

opinion, and still need to be proved their superior performance in a niche sector.
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3.2.1.3.1.1 Graphene oxide quantum dots
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Figure 11. GO quantum dots. A) Effect of the ratio between oxidation degree
and sp? carbon bonds in the emission wavelength (Reprinted with permission
from reference[64]); B) Sulfur functionalization for tuning the emission

wavelength. (Reprinted with permission from reference [65]).

GOQDs are considered a 0D material which properties are a synergy between
GO and traditional quantum dots. This material has been produced using a wide
variety of procedures that are common for GO production. In some sense, they
are present in GO produced solutions that have a wide range of lateral
dimensions materials. Although, their properties can be hided upon the high
rate of big GO flakes that have a near infrared (NIR) emission. Either top-down
and bottom up approaches have been used to produce this kind of materials.

From the top-down approach there is acidic oxidation, hydrothermal or
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solvothermal microwave assisted, sonicated assisted, electrochemical
exfoliation, photo-Fenton reaction and chemical exfoliation [66]. In the bottom
up synthesis, they have been processed using benzenes as starting material
using solution step chemistry methods; carbonization as starting materials
through microwave assisted hydrothermal reduction; and unsubstituted
hexaperihexabenzocoronene as starting material followed by carbonization,
oxidization, surface functionalization, and reduction successively [66]. When
reducing the GO lateral size from approximately 100nm down to 1.5 with a
thickness of 0.5 to 5nm the edge effects and the quantum confinement assume
the properties that are characteristic of semiconductor quantum dots. According
to this, tuning the properties of this materials such as size, shape, excitation
wavelength, pH, concentrations, surface oxidation degree or surface
functionalization enable to vary the PL emission color. Until now, deep UV, blue,
green, yellow and red PL emission has been reported. The PL emission
exhibited by this material has been explored for the development of
photoluminescence (PL) sensors for the detection of many analytes. The
detection systems consists in the fluorescent quenching of the GOQDs or
fluorescence recover upon the presence of target analytes either by charge
transfer (ions or cations); energy transfer; or luminescence resonance energy
transfer (by surface passivation (or distruction of this) using electrostic
interaction, T-1m stacking or hydrogen bonding); and excited state electron
transfer (resulting from the formation of a ground state complex). This have
enabled the detection of Fe®*, chlorine, TNT, pyrocatechol, Eu**, glucose, ATP,
lgG. In addition, due to their biocompatibility, these GOQDs have been
investigated for biology and medical imaging, intercellular sensors and drug
delivery. In electrochemical sensors, GOQDs have been widely used for the
detection of DNA due to their high affinity by -1 stacking. Similarly to GO, this
single strand tends to release in the presence of the target DNA strand.
According to this, cyclic voltammetry and differential pulse voltammetry
measurements where used to detect the electrochemical behavior of ssDNA-
GOQD-graphite modified electrode using [Fe(CN)s]> as an electroactive specie.
The GOQDs tend to block via electrostatic repulsion resulting in a drastic
decrease of the electrochemical signal. Once in presence of the target DNA or

target protein, the electrostactic repulsion disappears and the resulting peak
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current increases. Glucose oxidase has also been immobilized in GOQD
modified carbon ceramic electrode. In this strategy, the hydrophobic plane of
GOQDs and the hydrophilic edges enhanced the enzyme absorption on the
electrode surface enabling for direct electrochemistry. GOQDs have also been
used for the modification of gold electrodes taking advantage of their good
electron transporters and acceptors, showing peroxidase like activity which is a
characteristic of GO too. These assemble was done with enriched periphery
carboxylic groups on an gold electrode. The fast amperometric response was

also tested in living cells for the detection of H,O, [66].

Despite the great efforts for producing GOQDs materials for high performance
sensors or biosensors or other devices the low quantum yield of this material
(maximum is 73% reported till now) is a disadvantage in comparison with
semiconductor quantum dots. Although we believe that the ease of processing,
the low toxicity and the reactive active sites provided by the nature of this
materials can be a real feature when balancing the advantages/disadvantages

in the biosensing field
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3.2.1.3.1.2 Graphene oxide fibers
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Figure 12. A) Process for coating fibers using BSA pretreatment. B) RGO fibers

used as a wearable sensor. Reprinted with permission form reference [69].

GO based fibers are making a disruption in wearability enabling the production
of wires that can be bent, knotted or woven into flexible electronic textiles. The
applications have a lot in common with foam like structures such as energy
storage and conversion, solid phase micoextraction, spring, catalysis and
sensors. They can be produced using wet spinning, dry spinning, dry jet,
electrophoretic self-assembly, and film shrinkage or spinning in between others.
[61, 67-71]. In figure 12 a distinct approach from other GO based fiber is such
as simple as wrapping a normal textile fiber using bovine serum albumin (BSA)
self-assembly which serves as a universal self-assembly to GO followed by low
thermal reduction[69]. Most of these fibers follow reducing methodologies
described before such as chemical, thermal or laser scribing . The last exposed
coating technology could be simply integrated into textile industry as a post
treatment of cotton, nylon of polyster in contrast with others that are 100% GO
based. The fabrication of a bendable and washable gas sensor using this

methodology also was reported. The developed sensor possesses chemical
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durability, mechanical stability, and a high response to NO, gas. Most notable is
its ultra-sensitivity as a gas sensor even at room temperature, which is made
possible through robustly wrapping the yarn with RGO, and by the large
accessible surface area of yarn. This could take advantage in the marriage
between existing textiles and graphene. The possibility to have graphene or
GO based in a wire form changes the sense of applications and open venues
for innovative technologies for the upcoming years. The aligned structure or the
porous structure change their properties where a planar structure can be more

smooth to touch and able for the increasing field of wearable technologies.
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3.2.1.3.1.3 Graphene oxide foams
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Figure 13. GO foam. A) Photograph of the GO based foam a) and SEM
characterization in b) and c). Reprinted with permission from reference [72]. B)
applications of GO based foam such as flame retardancy, compression and

recover, and microwave absorption (Reprinted with permission from reference
[73]).

GO foams are porous structure films with highly enhanced surface area
conductive properties and flexibility. This can be achieved by simple vacuum
filtration and posterior reduction in hydrazine solution by autoclave at 90°C for
10 hours resulting in a horizontal porous network from sub micrometer to
micrometer that is cross linked and not totally separated (this enabled to
maintain electrical resistance in 100ohm\square) [74]. In a different approach
mixing 1M KOH into a GO suspension and heating at 100°C under constant
stirring is applied until a paste is obtained. This paste can be simply filtered in
vacuum and additionally reduced. The obtained porous structure of the film is
flexible, highly conductive and can be cut into desired shapes. The KOH

concentration seems to be the trivial step for obtaining homogeneous films [75,
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76]. Another reduction methodology using vacuum filtration for the production of
thin films have been reported using the direct laser writing [77, 78]. This
reduction enables the production of porous like structures in the reduction
process that enhanced the surface area. GO foam composites have also been
developed for extreme characteristics such as ultralight weight using
hydrogel/GO mixture , fire retardancy using nanocelulose/GO mixture,
microwave absorption, or mercury brew [79]. Surprisingly, in accordance with
their high active surface area in addition to the GO or RGO properties such as
binding sites or biocompatibility, the applications of this RGO foams are

scarcely reported in biosensing systems.

3.2.1.3.1.4 Graphene oxide scrolls
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Figure 14. GO scrolls properties. A) typical shape of GO based scrolls

Reprinted with permission from reference [80]. B) schematic of GO scrolls
production using sonication methodology. Reprinted with permission from

reference [81]. C) schematic of GO modification with magnetic nanoparticles for
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the formation of GO based scrolls Reprinted with permission from reference
[82]. D) Schematic of the production of GO based scrolls using sublimation.

Reprinted with permission from reference [83]

Another material shape in graphene family is graphene or GO scrolls (figure
14A). The GO scrolls formation occurs upon external energy forming a papyrus
like shape. GO scrolls are a quite weird material, and despite their similarity with
carbon nanotubes their open ended structure and spacing between sheets
typically differs from his carbon far cousin. The GO scrolls have been processed
mainly using sonication (figure 14B), chemical microexplusion, sublimation
(figure 14C), microwave radiation, or using Fe>Os maghemite (figure 14D) [81-
86]. These GO scrolls have the ability to open again into a 2D structure by
simple charge tuning (theoretically) or chemical modification. Somehow these
methodologies have characteristics in common with micromotors or nanomotors
roling fabrication. Although, micromotors have in addition photolithographic
processes in order to shape the initial 2D structure. Remarkably, GO scrolls
have been applied in various applications such as electroactuators, gas
storage, supercapacitors, batteries, catalysis and sensors. Recently, graphene
nanoscroll formation over diamonds have displayed extreme macroscale
superlubricity [87].
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3.21.3.2 Why graphene oxide? An insight over graphene oxide

applications.

Playing with the planar structure of graphene and GO sheets enabled unlimited
applications in fields as important as membranes for desalination and water
purification; sensing and biosensing; energy storage and production; or optical
devices [88-99]. The high surface area exhibited by graphene is the rock soul
for the infinite research in graphene manufacturing and shape ordering. It
should be noticed that due to the nature of the graphene materials they are
differently processed for the control of their structure. Once GO is a water
soluble suspension, its use facilitates applications due to the high yield obtained

upon exfoliation in contrast with their pristine cousin[23].

Gate voltage

Figure 15. GO applications using GO solutions (A), GO membranes (B) and GO
printed (C). A) GO solutions applications such as fluorescence (a), screen
display (b) and phototherapy (c). Reprinted with permission from reference [60,

100, 101]. B) GO membranes applications such as molecular sieving (a),
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actuators (b) and optical humidity sensor (c) [102-104]. C) Printed GO
applications such spectrally tunable field-effect light emitting device (a) with

tunable luminescence (b). Reprinted with permission from reference [89].

The oxygen content resulting from graphite exfoliation either chemical or
electrochemical spreads oxygen functional groups all over the surface and the
edges. These groups can be epoxy, carbonyl, carboxyl, ethanol, ketone etc.
being the surface groups present on the edges the most difficult to remove upon
reduction and the ones in the basal plane the easiest [105]. The atomic
structure of GO is highly disordered and has few in common with graphene
pristine. The typical hexagonal honeycomb structure of graphite is destroyed
upon exfoliation and gives rise to the appearance of pentagons, triangles in
between others, disorderly distributed over the GO sheet. This might look like a
disadvantage in comparison with pristine graphene applications although it

might be naive to think in this direction for the following reasons:

i) The presence of oxygen functional groups leads to high stability in water
solutions and opens the door to easy immobilization by covalent or Van
der Waals interactions in addition to the -11 interactions. This has been
used for the functionalization with polymers, biomolecules, drugs,
carbon nanoallotropes, magnetic structures, quantum dots in between
others [106]. Depending on the lateral size of the GO sheets these
functionalization can be used for biotherapeutics, due to the high NIR
light absorbance of GO (vital for phototherapy) [107, 108] and the GO
enzymatic degradation [109, 110]. In addition the electro-optical switch
of a GO solution with very low concentration is an extreme example of
its versatile nature, where controlling the axis direction of the GO sheets
enables revealing of the liquid crystal nature of this material for the
development of a screen display [100].

i) The presence of high oxygen content (C/O=1) in GO films has a d-
spacing between sheets of approximately 8A in a 50% humidity
environment. This separation has enabled the development of well

aligned GO membranes using vacuum filtration technique for
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ii)

desalination or gas separation in between other application. These GO
membranes have been studied for the separation of copper sulfate and
rhodamine B, Na*, Mg?*, K*; Ca®*, Ba®*, CI and Mg?* blocking all
solutes with hydrated radius bigger than 4.5A [94, 111-113] . The GO
modified with a polyamide chain have also been reported for the CO»
capture [112]. This d-spacing highly dependent on the humidity due to
high water permeability of the oxygen functional has been
experimentally tested using X-ray diffraction and noticed that the oxygen
content channels open and close upon humidity addition [114, 115]. This
mechanism has been used for the detection of humidity either optically
with a calorimetric device using deep coated GO paper film or
electrochemically with a gold interdigitated modified with spray coated
GO[102, 103]. GO paper is also commonly used in actuators highly
dependent to humidity or light [116]. This separation has also enabled
the production of supercapacitors taking advantage of the localized
water of GO as ionic conductor and an electrical insulator, allowing it to
serve as both an electrolyte and an electrode separator with ion
transport characteristics observer for Nafion membranes [78]. The tune
of this separation with other compounds, and the possibility to have
adjustable d-spacing between sheets have also been described for
future personalized biomedical or pharmaceutical separation [93].

Electrically, GO can transit between an insulator to a metal depending
on their oxygen content. This tunable band gap have been used for the
production of an all GO/RGO field effect light emitting device reduced
using laser scribing technique and exhibited tunable
electroluminescence [89]. It has been experimentally reported that RGO
electroreactivity to typical electroactive species due to the presence of
defects and biofunctional groups increase in comparison with
polycristalline graphene or pristine graphene [39]. The biocompatibility of
solution based GO and RGO devices and the possibility to manage their
3D architecture has already proved to be multifaceted. In the cellular
field, GO functionalization of surfaces for capturing circulating tumor
cells for instance or for the cell growth and differentiation is also
described [117, 118]. RGO 3D structures printed using 3D printer have

30



Chapter 1 Introduction

also been reported for implant applications, and RGO scaffolds are also

a constant for cell imaging and cell growth [119, 120].

3.2.1.3.3 Graphene oxide printing and patterning

Figure 16. GO printing and patterning. A) Rod coating ; B) spray coating; C)
spin coating; D) vaccum filtration; E) screen printing; F) inkjet printing; G)
photolithographic processes; H) Grawure; 1) 3D printing and J) wax printed
membranes. Reprinted with permission from references [6, 119, 121-123]

The production of GO thin films is of major importance to a wide variety of
applications. Their price and the low need for expertise could improve the fast

integration and abundance of GO devices with interest not only for research but
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for a variety of applications as well. Several methods have been described to
produce GO films (figure 16A-D) such as rod coating [121], spin coating [88],
drop casting[125], layer-by-layer assembly[126], spray coating [127] and
vacuum filtration [124]. These methodologies vary in terms of energy/time
consuming beside others. For instance layer by layer assembly can produce
highly ordered films but it need small size sheets for efficiency coming up with a
very high energy/time consuming. For instance, vacuum filtration, also reports
the production of very well aligned and ordered GO films but is size limited
which enhances the energy/time consuming. Although this technique has been
widely studied due to their simplicity nature, no need for know-how or chemical
interfaces. A continuous film formation set-up was proposed using this
technology which could change dramatically the long filtration rate. Despite this,
the control over the thickness, the simplicity, the cost, and the possibility of
making GO based composites have brought a wide variety of applications. This
have enabled, the production of either free standing films by simple peeling of
the GO film from the membrane (made of fluorinated polymer or anodized
alumina) [93, 94] or the production of films that can be transferred to the target
substrate either rigid or flexible by acetone chemical etching of nitrocellulose
membranes[124]. Recently from our group, we were able to couple this
technology with wax printing mode and avoid the use of chemicals such as
acetone for transferring a patterned GO film onto target substrates [128]. We
reported a simple way to transfer GO patterned structures to target substrates
by simple water activation and pressure. In this work, the wax that clogs the
membrane pores (of a 25nm commercial nitrocellulose membrane) enables to
direct the GO solution to desiring unclogged regions. Once the wax printing
technology is cheap and versatile technology, one can produce unlimited
shapes and structures and the control over the thickness provided by the
vacuum filtration enables to print nanometer vertically sized films. This came as
a solution to existing patterning technologies (figure 16E-H) such as screen
printing [129], gravure [123], inkjet [130] and lithography (also as developers of
microcontact stamps) [88, 131]. For instance, lithography and gravure
techniques have high set-up costs and are advantageous only for high
production rates. Apart, lithography is mainly a chemical or photochemical

method process with the need for clean room facilities and consumable and
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expensive photoresists and developers. Our technique also avoids the
preparation of inks which is an issue for inkjet and screen printing in terms of
viscosity and polymerizations and in the particular case of inkjet one needs to
sum the substrate treatment and printing temperature. In addition, the presence
of surfactants or polymers can affect the device optoelectronic performance. As
so, for the development of a single and simple electronic device, one has to
pass a lot of issues in addition with the knowhow need. In this way, the water
activated wax printed membranes (figure 16J) for the patterning of GO devices
is quite simple, effective, versatile and low cost, and in the future could surpass
the disadvantages of size limitation and time consuming for the production of
GO devices at the industrial level by simple introductions in the process of
fabrication while maintaining its main characteristics and the features related to
it.
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3.2.1.3.4 Graphene oxide morphology over printed methodologies

A .

Figure 17. Morphology of GO based films. A) SEM image of inkjet printed at
different magnifications (a,b) reprinted with permission of reference [130]. B)
SEM image of drop-casted GO films at different concentrations reprinted with
permission of reference [125]. C) SEM image of a spin coated GO film reprinted
with permission of reference[88]. D) SEM image of a electrodeposited GO film
reprinted with permission of reference [132]. E) SEM image of GO based films
using wax printed membranes in PET, adhesive film, textile and paper (from left
to right, up to down). F) SEM image of RGO directly printed over paper using a
pencil at two different concentrations (a and b) with magnified images on the

down part (c and d) (reprinted with permission of reference [133] )

While GO based electrodes can be printed in different ways (as described
before) nevertheless the surface roughness and consequent edge site available
and defects such as wrinkles or open sites differs from technique to technique
(figure 17). Vacuum filtration [124, 128] can produce very well aligned GO sheet

films due to the alignment of the sheets in solution upon filtration and deposition
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over the membrane. On the same way, spin coating [88] and self-assembly
[126] are also venues for producing homogeneous coated thin films. Ink jet
printing [130] for instance shows similar results as simple drop-casting [125],
spray coating[127] or PDMS based stamp patterning [134] where a random
confinement and aggregation of GO or RGO are responsible for non-uniform
depositions, cracks or unaligned GO sheet deposition. Additionally,
electrochemical deposition over conductive substrates has been described for
the production of RGO wavy like structures [132] or even nanowalls [135].
Another important aspect to take in account for film formation is the structure of
the substrate where GO seems to shape concerning the structure [128]. On the
other hand, printing GO or RGO also seem to change the structure due to the
change in sheets behavior. For instance in vacuum filtration the shape of the
printed films changes when using RGO based ink, forming more edge like sites
[133]. Regarding conductivity it is also tricky to compare thickness of different
films as these depend on the reducing methodology; although is worth to
mention that GO printed films may lack the conductivity due to the unreduced
areas on the bottom of the GO film where the reducing agent for instance
cannot actuate [124]. In this way, reduction of GO in solution seems to be much
more advantageous for high conductive thin films. In the following section, we
will describe how shape can have an important role in the electrochemical

behavior over pristine, polycrystalline graphene and RGO.

The printing or growth technologies have a major importance in the
electrochemical behavior of graphene materials. For instance, in pristine
graphene the sheet shape can induce variable edge active sites in comparison
with the basal plane depending on the sheet size and quality. The appearance
of cracks in the structure can also change the electrochemical behavior. In the
case of polycrystalline graphene, the growth for instance can induce graphitic
islands in addition to the polycrystalline structure. In GO films, which in the
majority of the cases are formed by simple drop casting, problems in the
uniformity of the films are reported [98, 99, 136-138]. The uniformity in the GO
film structure is of major importance because in addition to the structural
defects, the active edge like sites play an important role in the electrochemical

behavior. In GO modified electrodes, an inhomogeneous film can induce a
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response that is not related to graphene modification but from the adjacent
electrode. As so, the study over the influence of controlled structures in

electrochemical performance will be widely studied in the following section.

3.2.1.3.5 Graphene oxide electrochemical properties and applications

Heterogeneous electron transfer (HET) that is the exchange of electrons
between graphene and molecules is correlated not only with the type of
molecules in question but also importantly with the oxygen content and
functional groups, the amount of defects, the edge like architecture, the
thickness and the impurities most of the times dependent on the production
methodology [139, 140].
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Figure 18. Electrochemistry of graphene materials. A) SEM images of graphene
film deposited for 30 min (a) ; b) and c) are an enlarged image of (a); d) lateral
view. B) CV profiles of the graphene electrode in 5 mM ferrocouple with
different scan rates from 10—-400 mV s-1 ; C) C-V profiles of the graphene films
for the detection of AA, DA and UA. D) Topographical images and cross
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sections for a) pristine EG and b) anodized epitaxial grown (EG) graphene; E)
CVs for pristine EG, anodized EG (200 s), and anodized EG (500 s) at 1.0 mM
Fe(CN)>™ in 1 M KCI; F) DPV profiles for pristine EG, anodized EG, GC, and
BDD electrodes in 30 uM equimolar mixture of G, A, T, and C; G) AFM images
of polycristalline graphene used for sensors, color scales are 10 in a) and 5 nm
in b). ¢) Raman spectra of pristine and CVD-based “defective” graphene
samples; d) map of p/lg ratio; e) map of crystallite size ; f) SEM image of CVD
graphene ribbons; H) Ratio of conductance to initial conductance (G/Gy)
response of CVD-grown defective graphene, CVD graphene microribbon, and 5
um wide pristine (exfoliated) graphene sensors to 10 molecules of toluene and
10" molecules of 1,2-dichlorobenzene, a) and b) respectively. Reprinted with

permission from [97, 141, 142]

HET of graphene is widely compared with the case of HOPG where the HET of
[Fe(CN)s]®~ at the edges is very fast and in the basal plane is very slow or
limited to near-zero [143]. In order to understand how this affect graphene
Banks and coworkers [144] have compared CVD graphene electrodes to GCE,
edge-plane-pyrolytic graphite and basal plane pyrolitic graphite showing that the
electrocatalytic properties of CVD graphene are due to the presence of graphitic
islands over the graphene surface resembling edge like sites. Electrochemical
actuation has also been demonstrated in CVD graphene sheet with grown
graphitic islands as active sites [145]. Shang grew multilayer graphene
nanoflakes by microwave plasma enhanced CVD technique to obtain a very
high density of edge like exposed planes and tuned the electrochemical
behavior (figure 18A-C) [141]. In addition, it has also been reported that a large
amount of defects either mechanically or chemically on the basal plane can
induce a faster HET for mechanically exfoliated graphene or CVD graphene
[145-147]. In an epitaxilly grown graphene film, the application of an anodizing
potential enabled the increase on the density of defects and introduce oxygen
functional groups enhancing electrochemical properties, enabling to detect
simultaneous DNA bases and resolved signals from DA, UA, and AA (figure 18
D-F). They were able to detect DA with a limit of detection 0.17uM in the

presence of UA and AA [142]. Amin and co-workers have studied the influence
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of low concentrations of randomly distributed defects on pristine graphene and
graphene grown by CVD to the absorption of gases (figure 18G,H) [97]. Firstly
they have determined that nearly pristine graphene is less sensitive to analytes
because adsorbates bind to point defects which have low resistance pathways
around them [97, 148]. They have determined that the gas detection is easily
short circuited given the 2D nature of current flow in graphene always searching
for low resistance pathways. This was solved by micrometer sized line defects
or continuous lines of point defects where no easy conduction paths exist
around such defects, so the resistance change after adsorption is significant. In
this way, the engineering of the line defects and edges are proposed by the
authors for ultrasensitive graphene chemiresistors. Despite this, pristine
graphene have been widely used in gas sensors with high sensitivity such as
the one described for single molecule detection [96]. Gas detection could be
performed in pristine graphene using FET [149], chemical resistors [96] or
graphene/semiconductor sckottky diodes. In our group, we have developed a
pristine graphene Schottky diode using AC for the detection of various vapors
fingerprint [150]. This enabled to distinguish between chloroform, phenol and

methanol using impedance spectroscopy change.

Unlike pristine graphene or CVD graphene, GO is highly disordered and contain
functional groups from production. RGO reduced from either chemically,
thermal o electrochemically can still contain oxygen functional groups and can
suffer from a higher level of disorder or defect areas due to the reduction. It is
reported that the increase in C/O ratio, the HET increases [39]. But in the
electrochemical biosensing field using GO the search for increased surface
areas and edge like sites for increasing HET and LOD is still ongoing. For
instance a biosensor was developed taking advantage of the edge like sites by
electrodeposition over the surface of a graphite electrode of GO. They were
able to build nanowalls and improve the LOD to 9.4zZM [135]. Apart from edge
active sites or defects, the search for increasing surface area while maintaining
or even increasing the edge like active sites have also been performed. RGO
micropillars have been used for chemical sensors in a search for new
architectures with enhanced limits of detection in comparison with planar

ones[151] . Electrochemistry have been used for etching GO into controlled
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mesoporous structures with micrometric channels [152]. In other work, they
studied the electrochemical performance of RGO foam, edge-plane pyrolytic
graphite /basal-plane pyrolytic graphite and single layer CVD graphene [59]. It is
clear the high electron transfer and the outstanding performance of a printed
RGO foam electrode in its own right without summative effects being used as a
disposable printed 3 electrode system.

Although as referred by Katie Griffiths and co-authors [59], a plethora of
scientific literature on graphene electrochemistry is based in GO based
solutions which are drop-casted or electrodeposited onto underlying electrodes
which in essence the graphene derivatives are acting in concert with the
underlying electrodes, producing summative electrochemical effects [153-155].
This have been achieved also for a wide myriad of electrochemical sensors or
biosensors that are graphene modified using SPCE, GCE , Au or ITO for the
detection of biomarkers, proteins, DNA analysis, or heavy metal detection[39,
57]. In our group we have also developed similar sensors reaching
advantageous tunable electrochemical properties in a carbon SPCE modified
with GO and RGO for enzyme immobilization [10]. The sensors that use only
graphene as a transducer are few although they exhibit good performance
(Figure 19).

PASSIVATION

A

Wireless
monitoring

Figure 19. GO/RGO devices. A) photograph of all the electrodes required in the
setup with the working RGO electrode in the centre. B) schematic of the planar
three electrode system on the left and the RGO patterned. C) Photograph of
rGO pattern-based sensing device on PET film. D) photograph of RGO
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patterned over Si/SiO, wafer. E) Optical image of the graphene wireless sensor
biotransferred onto the surface of a tooth. Scale bar is 1 cm. F) Optical image of
the integrated wearable diabetes monitoring and therapy system connected to a
portable electrochemical analyser. Reprinted with permission from [59, 131,
134, 156, 157].

SPCE was fabricated electrode by a drop casted RGO working electrode in the
absence of the underlying carbon paste for the detection of H2O,. This RGO ink
was tuned with ferrocene molecule and chitosan for advanced electrochemical
behavior [158]. In a PDMS stamped GO [159] the authors were able to
produced GO thin film transistors for the detection of fibronectin with a LOD of
0.5nM and avidin in physiological buffer. This transistors where flexible and
transparent with performances comparable with pristine graphene [95]. The
same authors reported FETs based on RGO patterns that abled the label-free
detection of hormonal catecholamine molecules and their dynamic secretion
from living cells [134]. In a different approach, using dry etching methodologies,
the authors where able to pattern RGO resistors at the wafer scale with a
resolution of 5um up to hundred um. They were able to detect amyloid beta
(pathological hallmark of alzheimer’s disease) in plasma of a transgenic mice,
studying the changes in resistance of the device modified with biomarkers. they
achieved a limit of detection as low as 100fg ml-1 [156]. A recent study using
the laser scribed portable electrodes described by Katie before in this work[59],
in addition with copper nanocubes were able to detect glucose with a LOD of
250 nM [160]. It is clear that increasing edge shape volume and surface area
enables to tune the electrochemical behavior of graphene materials and
probably in the biosensing field the disruption with existing technologies is a
major priority for the development of new type of biosensors. RGO foams, RGO
fibers or even RGO scrolls could bring characteristics such as wearability or
actuation that are not present in typical RGO devices. In this sense, CVD
graphene sensors are making one step forward for portable and wearable
biosensors that one cannot observe in GO or RGO electrochemical bio devices
[5, 157].
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Chapter 2

Objectives

In this chapter the general objectives of the thesis are presented.
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Chapter 2 Objectives

The general objective of this PhD thesis is the development of new biosensing
platforms and devices using nanomaterials such as gold nanoparticles,
magnetic beads and graphene oxide. More in detail the objectives of this thesis

can be summarized as following:

- The study of a novel biosensor using primer labeled gold nanoparticles
and magnetic bead and their influence in the isothermal amplification of
Leishmania DNA for a direct electrochemical detection using screen
printed carbon electrode (SPCE).

- The study and characterization of the optical, electrochemical and
electrocatalytic properties of graphene oxide (GO) and reduced GO
modified SPCE for the detection of catechol using Tyrosinase as proof-
of-concept enzyme.

- The development of a novel printing technology for GO using wax printed
membranes for a versatile and low-cost methodology with infinite

shaping capability.
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Chapter 3

Electrochemical detection of an immunosandwich using nanoparticles

In this chapter a novel methodology for the isothermal amplification of
Leishmania DNA using labeled primers combined with the advantages of
magnetic purification/preconcentration and the use of gold nanoparticle
(AuNPs) tags for the sensitive electrochemical detection of such amplified DNA

is developed.

Related publication

1) Alfredo de la Escosura-Muiiz, Luis Baptista-Pires, Lorena Serrano,
Laura Altet, Olga Francino, Armand Sanchez, Arben Merkogi, Magnetic
bead/gold nanoparticle double-labeled primers for electrochemical
detection of isothermal amplified Leishmania DNA. Small, 2015.
12(2):p.205-2013
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1. Introduction

Diseases transmitted by blood-feeding vectors (parasites) are a growing threat
to world human health, particularly those affecting pets and transmitted by fleas,
ticks, sandflies or mosquitoes (Vector Borne Diseases, VBD)."?* One of the
most important VBD is visceral leishmaniasis which is endemic in 88 countries
on 4 continents.*>® Zoonotic visceral leishmaniasis, caused by the protozoan
Leishmania infantum and transmitted by sandfly vectors, is a fatal disease of
domestic dogs, wild canids and humans. ’ Different methods for the detection

and diagnosis of Canine Leishmaniasis (CanL) including parasitological,®

"2 and molecular techniques™'® have been reported, suffering of

serologica
limitations related to the need of skilled workers, the high cost and the fact that
samples must be send to a reference lab. Lateral-flow assay (LFA) strips for
specific CanL antigen are commercially available for detection of visceral
leishmaniasis.?>? However, the presence of low antibody levels is not
necessarily indicative of disease and further work-up is necessary to confirm it
by DNA-based diagnostic methods, being PCR the gold standard. In this
context, a dipstick format was developed for the detection of PCR amplified
CanL DNA?* A qualitative real-time PCR (Leish PCR assay)® is also
commercially available for diagnosing cutaneous leishmaniasis. However, both
systems did not overcome the limitations of PCR for which sophisticated and
expensive equipment is needed to perform the precise and repeated heating
cycles required. Therefore, there is still a need for further point-of-care (POC)
diagnostic methods for the detection of infections by pathogens, particularly for
leishmaniasis.

Isothermal amplification is an alternative approach to the traditional PCR which
overcomes many of the complications related to the thermocycling since it is
performed at a constant temperature thanks to the use of enzymes. There are
many different isothermal amplification methods, depending on the enzymes
and the temperature used. The variation called Recombinase Polymerase
Amplification (RPA) commercialized by Twist (TwistDxXs®)® employs
recombinase enzymes which are capable of pairing oligonucleotide primers with
homologous sequence in duplex DNA typically within 5 - 10 minutes. However,

in most cases DNA purification and detection after amplification still requires
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hazardous, time consuming and expensive equipment, giving only qualitative
information, so alternative methodologies overcoming such problems are
required. In this context, the integration of nanoparticle (NP) tags during the
amplification process combined with the very sensitive electrocatalytic?’:?®
detection of such a tag would overcome most of these limitations. The
outstanding properties of different nanomaterials have been extensively
approached in DNA biosensing systems. NPs have been used in a high extent
as both optical and electrochemical tags in DNA hybridization biosensors?®-3’
while magnetic beads (MBs) have been extensively used as platforms of such
and other bioassays.*®3® Gold nanoparticles (AuNPs)***' and in a minor extent
silver nanoparticles (AgNPs)** and quantum dots (QDs)** have been also
introduced in the cocktail of reagents of the PCR, taking advantage of their
properties as catalyzers of the DNA amplification reaction, constituting the so-
called nanoPCR* in some cases after MB-based DNA extraction.*® Only a
report on AuNPs-labeled primers for optical detection of PCR amplified DNA is
found in the bibliography*® while few examples of PCR amplification using MB-
labeled primers*”*° have been published, but the integration of both MBs and
AuNPs-labeled primers have not ever been reported, probably due to the high
temperature reached during the PCR cycle which is a serious limitation for
preserving the labeled primer integrity. Regarding the isothermal DNA
amplification, AUNPs have been used as reporters in optical approaches based
on AuNPs addition after DNA amplification followed by colorimetric®®®® or
surface plasmon resonance-based®®®" detection, in some cases taking also
advantage of MBs after the amplification reaction for pre-
concentration/purification purposes.®® In a similar way, AuNPs have been used
as electrochemical reporters in DNA hybridization biosensors for the detection
of isothermal amplified DNA®® taking also advantage of the use of MBs

platforms 5961

All these approaches are based on the addition of the
micro/nanoparticles after the DNA amplification and in most cases require the
performance of further DNA hybridization assays, which increase the analysis
time and also involve more irreproducibility, loss of sensitivity and false
positives due to unspecific absorptions.

In this work, we present a novel design of Leishmania DNA isothermal

amplification using for the first time primers labeled with both AuNPs and MBs.
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The low and constant temperature of the isothermal amplification procedure is
ideal for preserving the integrity of the nanoparticle-primer conjugates during
the amplification step. The double-labeled product resulting from such
amplification is ready for a rapid magnetic separation/pre-concentration and
direct electrocatalytic detection in a very sensitive and quantitative way. A
general scheme of the whole experimental procedure from the DNA extraction

to the final electrochemical detection is shown in figure 1.
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DNA
extraction

O-TTITTIIT  Primer labeled with AuNPs

"'“'“'“"" Primer labeled with MBs

W Double-labeled amplified DNA

Figure 1: Scheme of the experimental procedure for the detection of isothermal
amplified DNA using primers labeled with AuNPs and MBs. DNA is extracted
from dog blood (a) and a kinetoplast specific region is isothermal amplified by
RPA cycle using primers labeled with AuNPs and MBs (b). The double-labeled
amplified product (MB/amplified DNA/AuUNP complex) (c) is captured by the
magnet placed on the reverse side of the working electrode of the SPCE and
AuNPs tags are detected through the electrocatalytic Hydrogen Evolution
Reaction (HER) (d).
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2. Results and discussion

Design and screening of primer sets for Leishmania assay and endogenous
control

3 candidate primers for kinetoplast and 8 candidate primers for Intergenic
Spacer region (ITS1) of Leishmania were designed following recommended
conditions (Appendix to the TwistAmpTM reaction kit manuals?®). All possible
combinations of primers were tested using standard conditions of TwistAmp
(37°C of reaction temperature; Magnesium-Acetate concentrations of 14 mM;
shaking 4’ after initiation of the reaction; 480 nM of each primer). Parameters
that can be modified by the user (temperature, magnesium concentration,
stirring regime and primer concentrations) were adjusted to obtain the best
performance. This first step generates 4 sets of primers used in simplified
standard conditions (37°C of reaction temperature; at 14 mM of Magnesium
concentration, 480 nM of primer concentration, without agitation 4’ after starting
the reaction and with a reaction time of 20’). To improve the performance of the
Leishmania assay a ‘second generation’ of primers was designed by creating
variants of the best primer set identified in the first step (moving 1 base pare
around the initial primer) and re-screening the new candidates to improve
amplification performance. Finally, with definitive ones, primer concentration
was adjusted to 300 nM and reaction time was decreased up to 10’ (figure 2a
and b).
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K5F-K3R K6F-K3R
b) — C) 18s1F+1R

———

Figure 2.Isothermal assay optimization evaluation by gel electrophoresis. (a)
Optimization of primer concentration of Leishmania assay.; (b) Example of the
“second generation” screening of Leishmania primers: K6F-K3R are the chosen
ones for its best performance; (c) Definitive endogenous control assay used. +,
positive sample (DNA of a dog with Leishmania infection); blank, (DNA of a dog
without Leishmania infection); NTC, negative template control. Line 1 of each
gel: Phi-X 174/Haelll Marker
(1353/1078/872/603/310/(281,271)/234/194/118/72). Bands size: 140 bp for
Leishmania and 168 for 18S.
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An endogenous control was incorporated to avoid the generation of artifacts
that were detected in no-template controls and samples of very low target copy
number. To optimize the endogenous control RPA amplification 6 candidate
primers for 18S ribosomal RNA gene were screened (figure 2c).

The assay presented based on isothermal co-amplification of Leishmania
parasite and 18S as an endogenous control exhibits similar results than the real
time used as a gold standard,®? with a limit of detection of <1 parasite in the
reaction. It is possible since both assays target a conserved region of the
Leishmania kinetoplast minicircle DNA that is present in about 10.000 copies for
parasite.®% Multiplex isothermal has been optimized with an endogenous
control primer concentration limited to 150 nM to avoid a loss of sensitivity when

low targets of Leishmania were present.

Characterization of AuNP/amplified DNA

The performance of the isothermal amplification procedure using primers
labeled with AuNPs was evaluated by both Zeta potential and electrochemical
measurements. Zeta potential is well known as an efficient tool for the
monitoring and analysis of modifications on the surface of NPs, with minimal
sample preparation.?® It has been used to obtain information concerning the
particle surface charge, chemical modifications and also stability of colloid
suspensions. A high zeta potential (positive or negative; typically higher than 10
mV) confers stability since the dispersion resists aggregation. Since ssDNA is
negatively charged, the conjugation of AuNPs with ssDNA should give rise to
negative charged conjugates which would shift the Z potential to more negative
values. All these characteristics make zeta potential an ideal technique for the
characterization of both the primers and the final amplified DNA labeled with
AuNPs.

As can be observed in figure 3a, a gradual shift to more negative values was
observed in the Zeta potential of AuUNPs when higher was the coverage degree
by ssDNA. This suggests that AuUNPs were being loaded with negative charged
molecules such as ssDNA. First, a shift from the value of the non-modified
AuNPs (a) was observed for the AuNP/primer (b) indicating that the primer was
correctly connected with the AuNP. After the amplification, a shift of up to 25

mV was observed (d), suggesting the covering of the AuNPs with the amplified
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dsDNA (that has more negative charges). No significant shift was observed for
a control amplification assay performed with a blank sample (c), also

corroborating the specificity of the system.
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Figure 3. Characterization of AuNP/amplified DNA. (a) Diagram for the zeta
potential as a distribution versus total counts for a dispersion of AuNPs before
(a curve) and after (b curve) the conjugation with the primer and for amplified
DNA using the AuNP-labeled primer for a positive (d curve) and a blank (c
curve) sample. (b) Comparison of the analytical signals obtained for different
“‘positive” and “blank” samples after DNA amplification using AuNP-labeled
primers. (c) Analytical signals obtained for different isothermal amplifications

performed several weeks after the preparation of the conjugate of AuNP/primer.
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These evidences were also corroborated by electrochemical measurements.
Three different “positive” and “blank” samples were analyzed for this purpose.
The AuNP/amplified DNA product was purified by incubation with streptavidin-
modified MBs which capture the amplified products through the biotin present in
the primer and finally detected taking advantage of the electrocatalytic activity of
AuNPs toward the hydrogen evolution reaction (HER). Briefly, this well-known
methodology is based on the fact that the presence of AuNP connected to MBs
on the SPCE surface shifts the potential for hydrogen ion reduction toward less
negative potentials. Fixing a reductive potential of -1.00 V, the intensity of the
current recorded in chronoamperometric mode during the stage of hydrogen ion
electroreduction at 60 seconds (chosen as analytical signal) is related to the
quantity of AuNPs on the SPCE and consequently to the amount of tagged
analyte.?”?8

As observed in figure 3b, “positive” and “blank” samples can be perfectly
discriminated in the three samples, suggesting the specific presence of AUNPs
in the amplified products and consequently the good performance of the
isothermal amplification in the presence of such tags. The signals of the “blank”
samples are at the normal levels of background of the HER in absence of
catalyzer (around 5-7 pA), so the specificity of the amplification is
demonstrated.

Furthermore, it was observed that the life-time of AuNP/primer conjugates was
of up to 8 weeks when stored at 4°C and protected from light, as shown in
figure 3c where different amplifications for “positive” samples were performed at
different times after the preparation of the AuNP/primer conjugate. The dramatic
decrease in the analytical signal observed after 8 weeks suggests the damaging
of the AuNP/primer, probably due to either breaking of the binding or AuNPs
agglomeration. Further studies will be focused on alternative AuNP/primer

storage conditions, such as freezing or lyophilization.

Evaluation of double labeled MB-AuNP/amplified DNA

Once demonstrated the good performance of the isothermal amplification
procedure using AuNP-labeled primers, the experimental procedure was
significantly simplified by also introducing the MB-labeled primer in the

amplification reagents mixture as illustrated in figure 1. In this case, the
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experimental procedure for the measurement after the amplification is
enormously simplified since the MB/amplified DNA/AuNP complex is directly
placed onto the SPCE surface and captured by the magnet placed on the
reverse side of the working electrode immediately before the electrochemical
measurement.

MBs of two different sizes (2.8 ym and 1 um) and two different kind of primers
were evaluated: the K3R detailed in the experimental section and also a longer
one that includes a spacer of (AT); in the 5’ tail. This tail of oligonucleotides
helps to keep the magnetic bead far from the amplification zone.

The results shown in figure 4a seem to indicate that the amplification doesn’t
work properly using the bigger MBs in combination with the short primer since
the recorded currents are in the levels of the background. The results improved
a little bit when the use of longer primers (containing a spacer oligonucleotides
sequence) was introduced. When the smaller MBs and the short primer were
tested, the amplification worked in a higher extent, and this was highly improved
when it was used in combination with the primers containing a spacer. This
suggests that the bigger MBs are hindering the amplification, probably due to
the beads deposition during the amplification procedure. Furthermore, the
procedure takes advantage in this case of the fact that the amplification
sequence of the primer is not in direct contact with the bead, which probably

facilitates the DNA amplification.
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Figure 4. Evaluation of double labeled MB-AuNP isothermal amplified DNA. (a)
Analytical signals obtained for MBs of two different sizes (2.8 ym and 1 ym) and
reverse primers with and without spacer. (b) SEM characterization of the MBs
after the DNA isothermal amplification. In both cases, forward primers are

labeled with AuNPs. Experimental conditions as detailed in the text.

The good performance of the amplification procedure as well as the integrity of
the double-labeled amplified products was evaluated by SEM analysis. As
shown in figure 4b, AuNPs (observed as small white spots) are connected to
the MBs (big microspheres in the image) after the amplification procedure,
evidencing the formation of the MB-AuNP/amplified DNA (a control image after
amplification of DNA without Leishmania parasite is shown at the Supporting

Information).
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Quantitative assays: evaluation of products with different parasite concentration
The optimized methodology was applied for the evaluation of amplified DNA
prepared from samples containing different quantities of spiked parasite.
Chronoamperograms recorded for the assayed samples are shown in the inset
of Figure 5a, where the values of the analytical signals (current at 60 seconds)
after subtracting the background (current in 1M HCI, in the absence of

catalyzer) are represented for a better understanding.
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Figure 5. Quantitative Leishmania infantum parasite determination. (a)
Analytical signals obtained for double labeled MB-AuNP isothermal amplified
DNA products prepared from different quantities of parasite, after subtracting
the background current. Inset graphic corresponds to the chronoamperograms
recorded at -1V. Lower current curve (green curve) corresponds to a 1M HCI
solution (background signal). (b) Logarithmic relationship between the number
of Leishmania parasites and the value of the analytical signal, after subtracting

the background. Experimental conditions as detailed in the text.

As shown in Figure 5b, a linear relationship between the analytical signal (after
subtracting the background current) and the logarithm of parasite concentration
in the range 500 to 0.5 parasites per mL of blood (samples prepared as detailed
in the experimental section) was obtained. A limit of detection (LOD) of 0.8
parasites per mL of blood (8 x 107 parasites per DNA amplification reaction)
was estimated, as the parasite number giving a signal equal to the blank signal
plus three times its standard deviation. The reproducibility of responses for 5
parasites per mL of blood was also studied, obtaining a relative standard
deviation (RSD) of 7%.

Our AuNP/MBs based electrochemical approach results are quite better to
those obtained by other POC tests using nucleic acid sequence based
amplification (NASBA) and coupled to oligochromatography (OC) for
Leishmania detection®” and even much better than the 1 parasite per PCR
detection limit offered by the OligoC-test®.%*

3. Conclusions

In summary, a novel design of isothermal amplification using for the first time
primers labeled with both AuNPs and MBs for obtaining of double labeled
amplified products has been successfully developed for a DNA sequence
characteristic of Leishmania infantum kinetoplast tested in dogs, chosen as
model. The double label allows the rapid magnetic purification/preconcentration
of the product followed by direct AUNP electrocatalytic detection, avoiding DNA

hybridization procedures. The electrochemical method exhibits a good
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reproducibility and sensitivity, allowing to detect 0.8 parasites per mL of blood (8
x 107 parasites per DNA amplification reaction). Furthermore, amplified DNA
from dogs without Leishmania can be perfectly discriminated, demonstrating the
specificity of both the amplification procedure and the electrochemical detection.
In addition to the advantages of simplicity and one-step detection of the
amplified product, the performance of the proposed approach is better than the
obtained with other point-of-care tests for Leishmania detection, offering also a
quantitative tool for parasite determination.

Furthermore, our technique provides a valuable proof of concept since the
double MB/AuNP-label approach is a universal methodology that could be

applied for any RPA isothermal DNA amplification design.

4. Experimental section

DNA samples
The present study includes samples of dogs received in Vetgenomics

(www.vetgenomics.com) to perform Leishmania detection by real time PCR.

DNA was isolated from 400 yL of EDTA- blood samples using the Genelute
blood Genomic DNA Kit (Sigma, Spain) following manufacturer instructions.
DNA was re-suspended in 200 pL of elution buffer. A Leishmania positive DNA
was used to perform the different isothermal amplifications and a negative DNA
(without Leishmania) was used as blank.

To perform the calibration curve a negative blood (400 pL) was spiked with 2 uL
of Leishmania culture at different concentrations, ranging from 10° to 102
promastigotes/mL. Samples assayed consequently range from 500 to 0.5
parasites per mL of blood (from 5 to 5 x 102 parasites per isothermal

amplification reaction in a tenfold dilution).

Chemicals and equipment

Primers labeled with biotin and thiol were purchased from Sigma (Spain).
TwistAmp® Basic Kit containing all enzymes and reagents necessary for the
amplification of DNA — was supplied by TwistDx Ltd (UK). 16 nm-sized AuNPs

were prepared following the Turkevich’'s method (see detailed preparation
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procedure, TEM characterization and electrocatalytic quantification of AuNPs at
the Supporting Information). High monodisperse 1 ym and 2.8 ym sized
streptavidin-coated magnetic beads (MBs) were purchased from Dynal Biotech
(MyOne and M-280 respectively, Invitrogen, Spain) (see SEM characterization
of both beads at the Supporting Information). Hydrogen tetrachloroaurate (lll)
trinydrate (HAuUCls*3H20, 99.9%) and trisodium citrate (NazCeHs07), used in the
synthesis of AuNPs and tris (2-carboxyethyl) phosphine (TCEP) used for
thiolated primer pretreatment were purchased from Sigma-Aldrich (Spain).
Washing solutions of the MB-labeled conjugates consisted of: (i) Phosphate
buffer solution (PBS buffer): 0.01 M phosphate-buffered saline, 0.137 M NaCl
and 0.03 M KCI (pH 7.4), (ii) Binding and washing buffer (B&W): PBS buffer
solution with added 0.05% (w/v) Tween 20; (iii) Blocking buffer solution: 5 %
(v/v) bovine serum albumin (BSA) in PBS buffer. A TS-100 ThermoShaker
(Biosan, Latvia) was used for the incubations with agitation at a controlled
temperature. A Dynal MPC™-S Magnetic Particle Concentrator (Invitrogen,
Spain) was used for the magnetic separations.

The electrochemical transducers used were homemade screen-printed carbon
electrodes (SPCEs), consisting of three electrodes: carbon working electrode
(WE), Ag/AgCl reference electrode (RE) and carbon counter electrode (CE) in a
single strip fabricated with a semi-automatic screen-printing machine DEK248
(DEK International, Switzerland) (see Supporting Information). The materials
and reagents used for this process were: Autostat HTS5 polyester sheet
(McDermid Autotype, UK), Electrodag 423SS carbon ink, Electrodag 6037SS
silver/silver chloride ink and Minico 7000 Blue insulating ink (Acheson
Industries, The Netherlands). The experimental procedure for SPCEs
fabrication is detailed at the Supporting Information. A neodymium magnet (3
mm in diameter), inserted under the WE, was also used to accumulate the MB-
labeled amplified product during the electrochemical measurements. The
electrochemical measurements were performed in analytical grade 1 M HCI
solution (Merck, Spain) at room temperature using a pAutolab Il (Echo Chemie,
The Netherlands) potentiostat/galvanostat connected to a PC and controlled by
Autolab GPES 4.9007 software (General Purpose Electrochemical System).
Unless otherwise stated, all reagents and other inorganic chemicals were

supplied by Sigma-Aldrich or Fluka (Spain).
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All chemicals were used as received and all aqueous solutions were prepared
in milli-Q water (Millipore purification system, 18.2 MOhm cm).

Conjugation of AuNPs and magnetic beads (MBs) to DNA primers

First of all, a reduction step to remove the protecting disulfide group from the
thiolated primer was performed before using, following the protocol
recommended by the manufacturer. Briefly, 200 pyL of 10 mM Tris (2-
carboxyethyl) phosphine (TCEP) were added to the lyophilized primer and the
solution was shaked 60 min at room temperature. Then it was precipitated by
adding 150 pL of 3M NaAc and 750 pL of EtOH and incubating 20 min at -20°C.
After that, it was spinned for 5 min at 13000 rpm and the supernatant was
discarded. The pellet was dried at room temperature.

The conjugation of self-synthesized 16 nm-sized AuNPs to the primer modified
with thiol group was performed adapting the procedure pioneered by Mirkin et
al%® 190 pL of AuNPs suspension were mixed with 10 pL of 1500 pg/mL
thiolated primer solution and incubated for 20h at 25 °C with agitation (250 rpm)
(final concentration of primer: 75 pg/mL). After that, this solution was added to
50 uL of 10 mM phosphate buffer (pH 7) / 0.1M NaCl and allowed to stand for
44h. Finally, a centrifugation at 14000 rpm for 20 min at 4°C was carried out,
and AuNPs/ primer conjugate were reconstituted in 200 uL of milli-Q water,
being stable for up to 8 weeks.

Steptavidin-modified MBs (1 um and 2.8 ym-sized) were connected with the
primers through the streptavidin-biotin interaction by mixing 50 pyL of 1 mg/mL
MBs suspension with 15 pyL of 100 uM biotinylated primer during 30 min at
25°C. The MBs/ primer conjugate was washed and re-suspended in 15 pyL of

water.

Primer sets for Leishmania amplification and endogenous control
Primers set selected after optimization were (5’-3’):

e KG6F: [ThiCBICTTTTCTGGTCCTCCGGGTAGGGGCGTTCTG

e K3R: [Btn]CCACCCGGCCCTATTTTACACCAACCCCCAGTTTCCC
that amplified a fragment of approximately 140 base pair length of the
Kinetoplast.
For the endogenous control, optimum primers were (5’-3’):

e Primer 18s 1F: CTGCGAATGGCTCATTAAATCAGTTATGGTTCC
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e Primer 18s 1R: CTGACCGGGTTGGTTTTGATCTGATAAATGCACGC
that amplified a fragment of 168 base pair length of the 18S ribosomal RNA
gene.

Analysis of RPA amplification was performed on 2% agarose-gel stained with
ethidium bromide after purification of the reactions with the DNA Clean &

Concentrator Kit (Zymo research).

Isothermal amplification assay conditions

Multiplex amplification with primers K6-F and K3R for Leishmania and 18S-F1
and 18S-R1 for endogenous control was performed using 14mM of magnesium,
300 nM of Leishmania primers, 150nM of 18s primers, 5uL of DNA and 37°C of
reaction temperature during 10 minutes without agitation.

The same experimental procedure was followed for K6F/AuNPs and K3R/MBs
labeled primers (prepared as stated before) so as to obtain the double-labeled
amplified product. A preliminary evaluation of the amplification using
K6F/AuNPs and free K3R (only modified with biotin) was also performed. In this
case, the AuNP/amplified DNA was purified by incubation with MBs under the
same conditions than the described for the conjugation of MBs with biotin-
labeled primers.

A sample without DNA was used in each isothermal amplification as a Negative
Template Control (NTC).

Zeta potential measurements

A 1 pL suspension of AuNPs, K6F/AuNPs and of AuNPs/amplified DNA was
diluted in 1 mL of PBS buffer, vortexed, and transferred into a 4 mL polystyrene
cuvette (FB55143, Fisher Scientific). The data were collected and analysed with
the Dispersion Technology software 4.20 (Malvern) producing diagrams for the

zeta potential as a distribution versus total counts.

Electrochemical detection of MB/AuNP-labeled amplified DNA
25 uL of the MBs/amplified DNA/AuNPs complex suspension were placed on
the working area of the SPCE, where it was previously attached a magnet on

the reverse side. After 30 seconds, 25 uL of 2M HCI solution were added and a
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potential of +1.35 V was applied during 1 min (electrochemical pre-treatment).
After that, a potential of -1.00 V was applied during 60 seconds in
chronoamperometric mode. Under these conditions, the H* ions were reduced
to H, thanks to the catalytic effect of the AuNPs labels.?’?® The absolute value
of the current registered at 60 seconds was considered as the analytical signal,
being this value proportional to the quantity of AUNPs and, consequently, to the
concentration of isothermal amplified product. For the quantitative study shown
in figure 5, the values of the analytical signals (current at 60 seconds) after
subtracting the background (current in 1M HCI) are plotted for a better
understanding.
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Supporting Information

Synthesis of gold nanoparticles

16 nm gold nanoparticles (AuNPs) were synthesized by reducing
tetrachloroauric acid with trisodium citrate, a method pioneered by Turkevich
[Turkevich et al., 1953]. Briefly, 200 mL of 0.01% HAuCI4 solution (25 mM) were
boiled with vigorous stirring. 5 mL of 1% trisodium citrate solution were added
quickly to the boiling solution. When the solution turned deep red, indicating the

formation of AUNPs 16 nm sized, the solution was left stirring and cooling down.

Fabrication of screen-printed carbon electrodes (SPCEs)

The electrochemical transducers were homemade screen-printed carbon
electrodes (SPCEs) consisting of three electrodes in a single strip: working
electrode (WE), reference electrode (RE) and counter electrode (CE). The full
size of the sensor strip was 29mm x 6.7mm, and the WE diameter was 3mm.
The fabrication of the SPCEs was carried out in three steps in the semi-
automatic screen-printing machine DEK248 (DEK International, Switzerland),
using a different stencil, with the corresponding patterns, for each layer. First, a
graphite layer (Electrodag 423SS carbon ink for WE and CE) was printed onto
the polyester sheet (Autostat HT5, McDermid Autotype, UK). After curing for 30
min at 95°C, a second layer was printed with silver/silver chloride ink
(Electrodag 6037SS for the RE). After another curing for 30 min at 95°C, the
insulating layer was printed using insulating ink (Minico 7000 Blue, Acheson
Industries, The Netherlands) to protect the contacts and define the sample

interaction area. Finally, the SPCEs were cured again at 95°C for 20 min.
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Al A2 A3 A4 AS A6 A7 A8 A9 A10 A1 A12 A13 AN4 AIS

81 B2 B3 B4 BS B6 B7 B8 B9 B10 B11 B12 BI3 B14 BIS

€1 C2 €3 C4 €5 C6 C7 8 €9 €10 C1N C12C13 Q4 Q15

Figure SM-1: (A) Detail of one SPCE, containing the three electrodes in the
working area; R- Ag/AgCI reference electrode, W- carbon working electrode and
C- carbon counter electrode. (B) Images of the 45 SPCE sensors sheet

obtained following the experimental procedure.
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Figure SM-2: (A) TEM image of the self-synthesized AuNPs and (B) the
corresponding size-distribution diagram. (C) Chronoamperograms recorded at -
1V in 1M HCI for different concentrations of AuNPs suspensions, from up to
bottom: 0, 2, 3, 4, 6 and 8 pM and (D) the corresponding relationship between
the absolute value of the cathodic current at 60 s and the concentration of
AuNPs.
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Figure SM-3: SEM images of monodisperse magnetic beads of 2.8 um (Dynal
M-280®) (left) and 1 ym (Dynal MyOne®) (right) .
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Figure SM-4: SEM image of a 1 yum MB after amplification of DNA without

Leishmania parasite. Experimental conditions as detailed in the main text.
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Chapter 4

Electrocatalytic tune of screen printed electrodes with graphene oxide

In this chapter the influence of graphene oxidative grades, concerning their
clear influence on conductivity and hydrophobicity upon biosensing response is
studied. Different levels of graphene oxide results on changes of
(bio)conjugation properties occurring at enzyme/graphene oxide interface
mainly due to the electrostatic or hydrophobic interactions with biomolecules in
comparison with bare screen printing electrodes. Tyrosinase enzyme as a proof
of concept receptor with interest for phenolic compounds detection is tested
through its direct adsorption onto SPE previously modified with highly oxidized
graphene oxide reduced graphene oxide. The electrochemical responses of this
reduced graphene oxide have been compared with the responses obtained for
graphene oxide and their electrochemical performance has been accordingly

discussed with various evidences obtained by optical techniques.
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1. Introduction

Since the discovery of graphene in the last years(Geim and Novoselov 2007)
and with the great progress made in nanoscience and nanotechnology, its
integration with biomolecules has received increased attention due to its
physical, optical and chemical properties which are not available in other
materials, such as its interesting molecular structure, high active surface area
and high conductivity capacity that improves the electron transfer(Shao, Wang
et al. 2010). Since then, many graphene materials such as graphene oxide
(Shen, Hu et al. 2009, Marcano, Kosynkin et al. 2010), graphene quantum dots
(Peng, Gao et al. 2012) or graphene nanoribbons have been reported (Martin-
Fernandez, Wang et al. 2012).

Graphene oxide (GO) with different oxidized grades, exhibits different defects
levels due to the distribution of the oxygen atoms all over the graphene surface.
The versatility of oxidative grades of graphene leads to transitions from insulator
to semimetallic mainly after reducing processes (Mathkar, Tozier et al. 2012).
The reduction modes such as reduction using hydrazine (Marcano, Kosynkin et
al. 2010), thermal annealing (Gao, Jang et al. 2010) or bacterial treatment
(Salas, Sun et al. 2010) results in highly reasonable methods for the
reconstruction of the carbon sp2 bonds on GO sheet. The reduction of
graphene oxide removes the oxygen groups and rehybridize the sp® carbon
atoms to sp? carbon atoms (Cheng, Yang et al. 2012). Epoxy and hydroxyl
groups lie above and below each graphene layer and the carboxylic groups are
mostly located at the edges (Zhu, Murali et al. 2010). In highly oxidized
Graphene oxide (0GO) the presence of the oxygen groups onto the surface of
the graphene sheet results in a highly hydrophilic character, which strongly
affects the density of electronic states (DOS) and consequently the chemical
reactivity and conductivity tuning its properties either to insulator or
semimetallic(Eda, Mattevi et al. 2009). Enzymes can be immobilized through
electrostatic interaction. However, electrostatic interaction as the driving force
for enzyme binding to oGO severely affects the activity of the enzyme and
present low stability. This immobilization is not suitable for biosensor

application. On the other hand, Zhang et al. have demonstrated that reduced
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graphene oxide (rGO) represent a interesting plafform with high affinity for
enzyme immobilization. This high affinity is due to the adsorption of enzyme on
rGO through hydrophobic interaction and the lack of surface functional groups
of rGO that may impart less perturbation to the enzyme (Zhang, Zhang et al.
2012).

According to their properties, the reduced graphene oxide opens the door for
biofuncionalization with enzymes. Therefore, due to the biofunctionalization
capabilities combined with interesting electrochemical (Shao, Wang et al. 2010)
and optical properties (Morales-Narvaez and Merkoci 2012) reduced graphene
oxide has greatly stimulated research interest for applications in (bio)sensing

systems.

This work presents a new catechol biosensor based on an assembly of GO-
Tyrosinase conjugates through electrostatic interactions in the case of oGO or
through hydrophobic interaction onto SPE modified with rGO .The
characterization of oGO and rGO sheets on screen-printing electrodes, one of
the most interesting platforms for electrochemical biosensors were thoroughly
discussed. For this study we have used oGO which have been reduced
afterwards with hydrazine (Marcano, Kosynkin et al. 2010) for his de-
oxygenation. The electrochemical responses of this rGO have been compared
with the responses obtained for oGO and their performance has been
accordingly discussed with various evidences obtained by optical techniques.
The use of reduced graphene-based biosystems improves the detection levels
(Wang, Wan et al. 2010), being a great promise for routine sensitive, selective,
rapid, and cost-effective analysis making them suitable for environmental, food

safety and security and medical applications.

2. Materials and methods

2.1 Preparation of rGO. Oxidized graphene oxide (0GO) was provided from
Angstron Materials, Inc. (Product: NOO2-PS) and the reduction step to produce
reduced graphene oxide (rGO) was made using reported literature (Marcano,
Kosynkin et al. 2010) where 100.00 mL of oGO (1mg/mL) was mixed with 1.00

mL of hydrazine hydrate. The mixtures were heated at 95 °C using a water bath
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for 45 min; a black solid precipitated from the reaction mixture. Products were
isolated by filtration (PTFE 20um pore size) and washed with DI water (50 mL,

3 times) and methanol (20 mL, 3 times).

2.2 Optical measurements and sample characterization. The samples were
prepared by drop casting our solution on silicon sample older. X-ray
photoelectron spectroscopy (XPS) experiments were performed in a PHI 5500
Multitechnique System (from Physical electronics) with a monochromatic X-ray
source (Aluminium Kalfa line of 1486.6 eV energy and 350 W), placed
perpendicular to the analyzer axis and calibrated using the 3d5/2 line of Ag with
a full width at half maximum (FWHM) of 0.8 eV. Raman spectras were acquired
at room temperature with a Horiba T64000 spectrometer operated in single
mode configuration with spectral resolution of 4 cm™. The excitation source was
the 514.5 nm line of an argon ion laser. The laser was focused to a spot with
diameter of about 560 nm using a 100X objective lens and the intensity was
kept below 200uw to avoid any damage of the sample. UV-visible absorbance
spectra were explored through SpectraMax M2° multimode reader (Molecular
Devices, California, USA) and fluorescence determined using an UV lamp with
345nm excitation wavelength. AFM measurements were done using a
Dimension 3100 AFM Machine (Veevo metrology group, digital instruments).
Easy drop contact angle measuring instrument was used to perform contact

angle of modified graphene surfaces.

2.3 SPE maodification and electrochemical characterization. SPE were
fabricated using a previously optimized technology by our lab. A graphite layer
is printed by using the screen-printing machine (DEK 248) with the stencil
(where it is the electron pattern) and graphite ink onto the polyester sheet.
Polyester sheet is cured during 15 minutes at 95°C. Silver/silver chloride layer is
printed as reference electrode. Polyester sheet is cured during 15 minutes at
95°C. Insulating ink is deposited. Curing during 20 minutes at 95°C was
performed. SPE were modified with 10uL of 1mg/mL oGO and rGO by drop

casting and let dry overnight at room temperature. For exploring
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electrochemical behavior of modified electrodes, cyclic voltammetry was done
using 50uL of 1mM Ferricyanide ( [Fe(CN)s*’* ) in 1M sodium chloride (KCI)
that was deposited onto the SPE by drop casting. Tyrosinase was immobilized
onto the electrode surface by physical adsorption. Tyrosinase was solved in 0.1
M phosphate buffer (PBS) at pH 6.5. The concentration of Tyrosinase for SPE
modification was 1mg/50uL in PBS. SPE, SPE-0GO and SPE-rGO electrodes
have been modified with 5uL of 1mg/50uL Tyrosinase and let it dry overnight in
the fridge at 4°C.

Amperometric measurements were performed applying a potential of -0.1 Vina
system composed by a 5 mL electrolytic cell containing 0.1M PBS. PBS is
necessary to be used in controlled-potential experiments as a supporting
electrolyte. It decreases the resistance of the solution, eliminates electro
migration effects and maintains a constant ionic strength. Cyclic voltammetry
(CV) and amperometric experiments were performed using an electrochemical
(CH instrument, model CHI 600C).

3. Results and discussion
3.1 Optoelectronic properties

X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy (Raman)
were firstly used to evidence the level of oxidation and correspondent oxygen
bonds so as to determine the structural changes occurring during the chemical
reduction process mainly affected by the presence of oxygen atoms onto the

graphene structure.

The study of the efficiency of graphene reduction using hydrazine method was
followed by x-ray photoelectron spectroscopy (XPS). Figure 1a shows the C1s
signal of oGO powder. The signal was fitted by four components: C=C & C-C
(42.1%, 284.6 eV), C-O (47.9%, 286.7 eV), C=0 (7%, 288.0 eV) and O=C-OH
(3%, 288.9 eV). The estimated C/O ratio is ~1.07. The same study was pursued
for rGO represented in Figure 1b with values for C=C & C-C (60.1%, 284.6 eV),
C-O (32.1%, 286.7 eV), C=0 (5.1%, 288.0 eV) and O=C-OH (2.7%, 288.9 eV)

and a C/O ratio ~1.53. The efficiency of hydrazine reduction is clear and the
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improvement of the C/O ratio is quantified. In the case of Raman, in Figure 1c
the D and G bands are localized at 1345 cm™ and 1590 cm™ respectively for
0Go and rGO (Park, An et al. 2008). However, an increase in D/G intensity ratio
(Ib/lc ) is observed for rGO ( Ip/lc = 1.26) in comparison with oGO (Ip/lc = 0.92)
suggesting a decrease in the average size of the sp? domains upon reduction
and can be explained by the formation of new graphitic domains that are
smaller in size but more numerous (Stankovich, Dikin et al. 2007). According to
this study, the modified screen printing electrodes (SPE) with these two kinds of
graphene, possess levels of oxidation and carbon networks completely
different, and consequently different electrocatalytic responses can be
previewed. In order to get insights of the electronic properties of the obtained
platform, UV-Visible spectrum was performed and is represented on Figure 1d.
For the oGO sample, a maximum peak at 231 nm is ascribed to T—H1*
transition of aromatic C—C bonds, and a shoulder at 300 nm is attributed to
n—1r* transition of C=0 bonds. In the case of the rGO, the maximum peak was
red-shifted to 254 nm after reduction and the absorbance was significantly
increased at wavelengths above 233 nm, which indicates that electronic
conjugation has been restored, at least to some extent(Cuong, Pham et al.
2010). The defect at 350 nm on the visible spectra is due to the UV lamp
change on the device. The fact that under excitation of 350nm UV-light, the
0GO presents fluorescence (inset Figure 1d) in detriment of rGO can make us
think about the transitions presented on the UV-Visible absorbance spectra
which are in line with similar data of an oxidized graphene material (Shang, Ma

et al. 2012) for which the appearance of a band gap has been also reported.
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Figure 1. Optical characterization of graphene oxide materials. C1s XPS data of
oGO (a) and rGO (b) . (c) Raman spectra and (d) UV-visible steady state
spectroscopy. Inset: images of oGO and rGO suspensions under UV lamp

excitation.

3.2 Morphology characterization

To accurately determine the oGO and rGO morphology at the nanoscale, the
sheets were characterized by Atomic Force Microscopy (AFM), as shown in
Figure 2. Completely different morphologies were observed between these two
nanomaterials. oGO flakes show a high non-uniform surface with high degree of
porosity. The average diameter of graphene holes is in the range of tens of
nanometers, and the flakes show a thickness of about 2.5 nm. The presence of
this topographical defects observed in this sample is explained by the high
level of oxidation(Cheng, Yang et al. 2012). Indeed, Figure 2b shows the
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topography of rGO flakes in which homogeneous double, triple and multilayer
flakes of graphene are observed,(Geim and Novoselov 2007) which is
characteristic of reduced graphene oxide materials due to the -1 stacking of
aromatic rings after the reduction of oxidized groups. The average thickness of
each flake for this sample is around 3 nm. It becomes clear that the reduction
process of oGO flakes results onto bigger layers of rGO after reduction of 0GO,

mostly due to the rearrangement of sp? carbon bonds(Gao, Jang et al. 2010).

Profile (nm)
o
Profile (nm)
H

0.0 05 1.0 0 2 4 6 8 10
Section (um) Section (um)

Figure 2. Graphene oxide morphology at the nanoscale. Topography AFM
images of oGO (a) and rGO (b) flakes. The red lines correspond to the sections
(c) and (d) shown below for each image. KPFM images of oGO (e) and rGO (f)
of the same area as (a) and (b).
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The different levels of oxidation of the oGO and rGO films are confirmed by
Kelvin Probe Force Microscopy (KPFM). In KPFM, the direct measurements of
the contact potential difference between the oGO and rGO flakes and the tip of
the AFM are obtained and mapped. As shown in Figure 2c and 2d, the KPFM
image of the oGO flakes shows a dark contrast with respect to the surrounding
substrate, indicating the presence of negative dipoles on the surface of the oGO
flakes dominated by the oxygen groups. Instead, for rGO, the flakes show a
more positive contrast with respect to the substrate observed through the holes,
in agreement with the presence of less negative dipoles on the surface of these

samples which are arisen from the reconstruction of the sp? carbon network.

In order to evaluate the electrocatalytic properties of the graphene forms we
used SPE (Figure 3a) as testing platforms. Screen-printing microfabrication
technology is well-established for the mass production of thick film electrodes
and it is widely applied to build biological or chemical sensors(Fanjul-Bolado,
Lamas-Ardisana et al. 2009). SPE represents one of the most important
products of this technology. The main objective of this work is to improve their
capabilities in biosensing applications by using graphene oxide modification and
to clarify the obtained performance. A simple strategy in which SPE’s were
modified with 10uL of 1mg/mL oGO and rGO was used. Under this
methodology a total coverage of the SPE is achieved and a completely new

electrode platform is built.
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Figure 3. Surface hydrophobicity study. SPE flexible technology (a). Water
contact angles for SPE (b), SPE-0GO (c) and SPE-rGO (d).

Surface hydrophobicity of the modified SPE was evaluated due to the fact that
adsorption processes have a direct influence on the electrochemical response
through the electrocatalytic behavior of the adsorbed enzyme. As shown in
Figure 3b, the contact angle to water of typical SPE is 62.2°. After modification
with graphene oxide materials, the surface suffers visible changes on its
hydrophobicity. In the case of SPE modified with oGO (SPE-0GO) in Figure 3c,
the surface changed to a value of 52.6° and in the SPE modified with rGO
(SPE-rGO) the contact angle was 73.4° as reported in Figure 3d. These results
are also in agreement with the level of oxidation of the graphene materials that
is proportional to the hydrophobicity of the modified SPE surface(Zhang, Zhang
et al. 2012). In the case of SPE-0GO the surface seems to be much more
hydrophilic in comparison with SPE-rGO due to the presence of oxide groups.
The consequent removal of these oxygen binding sites for rGO-SPE induced

stronger hydrophobicity on these electrodes due to -1 interactions.
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3.3 Electrocatalytic properties

To explore electrocatalytic behavior of the modified SPE electrodes, a drop of
50uL of 1mM Ferricyanide ([Fe(CN)s]>™*) solution was deposited and cyclic
voltammetry technique was performed to evaluate electrochemical response of
SPE-0GO and SPE-rGO to this redox couple. Figure 4 shows that the presence
of graphene materials has an important effect on the electrochemical response
of the SPEs. While the presence of oGO decreases the conductivity or the
current on the SPE-0GO, the SPE-rGO shows a higher current response to
[Fe(CN)s*’* (Figure 4a). From these results, one can state than rGO is the
most conductive material and oGO the most resistive one. As a matter of
comparison, the electrochemical behavior of the free graphene SPE electrode
(Figure 4b) together with a zoom of the electrochemical response of the SPE-
oGO (Figure 4c) and SPE-rGO (Figure 4d) is also depicted. In the SPE-0GO a
very low current redox wave whose possible origin will be addressed later on

was also captured.
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Figure 4. Electrochemical properties. Cyclic voltammetry for SPE, SPE-0GO
and SPE-rGO at a scan rate of 25mV/s (a). Non-modified SPE (b), SPE-0GO
(c) and SPE-rGO (d) at scan rates from 25mV/s to 150mV/s. All samples were
tested in 1mM [Fe(CN)s]*’* in 1M KCI.

The electrochemical reactivity of the SPE-0GO and SPE-rGO can be explained
under the light of the density of electronic states which is a very important
parameter that controls the electrode kinetics. According to Gerischer-Marcus
theory, the heterogeneous electron transfer rate is dependent on DOS of the
electrode and on their overlap with the electronic states of the electroactive
species (Belding, Campbell et al. 2010). An electron transfer can take place
from any occupied energy state that is matched in energy with an occupied
receiving state. Thus in metallic electrodes the high density of DOS increases

the possibility that an electron of the correct energy is available for the electrode
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to transfer to an electroactive species. However if the material exhibits a band
gap the probability of matching available states for the electron exchange
between electrode and electroactive species is very low decreasing dramatically
the electrochemical activity. Therefore in the case of SPE-oGO and in
accordance with the fluorescence observations, it is very reasonable to ascribe
the low electrochemical performance to the opening of band gap with the

oxidation process.

High graphene oxidation is known for instance to remove states close to the
Fermi level, thus producing an insulator (Acik, Lee et al. 2010). It is therefore
expected that excessive oxygen moieties on graphene in any chemical form (
epoxide, hydroxyl, carboxyl and ketonic-type functional groups) both on the
basal plane (Cai, Piner et al. 2008) and at the edges(Park, Lee et al. 2008)
reduces electronic states at the Fermi level and consequently its conductivity as
probed experimentally (Eda, Mattevi et al. 2009). As described before in Figure
1d, the reduction of oGO results on the decrease of n—m* transitions,
responsible for C=0 bonds in sp® hybrid regions and responsible for
fluorescence emission in graphene oxide (Shang, Ma et al. 2012). It is also
reported that graphene reduction using hydrazine decreases the band gap to
values almost negligible (Mathkar, Tozier et al. 2012). The conductivity increase
after reduction, passing from an insulator material to a more semimetallic
conductive one is clear in Figure 4d and consistent with literature reported

elsewhere about this transition behavior upon reduction (Acik, Lee etal. 2010).

Redox peak currents increase around sixty times upon reduction as can be
observed in Table 1. The table also reports the peak separation voltages (AV))
for the different electrodes. It can be observed that the AV, of SPE-rGO is
smaller than in the case of the carbon based SPE evidencing the favourable
electrode kinetics of the reduced graphene. The table also reports the AV,
value for the case of SPE-oGO ascribed to the very low current
oxidation/reduction wave which is captured when zooming in the
electrochemical current of the oxidized graphene. The origin of such small
redox wave and its surprising low value of AV, cannot be analyzed in the same
context as in the case of SPE and SPE-rGO electrodes. We believe that such

redox wave in the SPE-0GO is coming from the response of the bottom carbon
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support of the SPE and not from the oxidized and insulating graphene. The
surprising reversibility of such wave can be explained under the light of the thin
layer diffusion model which is applicable when the electrolyte is trapped in
porous layers(Belding, Campbell et al. 2010). Indeed, AFM images have shown
the porous nature of oxidized graphene. Therefore the electrochemical
response is compatible with a passivating oxidized graphene layer with a
number of pits (pores) through which the electrolyte penetrates and keeps
confined, inducing a Kkinetically and thermodynamically favourable electron
transfer with the base carbon material of the SPE. Accordingly, the peak-to-
peak separation in this scenario is expected to be smaller than in the case of

the semi-infinite diffusion model in agreement with our findings.

Table 1. Cyclic Voltammetry data for SPE, SPE-0GO and SPE-rGO

AV, AI(pA)
SPE 0.3945 472
SPE-0GO 0.0244 0.12
SPE-1GO 0.3297 7.75

The influence of the two explored graphene materials with different levels of
oxidation on the attachment of Tyrosinase enzyme has been also studied. The
enzymatic activity of the Tyrosinase-graphene oxide modified SPE platform
using catechol can be observed through the formation of o-Quinone as shown

in Figure 5.
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Figure 5: Schematic diagram (not in scale) displaying the enzyme (Tyrosinase)
and reactions involved in the catechol detection at the SPE modified with oGO

acting as an insulator and rGO as a semimettalic compound.

The voltamperometric evaluation (Figure 6a) shows the comparison of the SPE
modified with Tyrosinase (SPE/Tyr), oGO plus tyrosinase (SPE/oGO/Tyr) and
rGO plus tyrosinase on the electrocatalytic detection of catechol. All
modifications were done under strictly identical conditions. As expected, the
reduction signal was improved when GO was present. Moreover, remarkably
higher response of SPE/fGO/Tyr was observed, showing fairly well the
advantages predicted for this type of biosensor configuration, commented in the
introduction section. The enzymatic reaction involves the catalytic oxidation of
the catechol to o-quinones, at the expense of reducing oxygen to water. The
electrochemical reduction of o-quinones, by transferring two electrons and two
protons, was employed to monitor this reaction (Fig. 5). In this case, o-quinone
can be reduced back to catechol at low applied potentials (-0.1V). The
generation of electrons in this step leads to a change in the current that can be
measured. The coupling between the catalytic oxidation (catechol to o-quinone)
and the electrochemical reduction (o-quinone to catechol) shuttles the catechol

into a cycle with the possibility of signaling amplification (see Figure 6b).
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Figure 6. Electrocatalytic properties of SPE/Tyr, SPE/0GO/Tyr and
SPE/fGO/Tyr. (a) Cyclic voltammetry response in presence of 20 uM Catechol
at 100 mVs™'. (b) Typical current-time curves for the successive additions of 2
MM catechol solution, to a 5mL electrocatalytic cell containing 0.1M PBS (pH
6.5) during stirring conditions under a working potential of -0.1V. Inset:

corresponding calibration curves for the graphene modified SPEs.

Herein SPE, SPE-0GO and SPE-rGO electrodes have been modified with
Tyrosinase by adsorption. Such immobilization strategy and the final enzymatic
activity are expected to be very dependent on the hydrophobicity level of the
GO-SPE. The enzymatic response has been followed up by amperometric
measurements at -0.1 V. We have found a very good electrochemical stability to
the addition of catechol for the highly oxidized graphene as can be observed in
Figure 6b. This behavior may be related with the binding of the Tyr to oGO by
electrostatic interaction (Zhang, Zhang et al. 2012). Thus and despite being an
insulator, SPE-0GO results highly beneficial for enzyme biosensing platforms
presenting a limit of detection (LOD - signal to noise ratio (S/N) = 3)) of
0.0711nM and a sensitivity of 0.0679uA/uM as presented on table 2. In the case
of SPE-rGO modified with Tyr, the improvement of the electroanalytical

performance (based on LOD and sensitivity parameters) was observed. The
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presence of hydrophobic aromatic structures observed by XPS spectra (Fig. 1b)
and the water contact angles studies (Fig. 3d) suggested that the adsorption of
the enzyme onto SPE-rGO should be government by a hydrophobic interaction
instead of electrostatic interaction as onto SPE-0GO. As reported before, this
Tyrosine immobilization onto the rGO was more efficient than the immobilization
onto the oGO for similar C/O ratios(Zhang, Zhang et al. 2012).This
phenomenon is attributed to the fact that the electrostatic interaction as the
driving force for enzyme binding to oGO severely affected the activity of the
enzyme. Additionally the higher conductivity of the rGO promotes high charge
transfer (Fig. 4a). As reported in table 2, the SPE-rGO presented the best LOD
of all graphene materials (0.0103nM) and was shown to be the most sensitive
(0.0898uA/uM).

Table 2. Description of different analytical performance parameters

Limit of Detection Sensitivity Linear Interval R”
(nM) (MA-uM™) (uM)
SPE 0.4140 0.0056 2-16 0.9936
SPE-0GO 0.0711 0.0679 2-16 0.9954
SPE-rGO 0.0103 0.0898 2-16 0.9918

4. Conclusions

As experimentally observed in this work, graphene materials changed the
electrochemical properties of SPE in terms of current intensities. In addition, the
capability for biofuncionalization that in turn might have been effected by the
level of oxidation of graphene materials should have contributed in the

biosensor performance (better stability due to a better enzyme immobilization)
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and the decrease of the limit of detection in comparison to the non-modified
SPE. The obtained results clearly show that the SPE modification either with
oGO or rGO may tune the biosensing response. The modification with oGO
achieves a lowly biofunctional platform for Tyrosinase (although much higher
than SPE) while the modification with highly hydrophobic and conductive
reduced graphene oxide leads to a high range of biofuncionalization. Figure 5 is
a schematic of this tuned biosensing platform using the two graphene
nanomaterials. Two different biosensing systems can be obtained: one using
insulating oGO that leads to low concentration of Tyrosinase attached to the
surface of the SPE arising in lower signaling response and the other one taking
advantage of the highly hydrophobic rGO semimetallic structures, which
provides a big amount of enzyme to produce the high electrocatalytic signaling,
decreasing significantly the detection limits of the bare SPE. Despite of all
different properties of graphene materials, it is obvious the influence on
biosensing response of the graphene oxide transition from an insulator to
semimetallic compound on SPE response. This tuning capability of the
biosensor response can be with interest for building several other biosensors
including immunosensors and DNA sensors with interest for various

applications.
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Chapter5

Printing graphene oxide using wax printed membranes

In this chapter a methodology for fast patterning and transfer graphene oxide
using water activated wax printed membranes with infinite shaping capability is
presented. Water activation transfer of patterned GO over flexible substrates
using the roll-to-roll mechanism for rapid building of plastic, paper or textile
electronic platforms is demonstrated. A touch sensitive device over PET for

switching on and off a LED is produced.
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1. Introduction

Printed electronics paved the way to a new type of low cost technologies over
plastics and organic substrates for building electrical and electronic devices.
Using a wide variety of materials conjugations such as inorganic' and organic®*
semiconductors, metals® or insulators® enabled building devices such as Radio
Frequency Identification (RFID) systems, light emitting diodes (LED),
supercapacitors, thin film transistors, resistors or solar cells. Industry equipment
in this area is mainly based on screen-printing technology, flexography, gravure,
inkjet and lithography (also as developers of micro-contact stamps).”® More
exactly, lithography, flexography and gravure exhibit high set up costs and are
advantageous only for high production rates. Additionally, lithography is mainly
a chemical or photochemical process with the need for clean room facilities and
consumable and expensive photoresists and developers. In the case of screen-
printing and ink-jet printing the need for ink development is an issue in terms of
viscosity and polymerization. For the singular case of inkjet printing, additionally
to the ink development there is the substrate treatment and printing
temperature. Despite this, the last two techniques are cost effective for smaller
quantities of printed products. All these technologies possess the need of know-
how and specialized personal as common characteristic for the development of

simple electronics devices.

Fast prototyping rise in the “Maker” or “Do It Yourself’ communities have
opened venues for fast integration in electronic industry of creative and original
devices of all types integrated with the internet of things.'®'? This process is
done mainly using the techniques described below which become hard in terms
of versatility and price for low quantities of prototyping production. Despite 3D
printing paved the way for a different type of technologies in these areas, great
efforts are still needed for the development of new processes for fast printing
technologies that can integrate communities making a step forward to

knowledge and technology transfer for society.

The importance of graphene oxide (GO) and derivatives such as reduced GO
(rGO) have raised in recent years substituting a wide variety of materials for the

production of supercapacitors,”'® LED," RFID,® solar cells?' and
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(bio)sensors.?>?° The ability to pattern and transfer GO without using of organic
toxic compounds (as in lithography), surfactants or polymer based solutions and
(as in ink jet or screen printing) is required given the influence that these
compounds can have onto the optoelectronic properties.® % 2631 In this way,
vacuum filtration makes a step forward in this development and has been used
for various applications either for transferring thin films of rGO using liquid-air
exfoliation leaving a suspended film that can be “fished” by the target
substrate;32 or for transferring thin films with nanometer resolution onto
substrates by dissolving the nitrocellulose membrane with acetone when in
contact with the target substrate.®® Despite the great advances over the transfer
of GO thin films using vacuum filtration described before, patterning
technologies are still the handicap/bottleneck of the whole process. Existing
transfer technologies do not solve problems such as GO ink preparation 2 or
the need for lithographic?’ patterning and physical erasure (possibly by PDMS
based microcontact stamps).?® Filling this gap that would lead to an automatized
process that controls the thickness and enables the direct patterning of
controlled GO structures onto various substrates, in a fast and chemically-free
transfer mode, without any requirement for ink treatment and being at the same
time simple and cost effective is still a challenging objective in GO printing

technologies.

Herein we propose a methodology for fast patterning and transfer of GO using
water activated wax printed membranes (WPM). Wax printing technology is a
green, low cost and versatile technology that can be easily performed using the
desired shape or image chose by the user with micrometer resolution.3* % Its
hydrophobic nature enables to drive GO water suspension over the membrane
to the desired regions. This technology coupled with the vacuum filtration
provides control over the shape and thickness of GO leaving a patterned GO
mesh over the nitrocellulose membrane. In this way, we developed a water
activated mechanism to transfer patterned GO over flexible substrates. The roll-
to-roll mechanism that outfits the wax printer machine makes this technique

suitable for rapid building of plastic, paper or textile electronic platforms. We
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have used this technique to produce a touch sensitive device over polyethylene
terephthalate (PET) for switching on and off a LED.

2. Results and discussion

In Figure 1 is shown how a nitrocellulose membrane (Figure 1a) is patterned
onto the desired shape (Figure 1b) using a wax printer machine. To form the
GO pattern the inverse pattern is printed onto the membrane surface. The wax
clogs the pores of the membrane wherever it is printed leaving the non-wax
containing regions (grey in the reverse pattern) unclogged. The WPM is set
onto the filtering glass, and the suspension of GO (at a desired concentration) is
filtered, leaving a GO mesh on top of the WPM (Figure 1c1). The WPM is left to
dry (Figure 1c2), water activated by rewetting in a water bath (Figure 1c3), fast
dried using air flow on the back part of the membrane (Figure 1c4) and

transferred by pressure (Figure 1d,1e) to the desired target substrate.
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Figure 1. Schematics of the patterning and transfer of GO.(a) nitrocellulose
membrane, (b) WPM, (c) WPM modified with GO - (c1) sheets right after
filtrations; (c2) after natural dry; (c3) after water activation ; (c4) after fast dry
with air flow — (d) transfer of GO by pressure to the substrate, (e) transferred
GO pattern.

When the GO mesh over the WPM is dried, which takes between 30-60 min
(Figure 1c2), the interactions with the membrane are in their stronger phase
which inhabilitate the transfer of GO. On the other hand, right after filtration
(Figure 1c1), the transfer can for instance, spread GO all over the substrate

depending on the absorptive properties of the target material.

According to this, we have produced different WPMs through wax printing and

modified them with GO (inset Figure 2a,c,e and g). We used the wax printer
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which is outfitted with roll-to-roll hardware for fast and automatized transfer of
GO over different flexible substrates such as PET, textile t-shirt, paper and
adhesive film as demonstrated in Figure 2 using procedure from Figure 1. As
proof of concept we transferred a modified WPM using a spatula (Figure S1)
where a simple image of the Nobel coin can be transformed into a black and
white WPM (Figure S1a,b and c¢) and transferred over a window glass by simple

hand pressure of the spatula (Figure S1d).

Figure 2. Patterning and transfer over different materials. (a) Patterned GO over
PET (inset: WPM for PET); (b) SEM image of patterned rGO over PET; (c)
Patterned GO over paper (inset: WPM for paper);(d) SEM image of patterned
rGO over paper. (e) Patterned GO over textile t-shirt (inset: WPM for textile); (f)
SEM image of patterned rGO over textile. (g) Patterned GO over adhesive film
(inset: WPM for adhesive film); (h) SEM image of patterned rGO over the

adhesive film.

To determine the resolution we produced different WPMs composed of different
geometric forms and lines (Figure3a). The WPMs shown in Figure 3b, exhibited
acceptable designs over a range of 500 um for circles, once the circle geometry
gets degraded over lower size resolutions. The direction of the wax printing
(parallel or vertical) was an important parameter to evaluate, as it affects the
resolution and the shape of the patterned wax. Figure 3c shows wax lines

printed vertically and Figure 3d parallel printed. The wax line, represented in
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Figure 3c as the green cross has a minimum resolution of 100 ym which is
consistent with literature — values under 100 ym are simply not patterned from
the wax printing machine. We investigated the resolution of the unclogged
space represented in Figure 3c as the red cross once will be the minimum
resolution of the future GO pattern. A resolution of 50 ym (Figure 3e) was
obtained when the WPM was printed vertically. For lines parallel printed, the
variation in the line size is determined by the bumps and the printing and the
resulting width are not consistent. According to this, to define long narrow lines
it is better having them printed perpendicular to the printer feed direction (so
one avoid poor line to line printer registration issues). According to the
technology features described before, the resolution of the WPMs is mainly a
hardware characteristic of our printing machine. We believe that hardware
evolution will entail advances in resolution factors, and in this way our technique
could possibly in the future compete in the microelectronic device fabrication
domain. On the other hand, the main principle of our process could be used,
and the coupling between photolithography or inkjet printing could produce
masks over the nitrocellulose membranes with the technical and cost losses
associated with it (as described elsewhere in this work). The ink development
such as using smaller GO sheet size should be performed so as to reach better
resolution. Despite this, we believe that even the current printing resolution of
the WPMs is still efficient for the production of devices such as supercapacitors,
solar cells, sensors and biosensors. The lateral spreading of the wax across the
WPM at room temperature was studied over 5 months (Figure S2) and any
significant deformation or spreading was not observed and therefore we
concluded that these WPMs are stable over the long term. Each WPM have a
filtration area that is dependent on the patterned design influencing the filtration

rate (time) and the vertical size of GO film.
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Figure 3. Reproducibility of WPM and transferred patterns. (a) WPM with
different forms (left side) and lines (right side). Optical microscope image of the
WPM for (b) forms, (c) lines vertically printed , (d) lines parallel printed.(e)
Evaluation of vertically and parallel printed WPM of printing width (designed in
the computer) and resulting width (patterned onto the NCM). (f) Evaluation of
the transferred GO in comparison with WPM widths (inset: optical microscope
image of patterned GO lines with 50um and 300um). (g) Photo of the patterned
lines with 1x4mm (inset: photo of the transferred GO with the WPM). (h)
Variation of the thickness of GO over the patterned substrate area. (i) and (j)

histogram of the thickness (GO) and resistance (rGO) distribution respectively.

We used vertically printed WPMs (Figure 3a) for studying the transfer process
over PET using the roll-to-roll mechanism that outfits the wax printing machine
due to the automation that it provides. Accordingly, 5 mL of a GO concentration
of 0.01 mg/mL was placed into the filtering flask, filtered and left to dry for
1hour. After 1h drying followed by 1min wetting and drying process, the WPM
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was placed in contact with PET substrate and transferred using the wax printer
machine. The transfer efficiency to PET using the mass weight of the WPM
before and after the transfer (n=10) was calculated obtaining a transfer
efficiency of 99.74%. The minimum resolution of GO transferred into PET was
50 um (Figure 3f) which is in accordance with the resolution of the WPM
described before in this work. The transfer mechanism can be understood
under the focus of the interlayer distance between GO sheet upon filtration.
Filtration of GO layers origins a compressive stacking forming a compact film
with low quantity of water molecules in between the layers. According to this,
while rewetting, the water is absorbed in the surface of the GO film due to the
hydrophilic nature of GO causing the release of the GO film from the
membrane. We studied this evolution during one month and the transfer was
still effective as reported in Figure S3. The hydrophobicity of GO sheets quickly
increased upon drying as determined in Figure S4 and slowed down upon 1
hour to 1 month. It is also known that the reduction of GO is slow at room
temperature and normal life conditions which opens to us a big time window to
process the transfer . The transfer pressure should be suitable to reach the
neccessary strength to be applied between GO mesh and the target substrate
to avoid the 25 pm wax height (which can be considered as the maximum
vertical size that GO film can have — Figure S5) and make direct contact
between the GO mesh and the target substrate.

We have built a mask presented in Figure 3g (inset) to address the
reproducibility of the transfer in terms of thickness and resistance. In Figure 3h
one can see the variation of the thickness of GO over the patterned substrate
area. It has shown uniformity of the different lines printed with a medium
thickness all over the substrate of 40+3 nm (Figure 3i). The patterned GO films
were reduced immersed in 1 mg/mL of ascorbic acid at 30°C for 48h (Figure 39)
and wired using silver ink. The sheet resistance was measured three times
using a tester showing a mean distribution of 190.08 + 97.15 kQ (Figure 3j). The
resistance and thickness variations of our methodology can be related to a
myriad of factors such as the nature of our method by itself — the patterned wax
should favour the fluidic movement over the membrane upon filtration; the

circular filtration area and the round shape of the metallic sieve in the filtration
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flask which allows the GO to be filtrated in the central areas rather than in the
surrounding areas - and the reduction methodology.®**' We believe that all
these aspects can, in the future, be optimized and developed accordingly and
the scalability of the process could diminish and improve these factors.

t*2 in order to

Additionally, we performed an adhesive-tape-peel-off wipe tes
determine the stability of the conductive patterns (Figure S6 and Table S1). A
different prepared film avoiding silver wiring was used in order to establish
maximum contact between the adhesive tape and the rGO tracks area. The
same GO concentration (0.01 mg/mL) was used and after 5 peel-off counts the
resistance increased from 282.44 + 93.02 kQ to 326.75 + 129.43 kQ which
means an increase of 44.31 kQ in mean resistance. This can be attributed to
the consecutive peeling of few layer graphene*® and the contact stretching of
the tester connections with the rGO tracks. According to this, our conductive
tracks appear to be stable, avoiding any treatments to substrate or to the

patterned conductive tracks.

As reported in Figure 4a we have developed interdigitated electrodes (IDE)
using the mask presented in Figure 4b and filtered different concentrations of
GO solutions in order to determine the electrical properties dependence on the
vertical size of GO film. Accordingly, GO IDEs were fabricated using the
procedure developed before using 1h dry and water activation methodology
over PET. The GO IDEs (Figure 4c) where reduced (Figure 4d) to improve the
electronic properties, using ascorbic acid as a reducing agent. Using four
different concentrations - 5mL of 5, 2.5, 1.25, 0.625 ug/mL - (Figure 4e) we

studied the evolution in terms of capacitance, resistance and vertical size.
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Figure 4. Electrical characterization of the IDE. (a) Schematics of the IDE
fabrication. (b) WPM used for the design of GO IDE. (c) IDE tranfered over PET
in their oxidized form. (d) IDE transferred over PET in their reduced form. (e)
photo of all IDEs with different filtered volumes (5mL of 5, 2.5, 1.25, 0.625
pg/mL — from left to right). (f) IDE with a filtrated volume of 0.625 pg/mL). (g)
Resistance of 10 IDEs. (h) Capacitance of 10 IDEs.

According to this, with a decrease of a factor of 2 over the concentration of GO,
the thickness was 38.9+2.3nm, 24.5+ 0.7nm, 19.8+0.5nm, 14.9+0.8nm. The
resistance varied from 57112, 166134, 531+98 and 25571679 kQ with the
decrease of concentration. The capacitance decreased from 270£110, 49115,
17+3 and 13.2+0.5 pF. We believe that the resistance and capacitance values
would reach saturation with the consecutive increase of GO thickness (200nm
to 500nm for instance), mainly due to the lack of effectiveness of our reduction
methodology to achieve the intrinsic layers in the case of a thicker GO film

(being the reduction process only effective on the uppermost layers).'® 3 In this
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way, the variation of the capacitive properties over different electrodes with
similar resistance can be related with the intrinsic properties of GO upon
reduction once all the IDE where reduced submerged in ascorbic acid which
can possibly alter the intrinsic properties such as the interlayer distance or the
surface area exposed to the electrolyte. We expect that these properties can be
tuned by the reduction method or either in the in-situ development of GO foam-

like materials to develop extreme capacitive characteristics.'® 14 17.44.45

Using the 60nm IDE we measured the resistance and capacitive properties
upon the interaction with a human finger. As shown in Figure 5a,b upon touch ,
the circuit is closed and the resistance changes from >100 MQ (cannot be read
in a contact tester) to =110 kQ. The capacitance is also changed from 0.25 pF
to approximately 0.75 pF. We produced a touch sensing device using an
electronic circuit (Figure S7) with interest for real applications making the
capacitive\resistive behaviour of this IDE suitable for touch operations such as
LED switcher (Figure 5c). Using this we could operate a LED turning it ON
(Figure 5d) and OFF (Figure 5d). A movie of the operation of the switcher was
additionally obtained (can be seen in Movie S1). The possibility of having
GO/rGO interfaces in one single device is also demonstrated. Despite similar
circuitry development has been performed by ink-jet printing,*® when
establishing a comparison with the proposed WPM-based printing, it
demonstrates some advantages being a very simple patterning mode, avoiding
optimization time of the ink (viscosity, printing temperature, GO concentration
used and GO flake size), long chemical substrate treatment and coffee-ring
effects. Our technology also can be used in the future for fast patterning of
transparent conductive circuitry without the need to develop new GO matrix

requested by ink-jet printing or other printing technologies.
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Figure 5. Touch sensitive device. (a) Variation of the resistance/capacitance
upon touch. (b) zoom of the initial 30 s of Figure 5(a). (c) IDE used for this
experiment. (d) IDE connected to the circuit. () IDE turning on a LED upon

touch.

The proposed technology opens new venues for direct patterning of GO while
filtering using a total green and biological friendly material such as wax and the
possibility for long term transfer using the water activation and roll-to-roll
pressure. The methodology is automatized, with control over the x, y and z
directions and easily scalable. The long term stability that possesses opens the
possibility for in-field applications. In addition it can be tuned from a simple
patterning methodology (the WPM itself can be turned into simple microfluidic or
electronic device made of GO) to a transferring methodology (one could transfer
GO without patterning for a wide variety of substrates just by a mechanical

actuation using the water activation mechanism). Apart, one can look at this
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technology as a non-chemical, clean and polymer free self-adhesive or water
activated adhesive for direct patterning of GO devices. We believe a WPM
could in the future perform multifunction’s that are nowadays applications of
lithography such as PDMS stamps molding.

The proposed patterning technique also can be adapted after right optimizations

47, 48 carbon

to a wide variety of materials such as silicon nanowires,
nanotubes*® or 2D materials®® (such as graphene, MOS, WSe, or boron
nitride). The corresponding matrix of nanomaterial-based inks must avoid the
hydrophobic forces of the wax, should not dissolve the membrane and have
target substrate affinity. This could be achieved using aqueous solution (as in
the current GO printing) or with adequate chemically modified materials, ion
intercalated solutions or surfactant suspensions followed by optimization of the
transfer process. The possibility to apply the proposed technology to other
materials will open the way to fabrication of other devices and many other
applications with interest for various fields. Despite the fact that further work will
be needed in this area, we believe that the proposed technology will open new
opportunities for GO (or other nanomaterials)-based devices. This novel and
versatile WPM-based printing technology is advantageous and disruptive in
comparison to existing/similar techniques reported earlier.®* 3* ' The WPMs
can in a near future open many other application fields taking advantages of
each fabrication step of the current technology (presented in Figure 1) either

separately or all together.
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3. Conclusions

In summary, we have reported a new, versatile, low cost and customisable
method for patterning GO onto a myriad of substrates through highly stable,
microscale WPMs that can be seen as water activated “adhesives”. The ability
and stability of these WPMs in consonance with the properties of GO makes
this technique versatile and easy to handle. These masks enable controlled
shaped filtration and transfer of different thickness’s of GO in various shapes of
interest for different applications with a minimum resolution of 50 ym. The GO-
printing technology that we report here is advantageous over previously
reported methods for fabrication of GO-based devices in terms of ease,
versatility, cost and potential end-applications. This long term transfer of GO is
promising for actuating in areas that are not suitable to have a laboratory such
as underdeveloped countries opening the way for in-field transfer of GO. This
could enable future uses such as in-situ transfer of supercapacitor, a solar cell
or a LED in between others, for wearable or portable applications. This
methodology can pave the way for intuitive soft electronics, fast prototyping in
the “maker” community and finally, we believe the step towards to industrial
scalability can be easily demonstrated for disposable humanized sensing

technologies.
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4. Experimental section
Wax printing characterization

The nitrocellulose membranes used are hydrophilic and have a pore size of
0.025 pm and a diameter of 47 mm. The wax was printed with a Xerox
ColourQube 8570 printer (which is compatible with Windows ™, MacOS™ and
UNIX). All drawings of the electrode patterns were done on Corel Draw. The
high-resolution printing mode was always chosen and the membranes were
used 5 min after printing, as a compromise to minimise spreading and maximise
drying of the wax. Optical microscopy images of the wax-patterned membranes
were obtained on a Nikon Eclipse LV100 microscope with a 20x/0.45 objective

lens.

GO characterization

All devices where reduced at the sime time to avoid irreproducibilities and to
make conductive structures, once GO is highly resistive material. The reduction
efficiency was assessed by X-ray Photoelectron Spectroscopy (XPS) (Figure

S8) and Scanning Electron Microscopy (SEM) (Figure S9).

The GO was provided by Angstrom Materials. When needed, it was reduced
submerging the electrode in ascorbic acid vapour at 30 °C for 48 h. All GO
electrodes were reduced at the same time to avoid reduction variations.
Aqueous suspensions of GO at various concentrations using a 1 L vacuum-
filtering flask, 300 mL glass filter holder and 47 mm SS screen (1/Pk). The
WPMs were transferred using the wax printing machine described before. The

thickness was determined using a Elipsometer Rudolph AutoEl lIl.

The  samples were electrically characterised using  Autolab302
potentiostat/galvanostat/frequency-response analyzer PGST30, controlled by
GPES/FRA Version 4.9. The X-ray Photoelectron Spectroscopy (XPS)
measurements were performed with a Phoibos 150 analyzer (SPECS GmbH,
Berlin, Germany) in ultra-high vacuum conditions (base pressure 1E-10mbar)
with a monochromatic aluminium Kalpha x-ray source (1486.74eV). The energy

resolution as measured by the FWHM of the Ag 3d5/2 peak for a sputtered
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silver foil was 0.58 eV. Scanning Electron Microscopy (SEM) was done on a FEI
Quanta FEG (pressure: 70Pa; HV: 20kV; and spot: four).
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Supporting Information

——
Figure S1. GO transferred over glass using a spatula.
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As printed

After 5 months -

Figure S2. Optical microscopy characterisation of the WPM. a) immediately

after printing and b) 5 months after printing.
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Figure S3. Evaluation of printing and resulting width of the WPM before and

after transfer and GO transfer onto PET at different drying time.
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Figure S4. Hydrophobicity of GO film over time filtered on nitrocellulose

membrane.
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Figure S5. WPM with wax height.
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Figure S9. SEM characterization of a) GO and b) rGO.

The GO z-dimension (thickness) of the materials was ca. 1.0 to 1.2 nm. The
maximum x-y dimensions were 554 nm. These data were provided by Angstrom

Materials and are consistent with the SEM results (Figure S8).
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Table S1. Resistance values evolution with adhesive peel-off wipe test.

Initial 1st peel -| 2" peel | 3rd peel | 4th peel | 5" peel -
off - off -off -off off
Resistance/square | 282.44 285.30 287.16 310.54 312.81 326.75
(Kohms) +93.02 +100.95 | +96.64 +107.76 | £115.89 | £12943
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Chapter 6

General conclusions and future perspectives

Since the specific conclusions are already written at the end of each chapter, in

this paragraph just the general conclusions of the whole thesis are reported and

some future perspectives are discussed.
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6.1 General conclusions

In this PhD thesis, two biosensing systems were developed using screen
printing technology. In the first approach, we took advantage of nanomaterials
such as AuNPs or MBs for the in-situ amplification of DNA using isothermal
technique as a substitute for PCR. The resulting immunosandwich was ready
for electrochemical detection using SPCE and reveals a step-forward in
biosensing systems for the detection of leishmania for low cost and portable in-
field tests. In a second approach, we tuned the SPCE with GO and RGO and
study their influence in the electrochemical and electrocatalytic behavior using a
proof-of-concept enzyme such as Tyrosinase. The influence of these materials
is clear in terms of performance either for redox indicator or for the detection of
catechol. As a continuation of the GO study, was important the development of
a technique to print GO for the development of sensors avoiding the effect of
SPCE as an underlying layer/platform. In this way, we introduce the printing of
patterned GO structures using WPM with thickness control, infinite shaping
capability, no need for expertise and low cost. Using this technique we

developed a simple touch sensor for turning on and off a LED.

6.2 Future perspectives

As future perspectives, the use of GO based sensors printed using the
developed technique could be of major interest for biosensing platforms taking
advantage of their thin film structure and transparency enabling simultaneous
optical and electrochemical studies. The use of this either for immunosandwich
like architectures or enzyme absorption could increase the sensing
performance. The use of novel nanomaterials such as the ones described in the
introduction for graphene, could make a step forward in the performance for
electrochemical sensors and biosensors. The use of novel substrates that can
be stretched and knotted with skin-like appearance could be tested using our

printing methodology for the production of wearable sensors. In addition, the
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introduction of novel capabilities such as wireless or NFC could make the
presented biosensors useful for infield applications or in-time monitoring of

personal medical activity getting sensors and biosensors in day-life.

149



150



Annex A Compendium of publications

Annex A

Compendium of publications

151



A
Meke i

www.MaterialsViews.com

NANOD

sma

. Electrocatalytic Detection

Magnetic Bead/Gold Nanoparticle Double-Labeled

Primers for Electrochemical Detection of Isothermal

Amplified Leishmania DNA

Alfredo de la Escosura-Muniz, Luis Baptista-Pires, Lorena Serrano, Laura Altet,

Olga Francino, Armand Sdnchez, and Arben Merkoc¢i*

Anovel methodology for the isothermal amplification of Leishmania DNA using labeled
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1. Introduction

Diseases transmitted by blood-feeding vectors (parasites) are
a growing threat to world human health, particularly those
affecting pets and transmitted by fleas, ticks, sandflies, or mos-
quitoes (vector-borne diseases, VBDs).[3] One of the most
important VBDs is visceral leishmaniasis which is endemic in
88 countries in 4 continents.*% Zoonotic visceral leishmani-
asis, caused by the protozoan Leishmania infantum and trans-
mitted by sandfly vectors, is a fatal disease for domestic dogs,
wild canids, and humans.”! Different methods for the detec-
tion and diagnosis of canine leishmaniasis (CanL) including
parasitological,[*1%1 serological,'''?l and molecular tech-
niques!> 1! have been reported, suffering from limitations
related to the need of skilled workers, the high cost, and the
fact that samples must be sent to a reference laboratory. Lat-
eral-flow assay strips for specific CanL antigen are commer-
cially available for detection of visceral leishmaniasis.20-%!
However, the presence of low antibody levels is not neces-
sarily indicative of disease and further work-up is necessary
to confirm it by DNA-based diagnostic methods, polymerase
chain reaction (PCR) being the gold standard. In this con-
text, a dipstick format was developed for the detection of
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PCR amplified CanL DNA.?Y A qualitative real-time PCR
(Leish PCR assay)[®! is also commercially available for diag-
nosing cutaneous leishmaniasis. However, both systems did
not overcome the limitations of PCR for which sophisticated
and expensive equipment is needed to perform the precise
and repeated heating cycles required. Therefore, there is still
a need for further point-of-care (POC) diagnostic methods
for the detection of infections by pathogens, particularly, for
leishmaniasis.

Isothermal amplification is an alternative approach to
traditional PCR, which overcomes many of the complica-
tions related to the thermocycling since it is performed at a
constant temperature thanks to the use of enzymes. There are
many different isothermal amplification methods depending
on the enzymes and the temperature used. The variation
called recombinase polymerase amplification (RPA) com-
mercialized by Twist (TwistDx)[2?l employs recombinase
enzymes which are capable of pairing oligonucleotide
primers with homologous sequence in duplex DNA typically
within 5-10 min. However, in most cases, DNA purification
and detection after amplification still requires hazardous,
time-consuming and expensive equipment, giving only quali-
tative information, so alternative methodologies overcoming
such problems are required. In this context, the integration
of nanoparticle (NP) tags during the amplification process
combined with the very sensitive electrocatalytic?7-28] detec-
tion of such a tag would overcome most of these limitations.
The outstanding properties of different nanomaterials have
been extensively approached in DNA biosensing systems.
NPs have been used in a high extent as both optical and
electrochemical tags in DNA hybridization biosensors[2%-37]
while magnetic beads (MBs) have been extensively used
as platforms for such and other bioassays.’*3] Gold nano-
particles (AuNPs)*041] and, to a lesser extent, silver nano-
particles*? and quantum dots!*¥! have been also introduced
in the cocktail of reagents of the PCR, taking advantage of
their properties as catalyzers of the DNA amplification reac-
tion, constituting the so-called nanoPCR[M in some cases
after MB-based DNA extraction.[*’] Only a report on AuNP-
labeled primers for optical detection of PCR amplified DNA
is found in the bibliography*®! while a few examples of PCR
amplification using MB-labeled primers!*7*! have been pub-
lished, but the integration of both MBs and AuNP-labeled
primers has not ever been reported, probably due to the
high temperature reached during the PCR cycle which is a
serious limitation for preserving the labeled primer integ-
rity. Regarding the isothermal DNA amplification, AuNPs
have been used as reporters in optical approaches based on
AuNPs’ addition after DNA amplification followed by colori-
metricP%%] or surface plasmon resonance-based*>"! detec-
tion, in some cases taking also advantage of MBs after the
amplification reaction for preconcentration/purification pur-
poses.8 In a similar way, AuNPs have been used as electro-
chemical reporters in DNA hybridization biosensors for the
detection of isothermal amplified DNAP! taking also advan-
tage of the use of MB platforms.%¢1 All these approaches
are based on the addition of the micro/nanoparticles after
the DNA amplification and, in most cases, require the perfor-
mance of further DNA hybridization assays, which increase
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the analysis time and also involve more irreproducibility, loss
of sensitivity, and false positives due to unspecific absorptions.

In this work, we present a novel design of Leishmania
DNA isothermal amplification using for the first time primers
labeled with both AuNPs and MBs. The low and constant
temperature of the isothermal amplification procedure is
ideal for preserving the integrity of the nanoparticle—primer
conjugates during the amplification step. The double-labeled
product resulting from such amplification is ready for a rapid
magnetic separation/preconcentration and direct electro-
catalytic detection in a very sensitive and quantitative way.
A general scheme of the whole experimental procedure from
the DNA extraction to the final electrochemical detection is
shown in Figure 1.

2. Results and Discussion

2.1. Design and Screening of Primer Sets for Leishmania
Assay and Endogenous Control

Three candidate primers for kinetoplast and eight candi-
date primers for intergenic spacer region (ITS1) of Leish-
mania were designed following recommended conditions
(Appendix to the TwistAmp reaction kit manuals?®l). All
possible combinations of primers were tested using standard
conditions of TwistAmp (37 °C of reaction temperature;
magnesium acetate concentrations of 14 x 10~ m; shaking 4’
after initiation of the reaction; 480 x 10~° m of each primer).
Parameters that can be modified by the user (temperature,
magnesium concentration, stirring regime, and primer con-
centrations) were adjusted to obtain the best performance.
This first step generates four sets of primers used in sim-
plified standard conditions (37 °C of reaction temperature;
at 14 x 10 M of magnesium concentration, 480 x 10~ M of
primer concentration, without agitation 4’ after starting the
reaction and with a reaction time of 20”). To improve the per-
formance of the Leishmania assay a “second generation” of
primers was designed by creating variants of the best primer
set identified in the first step (moving one base pair around
the initial primer) and re-screening the new candidates to
improve amplification performance. Finally, with definitive
ones, the primer concentration was adjusted to 300 x 102 m
and the reaction time was decreased up to 10" (Figure 2a,b).

An endogenous control was incorporated to avoid the gen-
eration of artifacts that were detected in no-template controls
and samples of very low target copy number. To optimize the
endogenous control RPA amplification, six candidate primers
for 18S ribosomal RNA gene were screened (Figure 2c).

The assay based on isothermal co-amplification of
Leishmania parasite and 18S as an endogenous control
exhibits similar results than the real time used as a gold
standard,/®?l with a limit of detection of <1 parasite in the
reaction. It is possible since both assays target a conserved
region of the Leishmania kinetoplast minicircle DNA that is
present in about 10 000 copies for parasite.[-65] Multiplex
isothermal has been optimized with an endogenous control
primer concentration limited to 150 x 10 M to avoid a loss
of sensitivity when low targets of Leishmania were present.

small 2016, 12, No. 2, 205-213



A
Meke i

www.MaterialsViews.com

a)

DNA
extraction

small

S-TrTrTTTT Primer labeled with AuNPs

“""'“"""“. Primer labeled with MBs

W Double-labeled amplified DNA

Figure 1. Scheme of the experimental procedure for the detection of isothermal amplified DNA using primers labeled with AuNPs and MBs. a) DNA
is extracted from dog blood and b) a kinetoplast specific region is isothermally amplified by an RPA cycle using primers labeled with AuNPs and
MBs. c) The double-labeled amplified product (MB/amplified DNA/AuUNP complex) is captured by the magnet placed on the reverse side of the
working electrode of the SPCE and d) AuNPs tags are detected through the electrocatalytic hydrogen evolution reaction (HER).

2.2. Characterization of AuNP/Amplified DNA

The performance of the isothermal amplification procedure
using primers labeled with AuNPs was evaluated by both
zeta potential and electrochemical measurements. Zeta
potential is well known as an efficient tool for the monitoring
and analysis of modifications on the surface of NPs, with
minimal sample preparation.[®! It has been used to obtain
information concerning the particle surface charge, chemical
modifications, and also stability of colloid suspensions. A high
zeta potential (positive or negative; typically higher than
10 mV) confers stability since the dispersion resists aggrega-
tion. Since ssDNA is negatively charged, the conjugation of
AuNPs with ssDNA should give rise to negative charged con-
jugates which would shift the zeta potential to more negative
values. All these characteristics make zeta potential an ideal
technique for the characterization of both the primers and
the final amplified DNA labeled with AuNPs.

As can be observed in Figure 3a, a gradual shift to more
negative values was observed in the zeta potential of AuNPs
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when higher was the coverage degree by ssDNA. This sug-
gests that AuNPs were being loaded with negative charged
molecules such as ssDNA. First, a shift from the value of the
nonmodified AuNPs (a) was observed for the AuNP/primer
(b) indicating that the primer was correctly connected with
the AuNP. After the amplification, a shift of up to 25 mV was
observed (d), suggesting the covering of the AuNPs with the
amplified dsDNA (that has more negative charges). No sig-
nificant shift was observed for a control amplification assay
performed with a blank sample (c), also corroborating the
specificity of the system.

This evidence was also corroborated by electrochem-
ical measurements. Three different “positive” and “blank”
samples were analyzed for this purpose. The AuNP/
amplified DNA product was purified by incubation with
streptavidin-modified MBs which capture the amplified
products through the biotin present in the primer and
finally detected taking advantage of the electrocatalytic
activity of AuNPs toward the hydrogen evolution reac-
tion (HER). Briefly, this well-known methodology is based
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probably due to either breaking of the
binding or AuNPs’ agglomeration. Fur-
ther studies will be focused on alternative
AuNP/primer storage conditions, such as
freezing or lyophilization.

2.3. Evaluation of Double-Labeled
MB-AuNP/Amplified DNA

Once demonstrated the good perfor-
mance of the isothermal amplification
using AuNP-labeled primers, the experi-

KSF-K3R K6F-K3R

c)

Figure 2. Isothermal assay optimization evaluation by gel electrophoresis. a) Optimization of
primer concentration of Leishmania assay. b) Example of the “second-generation” screening
of Leishmania primers: K6F-K3R are selected due to favorable performance. c) Definitive
endogenous control assay used. +, positive sample (DNA of a dog with Leishmania infection);
blank, DNA of a dog without Leishmania infection; NTC, negative template control. Line 1 of
each gel: Phi-X 174 /Haelll Marker (1353/1078/872/603/310/(281,271)/234/194/118/72).

Bands size: 140 bp for Leishmania and 168 for 18S.

on the fact that the presence of AuNP connected to MBs
on the screen-printed carbon electrode (SPCE) surface
shifts the potential for hydrogen ion reduction toward less
negative potentials. Fixing a reductive potential of —1.00 V,
the intensity of the current recorded in chronoampero-
metric mode during the stage of hydrogen ion electrore-
duction at 60 s (chosen as analytical signal) is related to the
quantity of AuNPs on the SPCE and consequently to the
amount of tagged analyte.[27:28]

As observed in Figure 3b, “positive” and “blank” sam-
ples can be perfectly discriminated in the three samples,
suggesting the specific presence of AuNPs in the amplified
products and consequently the good performance of the iso-
thermal amplification in the presence of such tags. The signals
of the “blank” samples are at the normal levels of back-
ground of the HER in absence of catalyzer (around 5-7 pA),
so the specificity of the amplification is demonstrated.

Furthermore, it was observed that the life-time of AuNP/
primer conjugates was of up to 8 weeks when stored at 4 °C
and protected from light, as shown in Figure 3¢ where different
amplifications for “positive” samples were performed at dif-
ferent times after the preparation of the AuNP/primer conju-
gate. The dramatic decrease in the analytical signal observed
after 8 weeks suggests the damaging of the AuNP/primer,

18s 1F+1R
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mental procedure was significantly simpli-
fied by also introducing the MB-labeled
primer in the amplification reagent mix-
ture as illustrated in Figure 1. In this case,
the procedure for the measurement after
the amplification is enormously simplified
since the MB/amplified DNA/AuNP com-
plex is directly placed onto the SPCE sur-
face and captured by the magnet placed on
the reverse side of the working electrode
immediately before the electrochemical
measurement.

MBs of two different sizes (2.8 and
1 um) and two different kinds of primers
were evaluated: the K3R detailed in the
Experimental Section and also a longer
one that includes a spacer of (AT), in the
5’ tail. This tail of oligonucleotides helps
keep the magnetic bead far from the
amplification zone.

The results shown in Figure 4a seem
to indicate that the amplification does not
work properly using the bigger MBs in combination with the
short primer since the recorded currents are in the levels
of the background. The results improved a little bit when
the use of longer primers (containing a spacer oligonucleo-
tides sequence) was introduced. When the smaller MBs and
the short primer were tested, the amplification worked in a
higher extent, and this was highly improved when it was used
in combination with the primers containing a spacer. This
suggests that the bigger MBs are hindering the amplification,
probably due to the beads’ deposition during the amplifica-
tion procedure. Furthermore, the procedure takes advantage
in this case of the fact that the amplification sequence of the
primer is not in direct contact with the bead, which probably
facilitates the DNA amplification.

The good performance of the amplification procedure
as well as the integrity of the double-labeled amplified
products was evaluated by scanning electron microscopy
(SEM) analysis. As shown in Figure 4b, AuNPs (observed
as small white spots) are connected to the MBs (big micro-
spheres in the image) after the amplification procedure,
evidencing the formation of the MB/amplified DNA/AuNP
complex (a control image after amplification of DNA
without Leishmania parasite is shown in the Supporting
Information).

small 2016, 12, No. 2, 205-213
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Figure 3. Characterization of AuNP/amplified DNA. a) Diagram for the zeta potential as a distribution versus total counts for a dispersion of AuNPs
before (curve a) and after (curve b) the conjugation with the primer and for amplified DNA using the AuNP-labeled primer for a positive (curve d)
and a blank (curve c) sample. b) Comparison of the analytical signals obtained for different “positive” and “blank” samples after DNA amplification
using AuNP-labeled primers. c¢) Analytical signals obtained for different isothermal amplifications performed several weeks after the preparation

of the conjugate of AuNP/primer.

2.4. Quantitative Assays: Evaluation of Products with
Different Parasite Concentrations

The optimized methodology was applied for the evaluation of
amplified DNA prepared from samples containing different
quantities of spiked parasite. Chronoamperograms recorded
for the assayed samples are shown in the inset of Figure Sa,
where the values of the analytical signals (absolute value of
current at 60 s) after subtracting the background (current in
1 M HCI, in the absence of catalyzer) are represented for a
better understanding.

As shown in Figure 5b, a linear relationship between
the analytical signal (after subtracting the background cur-
rent) and the logarithm of parasite concentration in the
range 500-0.5 parasites per mL of blood (samples prepared
as detailed in the Experimental Section) was obtained. A
limit of detection of 0.8 parasites per mL of blood (8 x 1073
parasites per DNA amplification reaction) was estimated, as
the parasite number giving a signal equal to the blank signal
plus three times its standard deviation. The reproducibility of
responses for 5 parasites per mL of blood was also studied,
obtaining a relative standard deviation of 7%.

Our AuNP/MB based electrochemical approach results
are better than those obtained by other POC tests using
nucleic acid sequence based amplification and coupled to
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oligochromatography for Leishmania detection,[%”] and even
considerably better than the one parasite per PCR detection
limit offered by the OligoC-test.[24]

3. Conclusions

In summary, a novel design of isothermal amplification using
for the first time primers labeled with both AuNPs and MBs
for obtaining double-labeled amplified products has been
successfully developed for a DNA sequence characteristic of
L. infantum kinetoplast tested in dogs, chosen as the model.
The double label allows the rapid magnetic purification/
preconcentration of the product followed by direct AuNP
electrocatalytic detection, avoiding DNA hybridization pro-
cedures. The electrochemical method exhibits a good repro-
ducibility and sensitivity, allowing to detect 0.8 parasites
per mL of blood (8 x 1073 parasites per DNA amplification
reaction). Furthermore, amplified DNA from dogs without
Leishmania can be perfectly discriminated, demonstrating
the specificity of both the amplification procedure and the
electrochemical detection. In addition to the advantages of
simplicity and one-step detection of the amplified product,
the performance of the proposed approach is better than
that obtained with other point-of-care tests for Leishmania
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Figure 4. Evaluation of double-labeled MB-AuNP isothermal amplified DNA. a) Analytical
signals obtained for MBs of two different sizes (2.8 and 1 pm) and reverse primers with and
without spacer. b) SEM characterization of the MBs after the DNA isothermal amplification.
In both cases, forward primers are labeled with AuNPs. Experimental conditions as detailed

in the text.

detection, offering also a quantitative tool for parasite deter-
mination. Furthermore, our technique provides a valuable
proof-of-concept since the double MB/AuNP-label approach
is a universal methodology that could be applied for any
RPA isothermal DNA amplification design.

4. Experimental Section

DNA Samples: The present study included samples of dogs
received in Vetgenomics (www.vetgenomics.com) to perform Leish-
mania detection by real-time PCR. DNA was isolated from 400 pL
of ethylenediaminetetraacetic acid (EDTA)-blood samples using
the Genelute blood Genomic DNA Kit (Sigma, Spain) following
the manufacturer instructions. DNA was re-suspended in 200 pL
of elution buffer. A Leishmania positive DNA was used to perform
different isothermal amplifications and a negative DNA (without
Leishmania) was used as blank.

To perform the calibration curve, a negative blood (400 pL)
was spiked with 2 pL of Leishmania culture at different concen-
trations, ranging from 10° to 102 promastigotes mL™'. Samples
assayed consequently range from 500 to 0.5 parasites per mL of
blood (from 5 to 5 x 1073 parasites per isothermal amplification
reaction in a tenfold dilution).

Chemicals and Equipment: Primers labeled with biotin and
thiol were purchased from Sigma (Spain). TwistAmp Basic Kit con-
taining all enzymes and reagents necessary for the amplification

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of DNA was supplied by TwistDx Ltd (UK).
The 16 nm sized AuNPs were prepared fol-
lowing the Turkevich’s method (see the
detailed preparation procedure, transmis-
sion electron microscopy (TEM) characteriza-
tion, and electrocatalytic quantification of
AuNPs in the Supporting Information). High
monodisperse 1 and 2.8 pm sized strepta-
vidin-coated MBs were purchased from Dynal
Biotech (MyOne and M-280, respectively, Inv-
itrogen, Spain) (see SEM characterization of
both beads in the Supporting Information).
Hydrogen tetrachloroaurate(lll)  trihydrate
(HAuCl,-3H,0, 99.9%) and trisodium cit-
rate (Na3C4Hs0;), used in the synthesis of
AuNPs and tris (2-carboxyethyl) phosphine
(TCEP) used for thiolated primer pretreatment
were purchased from Sigma-Aldrich (Spain).
Washing solutions of the MB-labeled conju-
gates consisted of i) phosphate buffer solu-
tion (PBS buffer): 0.01 m phosphate-buffered
saline, 0.137 m NaCl, and 0.03 m KCl (pH 7.4);
ii) binding and washing buffer: PBS buffer
solution with added 0.05% (w/v) Tween 20;
iii) blocking buffer solution: 5% (v/v) bovine
serum albumin in PBS buffer. A TS-100 Ther-
moShaker (Biosan, Latvia) was used for the
incubations with agitation at a controlled
temperature. A Dynal MPC-S Magnetic Particle
Concentrator (Invitrogen, Spain) was used for
the magnetic separations.

The electrochemical transducers used
were homemade SPCEs, consisting of three electrodes: carbon
working electrode (W), Ag/AgCl reference electrode (R), and
carbon counter electrode (C) in a single strip fabricated with a
semiautomatic screen-printing machine DEK248 (DEK Interna-
tional, Switzerland). The materials and reagents used for this
process were Autostat HT5 polyester sheet (McDermid Autotype,
UK), Electrodag 423SS carbon ink, Electrodag 6037SS silver/
silver chloride ink and Minico 7000 Blue insulating ink (Acheson
Industries, The Netherlands). The experimental procedure for
SPCEs fabrication is detailed at the Supporting Information. A
neodymium magnet (3 mm in diameter), inserted under the WE,
was also used to accumulate the MB-labeled amplified product
during the electrochemical measurements. The electrochemical
measurements were performed in analytical grade 1 m HCl solu-
tion (Merck, Spain) at room temperature using a pAutolab Il (Echo
Chemie, The Netherlands) potentiostat/galvanostat connected to
a PC and controlled by Autolab GPES 4.9007 software (General
Purpose Electrochemical System). Unless otherwise stated, all
reagents and other inorganic chemicals were supplied by Sigma-
Aldrich or Fluka (Spain).

All chemicals were used as received and all aqueous solu-
tions were prepared in milli-Q water (Millipore purification system,
18.2 Mohm cm).

Conjugation of AuNPs and MBs to DNA Primers: First of all,
a reduction step to remove the protecting disulfide group from
the thiolated primer was performed before using, following the
protocol recommended by the manufacturer. Briefly, 200 pL of

small 2016, 12, No. 2, 205-213
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Figure 5. Quantitative Leishmania infantum parasite determination.
a) Analytical signals obtained for double-labeled MB-AuNP isothermal
amplified DNA products prepared from different quantities of parasite,
after subtracting the background current. Inset graphic corresponds
to the chronoamperograms recorded at —1 V. Lower current curve
(green curve) corresponds to a 1 m HCl solution (background signal).
b) Logarithmic relationship between the number of Leishmania parasites
and the value of the analytical signal, after subtracting the background.
Experimental conditions as detailed in the text.

10 x 1072 m TCEP was added to the lyophilized primer and the
solution was shaked 60 min at room temperature. Then it was pre-
cipitated by adding 150 pL of 3 m NaAc and 750 pL of EtOH and
incubating 20 min at —20 °C. After that, it was spinned for 5 min
at 13 000 rpm and the supernatant was discarded. The pellet was
dried at room temperature.

The conjugation of self-synthesized 16 nm sized AuNPs to
the primer modified with thiol group was performed adapting the
procedure pioneered by Mirkin et al.8] About 190 uL of AuNP
suspension was mixed with 10 pL of 1500 ug mL™! thiolated
primer solution and incubated for 20 h at 25 °C with agitation
(250 rpm) (final concentration of primer: 75 pg mL™1). After that,
this solution was added to 50 L of 10 x 10> m phosphate buffer
(pH 7)/0.1 m NaCl and allowed to stand for 44 h. Finally, a cen-
trifugation of 14 000 rpm for 20 min at 4 °C was carried out, and
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AuNPs/ primer conjugate was reconstituted in 200 pL of milli-Q
water, being stable for up to eight weeks.

Steptavidin-modified MBs (1 and 2.8 um sized) were con-
nected with the primers through the streptavidin—biotin interac-
tion by mixing 50 pL of 1 mg mL™* MB suspension with 15 pL of
100 x 107® m biotinylated primer during 30 min at 25 °C. The MBs/
primer conjugate was washed and re-suspended in 15 pL of water.

Primer Sets for Leishmania Amplification and Endogenous
Control: Primers set selected after optimization were (5'-3"):

e K6F: [ThiC6]CTTTTCTGGTCCTCCGGGTAGGGGCGTTCTG
e K3R: [Btn]CCACCCGGCCCTATTTTACACCAACCCCCAGTTTCCC

that amplified a fragment of =140 base pair length of the
kinetoplast.
For the endogenous control, optimum primers were (5"-3"):

e Primer 18s 1F: CTGCGAATGGCTCATTAAATCAGTTATGGTTCC
® Primer 18s 1R: CTGACCGGGTTGG GATCTGATAAATGCACGC

that amplified a fragment of 168 base pair length of the 18S
ribosomal RNA gene.

Analysis of RPA amplification was performed on 2% agarose
gel stained with ethidium bromide after purification of the reac-
tions with the DNA Clean and Concentrator Kit (Zymo research).

Isothermal Amplification Assay Conditions: Multiplex amplifi-
cation with primers K6-F and K3R for Leishmania and 18S-F1 and
18S-R1 for endogenous control was performed using 14 x 107> m
of magnesium, 300 x 102 m of Leishmania primers, 150 x 107° m
of 18s primers, 5 pL of DNA, and 37 °C of reaction temperature
during 10 min without agitation.

The same experimental procedure was followed for K6F/AuNP
and K3R/MB labeled primers (prepared as stated before) so as
to obtain the double-labeled amplified product. A preliminary
evaluation of the amplification using K6F/AuNPs and free K3R
(only modified with biotin) was also performed. In this case, the
AuNP/amplified DNA was purified by incubation with MBs under
the same conditions as described for the conjugation of MBs with
biotin-labeled primers.

A sample without DNA was used in each isothermal amplifica-
tion as a negative template control (NTC).

Zeta Potential Measurements: About 1 pL suspension of
AuNPs, K6F/AuNPs, and of AuNPs/amplified DNA was diluted in
1 mL of PBS buffer, vortexed, and transferred into a 4 mL poly-
styrene cuvette (FB55143, Fisher Scientific). The data were col-
lected and analyzed with the Dispersion Technology software 4.20
(Malvern) producing diagrams for the zeta potential as a distribu-
tion versus total counts.

Electrochemical Detection of MB/AuNP-Labeled Amplified DNA:
About 25 pL of the MB/amplified DNA/AuNP complex suspension
was placed on the working area of the SPCE, where it was previ-
ously attached to a magnet on the reverse side. After 30 s, 25 pL of
2 m HCl solution was added and a potential of +1.35 V was applied
during 1 min (electrochemical pretreatment). After that, a potential
of —1.00 V was applied during 60 s in chronoamperometric mode.
Under these conditions, the H* ions were reduced to H, thanks to
the catalytic effect of the AuNP labels.l2”:28 The absolute value
of the current registered at 60 s was considered as the analytical
signal, this value being proportional to the quantity of AuNPs
and, consequently, to the concentration of isothermal amplified
product. For the quantitative study shown in Figure 5, the values of
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the analytical signals (current at 60 s) after subtracting the back-
ground (current in 1 m HCl) were plotted for a better understanding.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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Synthesis of gold nanoparticles

16 nm gold nanoparticles (AuNPs) were synthesized by reducing tetrachloroauric acid with
trisodium citrate, a method pioneered by Turkevich [Turkevich et al., 1953]. Briefly, 200 mL
0f 0.01% HAuCl, solution (25 mM) were boiled with vigorous stirring. 5 mL of 1% trisodium
citrate solution were added quickly to the boiling solution. When the solution turned deep red,
indicating the formation of AuNPs 16 nm sized, the solution was left stirring and cooling

down.

Fabrication of screen-printed carbon electrodes (SPCEs)

The electrochemical transducers were homemade screen-printed carbon electrodes (SPCEs)
consisting of three electrodes in a single strip: working electrode (WE), reference electrode
(RE) and counter electrode (CE). The full size of the sensor strip was 29mm x 6.7mm, and the
WE diameter was 3mm. The fabrication of the SPCEs was carried out in three steps in the
semi-automatic screen-printing machine DEK248 (DEK International, Switzerland), using a
different stencil, with the corresponding patterns, for each layer. First, a graphite layer
(Electrodag 423SS carbon ink for WE and CE) was printed onto the polyester sheet (Autostat
HTS, McDermid Autotype, UK). After curing for 30 min at 95°C, a second layer was printed
with silver/silver chloride ink (Electrodag 6037SS for the RE). After another curing for 30
min at 95°C, the insulating layer was printed using insulating ink (Minico 7000 Blue,
Acheson Industries, The Netherlands) to protect the contacts and define the sample interaction

area. Finally, the SPCEs were cured again at 95°C for 20 min.
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Al A2 A3 A4 AS A6 A7 AB A9 A0 AT A12 A13 AY4 AYS

81 B2 B3 B4 BS B6 B7 B8 B9 B10 B11 B12 BI3 B4 BIS

C1 C2 €3 C4 €5 C6 C7 €8 €9 C10 €11 C12 €13 4 15

Figure SM-1: (A) Detail of one SPCE, containing the three electrodes in the working area; R-
Ag/AgCl reference electrode, W- carbon working electrode and C- carbon counter electrode.

(B) Images of the 45 SPCE sensors sheet obtained following the experimental procedure.
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Figure SM-2: (A) TEM image of the self-synthesized AuNPs and (B) the corresponding size-
distribution diagram. (C) Chronoamperograms recorded at -1V in 1M HCI for different
concentrations of AuNPs suspensions, from up to bottom: 0, 2, 3, 4, 6 and 8 pM and (D) the

corresponding relationship between the absolute value of the cathodic current at 60 s and the

concentration of AuNPs.
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Figure SM-3: SEM images of monodisperse magnetic beads of 2.8 um (Dynal M-280®)

(left) and 1 um (Dynal MyOne®) (right) .
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Figure SM-4: SEM image of a 1 um MB after amplification of DNA without Leishmania

parasite. Experimental conditions as detailed in the main text.
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The effect of graphene oxidative grades upon the conductivity and hydrophobicity and consequently the
influence on an enzymatic biosensing response is presented. The electrochemical responses of reduced
graphene oxide (rGO) have been compared with the responses obtained from the oxide form (0GO) and
their performances have been accordingly discussed with various evidences obtained by optical
techniques. We used tyrosinase enzyme as a proof of concept receptor with interest for phenolic
compounds detection through its direct adsorption onto a screen-printed carbon electrode previously
modified with oGO or rGO with a carbon-oxygen ratio of 1.07 or 1.53 respectively. Different levels of 0GO
directly affect the (bio)conjugation properties of the biosensor due to changes at enzyme/graphene oxide
interface coming from the various electrostatic or hydrophobic interactions with biomolecules.
The developed biosensor was capable of reaching a limit of detection of 0.01 nM catechol. This tuning
capability of the biosensor response can be of interest for building several other biosensors, including
immunosensors and DNA sensors for various applications.
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1. Introduction

Since the discovery of graphene in the last years (Geim and
Novoselov, 2007) and with the great progress made in nanoscience
and nanotechnology, its integration with biomolecules has
received increased attention due to its physical, optical and
chemical properties such as its interesting molecular structure,
high active surface area and high conductivity capacity that
improves the electron transfer which are not available in other
materials (Shao et al., 2010). Since then, many graphene materials
such as graphene oxide (Marcano et al., 2010; Shen et al., 2009),
graphene quantum dots (Peng et al.,, 2012) or graphene nanor-
ibbons have been reported (Martin-Fernandez et al., 2012).

Graphene oxide (GO) undergoes transitions from insulator to
semimetal mainly after reducing processes (Mathkar et al., 2012).
The reduction modes such as reduction using hydrazine (Marcano

* Corresponding author. Tel.: +34935868014; fax: 434935868020.
E-mail address: arben.merkoci@icn.cat (A. Merkogi).

http://dx.doi.org/10.1016/j.bios.2014.05.028
0956-5663/© 2014 Elsevier B.V. All rights reserved.

et al, 2010), thermal annealing (Gao et al.,, 2010) or bacterial
treatment (Salas et al., 2010) result in highly satisfactory methods
for the reconstruction of the carbon sp? bonds on GO sheets.
The reduction of GO removes the oxygen groups and rehybridizes
the sp> carbon atoms to sp? carbon atoms (Cheng et al., 2012).
Epoxy and hydroxyl groups lie above and below each graphene
layer and the carboxylic groups are mostly located at the edges
(Zhu et al., 2010). Zhang et al. have demonstrated that reduced
graphene oxide (rGO) represents an interesting platform with high
affinity for enzyme immobilization. This high affinity is due to the
adsorption of enzyme on rGO through hydrophobic interaction
and the lack of surface functional groups of rGO that may impart
less perturbation to the enzyme (Zhang et al, 2012). Currently
different enzymatic biosensors based on graphene for the detec-
tion of different analytes such as that reported by Karuwan et al.
(Karuwan et al., 2013) that mixes carbon paste and GO for direct
manufacturing of screen printing electrodes and Ping et al. (Ping
et al.,, 2011) where GO is directly electrodeposited onto the surface
of the electrode and calcium ion-selective membrane is used for
tuning the biosensor (Ping et al., 2012) have been developed. On
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the other hand Song et al. (Song et al., 2011) take advantage of gold
nanoparticles, 1-pyrenebutanoic acid and succinimidy ester and
Yang et al. (Yang et al., 2013) take advantage of nickel nanoparti-
cles and chitosan.

Due to the biofunctionalization capabilities combined with
interesting electrochemical (Shao et al, 2010) and optical
properties (Morales-Narvaez and Merkoci, 2012) GO has greatly
stimulated research interest for applications in (bio)sensing
systems. This work presents a new catechol biosensor based on a
GO-Tyrosinase conjugate formation through either electrostatic
(case of 0GO) or hydrophobic (case of rGO) interactions. For this
study we have used oGO reduced with hydrazine (Marcano et al.,
2010) so as to achieve its de-oxygenation. The electrochemical
responses of this rGO have been compared with the responses
obtained for oGO and their performances have been accordingly
discussed with various evidences obtained by optical techniques.
The use of these GO-based tunning biosystems improves the
detection levels compared with similar technologies (Karuwan
et al.,, 2013; Ping et al., 2011, 2012; Song et al., 2011; Yang et al,,
2013) and this simple technique does not need the use of any
crosslinking agents, surfactants or other materials as reported
before.

2. Materials and methods
2.1. Preparation of rGO

Oxidized graphene oxide (0GO) was provided from Angstron
Materials, Inc. (Product: NOO2-PS) and the reduction step to produce
reduced graphene oxide (rGO) was made using reported literature
(Marcano et al, 2010), where 100.00 mL of oGO (1 mg/mL) was
mixed with 1.00 mL of hydrazine hydrate. The mixtures were heated
at 95 °C using a water bath for 45 min; a black solid precipitated from
the reaction mixture. Products were isolated by filtration (PTFE 20pum
pore size) and washed with DI water (50 mL, 3 times) and methanol
(20 mL, 3 times).

2.2. Optical measurements and sample characterization

The samples were prepared by drop casting our solution on a
silicon sample holder. X-ray photoelectron spectroscopy (XPS)
experiments were performed in a PHI 5500 Multitechnique
System (from Physical electronics) with a monochromatic X-ray
source (Aluminum Kalfa line of 1486.6 eV energy and 350 W),
placed perpendicular to the analyzer axis and calibrated using the
3d5/2 line of Ag with a full width at half maximum (FWHM) of
0.8 eV. Raman spectra were acquired at room temperature with a
Horiba T64000 spectrometer operated in single mode configura-
tion with spectral resolution of 4 cm ™. The excitation source was
the 514.5 nm line of an argon ion laser. The laser was focused to a
spot with diameter of about 560 nm using a 100 x objective lens
and the intensity was kept below 200 uW to avoid any damage
of the sample. UV-visible absorbance spectra were explored
through a SpectraMax M2¢ multimode reader (Molecular Devices,
California, USA) and fluorescence was determined using a UV lamp
with 345 nm excitation wavelength. AFM measurements were
done using a Dimension 3100 AFM Machine (Veevo Metrology
Group, Digital Instruments). An easy drop contact angle measuring
instrument was used to obtain the contact angle of modified
graphene surfaces.

2.3. SPE modification and electrochemical characterization

SPEs were fabricated using a previously optimized technology
by our lab. A graphite layer is printed by using a screen-printing

machine (DEK 248) with a stencil (where it is the electron pattern)
and graphite ink onto the polyester sheet. The polyester sheet is
cured for 15 min at 95 °C. A silver/silver chloride layer is printed as
the reference electrode. The polyester sheet is cured for 15 min at
95 °C. Insulating ink is deposited. Curing for 20 min at 95 °C was
performed. The SPE was modified with 10 pL of 1 mg/mL oGO and
rGO by drop casting and dried overnight at room temperature.
For exploring electrochemical behavior of modified electrodes,
cyclic voltammetry was done using 50 pL of 1 mM Ferricyanide
([Fe(CN)s]>~/4~) in 1 M sodium chloride (KCl) that was deposited
onto the SPE by drop casting. Tyrosinase was immobilized onto the
electrode surface by physical adsorption. Tyrosinase was solved
in 0.1 M phosphate buffer (PBS) at pH 6.5. The concentration
of Tyrosinase for SPE modification was 1 mg/50 uL in PBS. SPE,
SPE-0GO and SPE-rGO electrodes were modified with 5 uL of
1 mg/50 pL Tyrosinase and dried overnight in a fridge at 4 °C.

Amperometric measurements were performed applying a
potential of —0.1V in a system composed of a 5 mL electrolytic
cell containing 0.1 M PBS. PBS is necessary to be used in
controlled-potential experiments as a supporting electrolyte. It
decreases the resistance of the solution, eliminates electromigra-
tion effects and maintains a constant ionic strength. Cyclic
voltammetry (CV) and amperometric experiments were performed
using an electrochemical (CH instrument, model CHI 600C).

3. Results and discussion
3.1. Optoelectronic properties

X-ray photoelectron spectroscopy (XPS) and Raman spectro-
scopy (Raman) were first used to evidence the level of oxidation
and correspondent oxygen bonds so as to determine the structural
changes occurring during the chemical reduction process mainly
affected by the presence of oxygen atoms on the graphene
structure.

The study of efficiency of graphene reduction using the
hydrazine method was followed by X-ray photoelectron spectro-
scopy (XPS). Fig. 1a shows the Cls signal of oGO powder.
The signal was fitted by four components: C=C & C-C (42.1%,
284.6 eV), C-0 (47.9%, 286.7 eV), C=0 (7%, 288.0 eV) and O=C-OH
(3%, 288.9 eV). The estimated ratio C/O is ~1.07. The same study
was pursued for rGO presented in Fig. 1b with values for C=C & C-
C (60.1%, 284.6 eV), C-0 (32.1%, 286.7 eV), C=0 (5.1%, 288.0 eV)
and O=C-OH (2.7%, 288.9 eV) and a C/O~1.53. The efficiency of
hydrazine reduction is clear and the improvement of the C/O is
quantified. In the case of Raman, in Fig. 1c the D and G bands are
localized at 1345 cm~! and 1590 cm ™! respectively for 0Go and
rGO (Park et al., 2008a). However an increase in D/G intensity ratio
(ID/IG) is observed for rGO (ID/IG=1.26) in comparison with oGO
(ID/IG=0.92), suggesting a decrease in the average size of the sp?
domains upon reduction and can be explained by the formation of
new graphitic domains that are smaller in size but more numerous
(Stankovich et al., 2007). According to this study the modified
screen printed electrodes (SPEs) with these two kinds of graphene
possess levels of oxidation and carbon networks that are com-
pletely different, and consequently different electrocatalytic
responses can be previewed. In order to get insights of the
electronic properties of the obtained platform, UV-visible spec-
trum was obtained and is presented in Fig. 1d. For the oGO sample
the maximum peak at 231 nm is ascribed to m—m™ transition of
aromatic C-C bonds, and a shoulder at 300 nm is attributed to n—
7* transition of C=0 bonds. In the case of the rGO the maximum
peak was red-shifted to 254 nm after reduction and the absor-
bance was significantly increased at wavelengths above 233 nm,
which indicates that electronic conjugation has been restored at
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Fig. 1. Optical characterization of graphene oxide materials. C1s XPS data of oGO (a) and rGO (b). (c) Raman spectra and (d) UV-visible steady state spectroscopy. Inset:

images of 0GO and rGO suspensions under UV lamp excitation.

least to some extent(Cuong et al., 2010). The defect at 350 nm in
the visible spectra is due to the UV lamp change in the device.
The fact that under excitation of 350 nm UV-light, the oGO
presents fluorescence (inset Fig. 1d) in detriment to rGO can make
us think about the transitions presented in the UV-visible absor-
bance spectra which are in line with similar data of an oxidized
graphene material (Shang et al., 2012) for which the appearance of
a band gap has been also reported.

3.2. Morphology characterization

To accurately determine the oGO and rGO morphology at the
nanoscale, the sheets were characterized by Atomic Force Micro-
scopy (AFM), as shown in Fig. 2. Completely different morpholo-
gies were observed between these two nanomaterials. 0GO flakes
show a highly non-uniform surface with high degree of porosity.
The average diameter of graphene holes is in the range of tens of
nanometers, and the flakes show a thickness of about 2.5 nm. The
presence of this topographical defects observed in this sample is
explained by the high level of oxidation(Cheng et al., 2012).
Indeed, Fig. 2b shows the topography of rGO flakes in which
homogeneous double, triple and multilayer flakes of graphene are
observed(Geim and Novoselov, 2007). The average thickness of
each flake for this sample is around 3 nm. It becomes clear that the
reduction process of 0GO flakes results in bigger layers of rGO after
reduction of 0GO, mostly due to the rearrangement of sp? carbon
bonds (Gao et al., 2010).

The different levels of oxidation of the oGO and rGO films
are confirmed by Kelvin Probe Force Microscopy (KPFM) and
surface hydrophobicity studies. In KPFM, direct measurements of
the contact potential difference between the oGO and rGO flakes
and the tip of the AFM are obtained and mapped. As shown in

Fig. 2c and d the KPFM image of the oGO flakes shows a dark
contrast with respect to the surrounding substrate, indicating the
presence of negative dipoles on the surface of the oGO flakes
dominated by the oxygen groups. Instead, for rGO, the flakes show
a more positive contrast with respect to the substrate observed
through the holes, in agreement with the presence of less negative
dipoles on the surface of these samples which arise from the
reconstruction of the sp? carbon network.

In order to evaluate the surface hydrophobicity and the
electrocatalytic properties of the graphene forms we used SPE
(Fig. 3a) as testing platforms. Screen-printing microfabrication
technology is well-established for the mass production of thick
film electrodes and it is widely applied to build biological or
chemical sensors(Fanjul-Bolado et al., 2009). SPE represents one of
the most important products of this technology. A simple strategy
in which SPEs were modified with 10 pL of 1 mg/mL oGO and rGO
was used. Under this methodology a total coverage of the SPE is
achieved and a completely new electrode platform is built.

Surface hydrophobicity of the modified SPE was evaluated due to
the fact that adsorption processes have a direct influence on the
electrochemical response through the electrocatalytic behavior of
the adsorbed enzyme. As shown in Fig. 3b, the contact angle to
water of typical SPE is 62.2°. After modification with graphene oxide
materials, the surface suffers visible changes in its hydrophobicity.
In the case of SPE modified with oGO (SPE-0GO) in Fig. 3c, the
contact angle changed to a value of 52.6° and in the SPE modified
with rGO (SPE-rGO) the contact angle was 73.4° as reported in
Fig. 3d (Zhang et al, 2012). In the case of SPE-0GO the surface
seems to be much more hydrophilic in comparison with SPE-rGO
due to the presence of oxide groups. The consequent removal of
these oxygen binding sites for rGO-SPE induced stronger hydro-
phobicity on these electrodes due to -7 interactions. These results
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Fig. 2. Graphene oxide morphology at the nanoscale. Topography AFM images of oGO (a) and rGO (b) flakes. The red lines correspond to the sections (c) and (d) shown
below for each image. KPFM images of oGO (e) and rGO (f) of the same area as in (a) and (b). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

are also in agreement with the level of oxidation of the graphene
materials that is proportional to the hydrophobicity of the modified
SPE surface and consistent with the AFM measurements.

3.3. Electrocatalytic properties

To explore electrocatalytic behavior of the modified SPE elec-
trodes, a drop of 50 uL of 1 mM Ferricyanide ([Fe(CN)s]®> /4")
solution was deposited and cyclic voltammetry technique was
performed to evaluate electrochemical response of SPE-oGO and
SPE-1GO to this redox couple.

Fig. 4 shows that the presence of graphene materials has an
important effect on the electrochemical response of the SPEs.
While the presence of oGO decreases the conductivity or the
current on the SPE-0GO, the SPE-rGO shows a higher current
response to [Fe(CN)g]*~/4~ (Fig. 4a). From these results, one can
state than rGO is the most conductive material and oGO the most

resistive one. As a matter of comparison, the electrochemical
behavior of the SPE electrode without graphene (Fig. 4b) together
with a zoom of the electrochemical response of the SPE-0GO
(Fig. 4c) and SPE-rGO (Fig. 4d) is also depicted. In the SPE-0GO a
very low current redox wave whose possible origin will be
addressed later on was also captured.

The electrochemical reactivity of the SPE-oGO and SPE-rGO can
be explained under the light of the density of electronic states which
is a very important parameter that controls the electrode kinetics.
According to the Gerischer-Marcus theory, the heterogeneous
electron transfer rate is dependent on DOS (density of electronic
states) of the electrode and on the overlap with the electronic states
of the electroactive species (Belding et al., 2010). An electron transfer
can take place from any occupied energy state that is matched in
energy with an occupied receiving state. Thus in metallic electrodes
the high density of DOS increases the possibility that an electron of
the correct energy is available for the electrode to transfer to an
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Fig. 3. Surface hydrophobicity study. SPE flexible technology (a). Water contact angles for SPE (b), SPE-0GO (c) and SPE-rGO (d).
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Fig. 4. Electrochemical properties. Cyclic voltammetry for SPE, SPE-0GO and SPE-rGO at a scan rate of 25 mV/s (a). Non-modified SPE (b), SPE-0GO (c) and SPE-rGO (d) at
scan rates from 25 mV/s to 150 mV/s. All samples were tested in 1 mM [Fe(CN)s]* /4~ and 1 M KCl.

electroactive species. However if the material exhibits a band gap the
probability of matching available states for the electron exchange
between electrode and electroactive species is very low, decreasing
dramatically the electrochemical activity. Therefore in the case of
SPE-0GO and in accordance with the fluorescence observations, it is
very reasonable to ascribe the low electrochemical performance to
the opening of band gap with the oxidation process.

High graphene oxidation is known for instance to remove
states close to the Fermi level, thus producing an insulator
(Acik et al., 2010). It is therefore expected that excessive oxygen
moieties on graphene in any chemical form (epoxide, hydroxyl,
carboxyl and ketonic-type functional groups) both on the
basal plane (Cai et al., 2008) and at the edges(Park et al., 2008b)
reduce electronic states at the Fermi level and consequently its



660 L. Baptista-Pires et al. / Biosensors and Bioelectronics 61 (2014) 655-662

conductivity as probed experimentally (Eda et al., 2009).
As described before in Fig. 1d the reduction of oGO results in
the decrease of n—m* transitions, responsible for C=0 bonds
in sp® hybrid regions and responsible for fluorescence emission in
graphene oxide (Shang et al., 2012). It is also reported that
graphene reduction using hydrazine decreases the band gap to
almost negligible values (Mathkar et al.,, 2012). The conductivity
increase after reduction, passing from an insulator material to a
more semimetallic conductive one, is clear in Fig. 4d and consis-
tent with literature reported elsewhere about this transition
behavior upon reduction (Acik et al., 2010).

Redox peak currents increase around 60 times upon reduction
as can be observed in Table 1. The table also reports the peak
separation voltages (AV,) for the different electrodes. It can be

Table 1
Cyclic voltammetry data for SPE, SPE-0GO and SPE-rGO.

AE (V) Al (pA)
SPE 0.3945 472
SPE-0GO 0.0244 0.12
SPE-rGO 0.3297 7.75

observed that the AV, of SPE-rGO is smaller than in the case of
the carbon based SPE, evidencing the favorable electrode kinetics
of the reduced graphene. The table also reports the AV}, value for
the case of SPE-0GO ascribed to the very low current oxidation/
reduction wave which is captured when zooming in the electro-
chemical current of the oxidized graphene. The origin of such
small redox wave and its surprisingly low value of AV}, cannot be
analyzed in the same context as in the case of SPE and SPE-rGO
electrodes. We believe that such redox wave in the SPE-0GO
comes from the response of the bottom carbon support of the SPE
and not from the oxidized and insulating graphene. The surprising
reversibility of such wave can be explained under the light of the
thin layer diffusion model which is applicable when the electrolyte
is trapped in porous layers (Belding et al., 2010). Indeed, AFM
images have shown the porous nature of oxidized graphene.
Therefore the electrochemical response is compatible with a
passivating oxidized graphene layer with a number of pits (pores)
through which the electrolyte penetrates and remains confined,
inducing a kinetically and thermodynamically favorable electron
transfer with the base carbon material of the SPE. Accordingly, the
peak-to-peak separation in this scenario is expected to be smaller
than in the case of the semi-infinite diffusion model in agreement
with our findings.
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Fig. 5. Schematic diagram (not in scale) displaying the enzyme (Tyrosinase) and reactions involved in the catechol detection at the SPE modified with oGO acting as an

insulator and rGO as a semimettalic compound.
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Fig. 6. Electrocatalytic properties of SPE/Tyr, SPE/oGO/Tyr and SPE/rGO/Tyr. (a) Cyclic voltammetry response in the presence of 20 uM catechol at 100 mV/s. (b) Typical
current-time curves for the successive additions of 2 uM catechol solution, to a 5 mL electrocatalytic cell containing 0.1 M PBS (pH 6.5) with stirring under a working
potential of —0.1 V. Inset: corresponding calibration curves for the graphene modified SPEs.
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The influence of the two explored graphene materials with
different levels of oxidation on the attachment of Tyrosinase enzyme
has been also studied. The enzymatic activity of the Tyrosinase-
graphene oxide modified SPE platform using catechol can be
observed through the formation of o-quinone as shown in Fig. 5.

The voltamperometric evaluation (Fig. 6a) shows a comparison
of the SPE modified with Tyrosinase (SPE/Tyr), oGO plus tyrosinase
(SPE/oGO/Tyr) and rGO plus tyrosinase (SPE/rGO/Tyr) on the
electrocatalytic detection of catechol. All modifications and mea-
surements with the developed biosensors were done under
strictly identical conditions (the total assay time including the
SPE modifications through incubations with graphene was around
24 h). As expected, the reduction signal was improved when GO
was present. Moreover remarkably higher response of SPE/rGO/
Tyr was observed, showing fairly well the advantages predicted for
this type of biosensor configuration commented upon in the
introduction section. The enzymatic reaction involves the catalytic
oxidation of the catechol to o-quinones, at the expense of reducing
oxygen to water. The electrochemical reduction of o-quinones, by
transferring two electrons and two protons, was employed to
monitor this reaction (Fig. 5). In this case, o-quinone can be
reduced back to catechol at low applied potentials (—0.1V).
The generation of electrons in this step leads to a change in the
current that can be measured. The coupling between the catalytic
oxidation (catechol to o-quinone) and the electrochemical reduc-
tion (o-quinone to catechol) shuttles the catechol into a cycle with
the possibility of signal amplification (see Fig. 6b).

Herein SPE, SPE-oGO and SPE-rGO electrodes have been
modified with Tyrosinase by adsorption. Such immobilization
strategy and the final enzymatic activity are expected to be very
dependent on the hydrophobicity level of the GO-SPE.
The enzymatic response has been followed up by amperometric
measurements at —0.1 V. We have found a very good electro-
chemical stability with the addition of catechol for the highly
oxidized graphene as can be observed in Fig. 6b. This behavior may
be related with the binding of the Tyr to oGO by electrostatic
interaction (Zhang et al., 2012). Thus, and despite being an
insulator, SPE-oGO is highly beneficial for enzyme biosensing
platforms, presenting a limit of detection (LOD - signal to noise
ratio (S/N)=3)) of 0.0711 nM, a limit of quantification (LOQ) of
0.237 nM and a sensitivity of 0.0679 pA/uM as presented in
Table 2. In the case of SPE-rGO modified with Tyr, the improve-
ment of the electroanalytical performance (based on LOD and
sensitivity parameters) was observed. The presence of hydropho-
bic aromatic structures observed by XPS spectra (Fig. 1b) and the
water contact angles studies (Fig. 3d) suggested that the adsorp-
tion of the enzyme onto SPE-rGO should be governed by a
hydrophobic interaction instead of electrostatic interaction onto
SPE-0GO. As reported before, this Tyrosine immobilization onto
the rGO was more efficient than the immobilization onto the oGO
for similar C/O (Zhang et al., 2012). This phenomenon is attributed
to the fact that the electrostatic interaction as the driving force for
enzyme binding to oGO severely affected the activity of the
enzyme. Additionally the higher conductivity of rGO promotes
high charge transfer (Fig. 4a). As reported in Table 2, the SPE-rGO
presented the best LOD of all graphene materials (0.0103 nM), a
LOQ of 0.034nM and was shown to be the most sensitive
(0.0898 pA/uM).

The obtained results are advantageous when concerning bio-
sensors reported in literature (Karuwan et al., 2013; Ping et al.,
2011, 2012; Song et al., 2011; Yang et al., 2013) that use other
nanomaterials or a cross-linked agent and longer procedures to
immobilize the enzymes and enhance the response. The proposed
graphene-based biosensing fabrication is simple, time efficient
and does not alter the enzyme structure and its operation yields
very good performance.

Table 2
Description of different analytical parameters.

LOQ LOD Sensitivity Linear interval R

(nM) (nM) (nA/uM) (1M)
SPE 1.379 0.4140 0.0056 2-16 0.9968
SPE-0GO 0.237 0.0711 0.0679 2-16 0.9977
SPE-rGO 0.034 0.0103 0.0898 2-16 0.9958

4. Conclusions

As experimentally observed in this work, graphene materials
were deeply characterized in terms of morphology and optoelec-
tronic properties. The electrochemical behavior upon the addition
of GO over a screen-printed electrode in terms of current responses
is described. In addition, it is demonstrated that the biofunctiona-
lization capability might have been affected by the level of oxida-
tion of graphene materials (0GO with a C/O of 1.07 and rGO with a
C/O of 1.53). These different C/O levels should have contributed in
the biosensor performance (better stability due to a better enzyme
immobilization onto SPE modified with rGO by hydrophobic inter-
action) and the decrease of the limit of detection in comparison to
the non-modified SPE and the SPE modified with 0GO. The results
show that the SPE modification with oGO leads to low level
Tyrosinase biofunctionality (although much higher than that of
the SPE without 0GO) while the modification with highly hydro-
phobic and conductive rGO leads to a higher level of biofunctiona-
lization. This tuning capability of the biosensor response can be of
interest for building several other biosensors, including immuno-
sensors and DNA sensors for various applications.
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ABSTRACT: We demonstrate a graphene oxide printing
technology using wax printed membranes for the fast
patterning and water activation transfer using pressure
based mechanisms. The wax printed membranes have 50
pm resolution, longtime stability and infinite shaping
capability. The use of these membranes complemented
with the vacuum filtration of graphene oxide provides the
control over the thickness. Our demonstration provides a
solvent free methodology for printing graphene oxide
devices in all shapes and all substrates using the roll-to-

roll automatized mechanism present in the wax printing machine. Graphene oxide was transferred over a wide variety of
substrates as textile or PET in between others. Finally, we developed a touch switch sensing device integrated in a LED

electronic circuit.

KEYWORDS: graphene oxide, wax printed membranes, patterning, transfer, touch sensor

cost technologies over plastics and organic substrates for

building electrical and electronic devices. Using a wide
variety of materials conjugations such as inorganic' and
organicz_4 semiconductors, metals® or insulators® enabled
building devices such as Radio Frequency Identification
(RFID) systems, light emitting diodes (LED), supercapacitors,
thin film transistors, resistors or solar cells. Industry equipment
in this area is mainly based on screen-printing technology,
flexography, gravure, inkjet and lithography (also as developers
of microcontact stamps).””” More exactly, lithography,
flexography and gravure exhibit high setup costs and are
advantageous only for high production rates. Additionally,
lithography is mainly a chemical or photochemical process with
the need for clean room facilities and consumable and
expensive photoresists and developers. In the case of screen-
printing and inkjet printing, the need for ink development is an
issue in terms of viscosity and polymerization. For the singular
case of inkjet printing, additionally to the ink development
there is the substrate treatment and printing temperature.
Despite this, the last two techniques are cost-effective for
smaller quantities of printed products. All these technologies
possess the need of know-how and specialized personnel as

P rinted electronics paved the way to a new type of low-

-4 ACS Publications  © 2015 American Chemical Society 853

common characteristic for the development of simple
electronics devices.

Fast prototyping rise in the “Maker” or “Do It Yourself”
communities have opened venues for fast integration in
electronic industry of creative and ori§inal devices of all types
integrated with the internet of things."“~"* This process is done
mainly using the techniques described below which become
hard in terms of versatility and price for low quantities of
prototyping production. Despite 3D printing paving the way for
different type of technologies in these areas, great efforts are
still needed for the development of new processes for fast
printing technologies that can integrate communities making a
step forward to knowledge and technology transfer for society.

The importance of graphene oxide (GO) and derivatives
such as reduced GO (rGO) has raised in recent years
substituting a wide variety of materials for the production of
supercapacitors,B_18 LED," RFID,” solar cells*’ and (bio)-
sensors.””~>> The ability to pattern and transfer GO without
the use of organic toxic compounds (as in lithography),
surfactants or polymer based solutions and as in inkjet or screen
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Figure 1. Schematics of the patterning and transfer of GO. (a) Nitrocellulose membrane; (b) WPM; (c) WPM modified with GO, (c1) sheets
right after filtrations, (c2) after natural dry, (c3) after water activation, (c4) after fast dry with air flow; (d) transfer of GO by pressure to the

substrate; (e) transferred GO pattern.

Figure 2. Patterning and transfer over different materials. (a) Patterned GO over PET (inset, WPM for PET); (b) SEM image of patterned
rGO over PET. (c) Patterned GO over paper (inset, WPM for paper); (d) SEM image of patterned rGO over paper. (e) Patterned GO over
textile t-shirt (inset, WPM for textile); (f) SEM image of patterned rGO over textile. (g) Patterned GO over adhesive film (inset, WPM for
adhesive film); (h) SEM image of patterned rGO over the adhesive film.

printing is required given the influence that these compounds
can have onto the optoelectronic properties.*”*°™*" In this
way, vacuum filtration makes a step forward in this develop-
ment and has been used for various applications either for
transferring thin films of rGO using liquid—air exfoliation
leaving a suspended film that can be “fished” by the target
substrate;*> or for transferring thin films with nanometer
resolution onto substrates by dissolving the nitrocellulose
membrane with acetone when in contact with the target
substrate.”® Despite the great advances over the transfer of GO
thin films using vacuum filtration described before, patterning
technologies are still the handicap/bottleneck of the whole
process. Existing transfer technologies do not solve problems
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such as GO ink preparation”® or the need for lithographic®’
patterning and physical erasure.”® Filling this gap that would
lead to an automatized process that controls the thickness and
enables the direct patterning of controlled GO structures onto
various substrates, in a fast and chemically free transfer mode,
without any requirement for ink treatment and being at the
same time simple and cost-effective is still a challenging
objective in GO printing technologies.

Herein, we propose a methodology for fast patterning and
transfer of GO using water activated wax printed membranes
(WPM). Wax printing technology is a green, low cost and
versatile technology that can be easily performed using the
desired shape or image chosen by the user with micrometer
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resolution.”*> Tts hydrophobic nature enables to drive GO
water suspension over the membrane to the desired regions.
This technology coupled with the vacuum filtration provides
control over the shape and thickness of GO leaving a patterned
GO mesh over the nitrocellulose membrane. In this way, we
developed a water activated mechanism to transfer patterned
GO over flexible substrates. The roll-to-roll mechanism that
outfits the wax printer machine makes this technique suitable
for rapid building of plastic, paper or textile electronic
platforms. We have used this technique to produce a touch
sensitive device over polyethylene terephthalate (PET) for
switching a LED on and off.

RESULTS AND DISCUSSION

Figure 1 shows how a nitrocellulose membrane (Figure 1a) is
patterned onto the desired shape (Figure 1b) using a wax
printer machine. To form the GO pattern, the inverse pattern is
printed onto the membrane surface. The wax clogs the pores of
the membrane wherever it is printed leaving the nonwax
containing regions (gray in the reverse pattern) unclogged. The
WPM is set onto the filtering glass, and the suspension of GO
(at a desired concentration) is filtered, leaving a GO mesh on
top of the WPM (Figure 1cl). The WPM is left to dry (Figure
1c2), and then it is water activated by rewetting in a water bath
(Figure 1c3), fast dried using air flow on the back part of the
membrane (Figure 1c4), and transferred by pressure (Figure
1d,1e) to the desired target substrate.

When the GO mesh over the WPM is dried, which takes
between 30 and 60 min (Figure 1c2), the interactions with the
membrane are in their stronger phase which incapacitate the
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transfer of GO. On the other hand, right after filtration (Figure
Icl), the transfer can, for instance, spread GO all over the
substrate depending on the absorptive properties of the target
material.

According to this, we have produced different WPMs
through wax printing and modified them with GO (inset
Figure 2a,c,e,g). We used the wax printer which is outfitted with
roll-to-roll hardware for fast and automatized transfer of GO
over different flexible substrates such as PET, textile t-shirt,
paper and adhesive film as demonstrated in Figure 2 using
procedure from Figure 1. As proof of concept, we transferred a
modified WPM using a spatula (Figure S1) where a simple
image of the Nobel coin can be transformed into a black and
white WPM (Figure Sla—c) and transferred over a window
glass by simple hand pressure of the spatula (Figure S1d).

To determine the resolution, we produced different WPMs
composed of different geometric forms and lines (Figure3a).
The WPMs shown in Figure 3b exhibited acceptable designs
over a range of 500 um for circles, once the circle geometry gets
degraded over lower size resolutions. The direction of the wax
printing (parallel or vertical) was an important parameter to
evaluate, as it affects the resolution and the shape of the
patterned wax. Figure 3¢ shows wax lines printed vertically and
Figure 3d shows lines parallel printed. The wax line,
represented in Figure 3c as the green cross, has a minimum
resolution of 100 um which is consistent with literature—
values under 100 um are simply not patterned from the wax
printing machine. We investigated the resolution of the
unclogged space represented in Figure 3c as the red cross
once will be the minimum resolution of the future GO pattern.
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(h) Capacitance of 10 IDEs.

A resolution of SO ym (Figure 3e) was obtained when the
WPM was printed vertically. For lines parallel printed, the
variation in the line size is determined by the bumps and the
printing and the resulting width are not consistent. According
to this, to define long narrow lines it is better having them
printed perpendicular to the printer feed direction (so one
avoids poor line to line printer registration issues). According
to the technology features described before, the resolution of
the WPMs is mainly a hardware characteristic of our printing
machine. We believe that hardware evolution will entail
advances in resolution factors, and in this way, our technique
could possibly in the future compete in the microelectronic
device fabrication domain. On the other hand, the main
principle of our process could be used, and the coupling
between photolithography or inkjet printing could produce
masks over the nitrocellulose membranes with the technical
and cost losses associated with it (as described elsewhere in this
work). The ink development such as using smaller GO sheet
size should be performed so as to reach better resolution.
Despite this, we believe that even the current printing
resolution of the WPMs is still efficient for the production of
devices such as supercapacitors, solar cells, sensors and
biosensors. The lateral spreading of the wax across the WPM
at room temperature was studied over S months (Figure S2)
and any significant deformation or spreading was not observed
and therefore we concluded that these WPMs are stable over
the long-term. Each WPM has a filtration area that is dependent
on the patterned design influencing the filtration rate (time)
and the vertical size of GO film.

We used vertically printed WPMs (Figure 3a) for studying
the transfer process over PET using the roll-to-roll mechanism
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that outfits the wax printing machine due to the automation
that it provides. Accordingly, 5 mL of a GO concentration of
0.01 mg/mL was placed into the filtering flask, filtered and left
to dry for 1 h. After 1 h of drying followed by 1 min wetting
and drying process, the WPM was placed in contact with PET
substrate and transferred using the wax printer machine. The
transfer efficiency to PET using the mass weight of the WPM
before and after the transfer (n = 10) was calculated obtaining a
transfer efficiency of 99.74%. The minimum resolution of GO
transferred into PET was SO um (Figure 3f) which is in
accordance with the resolution of the WPM described before in
this work. The transfer mechanism can be understood under
the focus of the interlayer distance between GO sheet upon
filtration. Filtration of GO layers originates a compressive
stacking forming a compact film with low quantity of water
molecules in between the layers. According to this, while
rewetting, the water is absorbed in the surface of the GO film
due to the hydrophilic nature of GO causing the release of the
GO film from the membrane. We studied this evolution during
one month and the transfer was still effective as reported in
Figure S3. The hydrophobicity of GO sheets quickly increased
upon drying as determined in Figure S4 and slowed down upon
1 h to 1 month. It is also known that the reduction of GO is
slow at room temperature and normal life conditions which
opens to us a big time window to process the transfer. The
transfer pressure should be suitable to reach the necessary
strength to be applied between GO mesh and the target
substrate to avoid the 25 pm wax height (which can be
considered as the maximum vertical size that GO film can have,
Figure SS) and make direct contact between the GO mesh and
the target substrate.
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We have built a mask presented in Figure 3g (inset) to
address the reproducibility of the transfer in terms of thickness
and resistance. In Figure 3h, one can see the variation of the
thickness of GO over the patterned substrate area. It has shown
uniformity of the different lines printed with a medium
thickness all over the substrate of 40 + 3 nm (Figure 3i). The
patterned GO films were reduced when immersed in 1 mg/mL
of ascorbic acid at 30 °C for 48 h (Figure 3g) and wired using
silver ink. The sheet resistance was measured three times using
a tester showing a mean distribution of 190.08 + 97.15 kQ
(Figure 3j). The resistance and thickness variations of our
methodology can be related to a myriad of factors such as the
nature of our method by itself (the patterned wax should favor
the fluidic movement over the membrane upon filtration), the
circular filtration area and the round shape of the metallic sieve
in the filtration flask which allows the GO to be filtrated in the
central areas rather than in the surrounding areas, and the
reduction methodology.**~*" We believe that all these aspects
can, in the future, be optimized and developed accordingly and
the scalability of the process could diminish and improve these
factors. Additionally, we performed an adhesive-tape-peel-off
wipe test*” in order to determine the stability of the conductive
patterns (Figure S6 and Table S1). A different prepared film
avoiding silver wiring was used in order to establish maximum
contact between the adhesive tape and the rGO tracks area.
The same GO concentration (0.01 mg/mL) was used, and after
5 peel-off counts, the resistance increased from 282.44 + 93.02
to 326.75 + 129.43 kQ, which means an increase of 44.31 kQ
in mean resistance. This can be attributed to the consecutive
peeling of few layer graphene*’ and the contact stretching of
the tester connections with the rGO tracks. According to this,
our conductive tracks appear to be stable, avoiding any
treatments to substrate or to the patterned conductive tracks.

As reported in Figure 4a, we have developed interdigitated
electrodes (IDE) using the mask presented in Figure 4b and
filtered different concentrations of GO solutions in order to
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determine the electrical properties dependence on the vertical
size of GO film. Accordingly, GO IDEs were fabricated using
the procedure developed before using 1 h of drying and water
activation methodology over PET. The GO IDEs (Figure 4c)
where reduced (Figure 4d) to improve the electronic
properties, using ascorbic acid as a reducing agent. Using four
different concentrations (S mL of 5, 2.5, 1.25, 0.625 ug/mL;
Figure 4e), we studied the evolution in terms of capacitance,
resistance and vertical size.

According to this, with a decrease of a factor of 2 over the
concentration of GO, the thickness was 38.9 + 2.3, 24.5 + 0.7,
19.8 £+ 0.5, and 14.9 + 0.8 nm. The resistance varied from 57 +
12, 166 + 34, 531 + 98, and 2557 + 679 kQ with the decrease
of concentration. The capacitance decreased from 270 + 110,
49 + 15, 17 + 3, and 132 + 0.5 pF. We believe that the
resistance and capacitance values would reach saturation with
the consecutive increase of GO thickness (200 nm to SO0 nm
for instance), mainly due to the lack of effectiveness of our
reduction methodology to achieve the intrinsic layers in the
case of a thicker GO film (being the reduction process only
effective on the uppermost layers).'®*® In this way, the
variation of the capacitive properties over different electrodes
with similar resistance can be related with the intrinsic
properties of GO upon reduction once all the IDE where
reduced submerged in ascorbic acid which can possibly alter the
intrinsic properties such as the interlayer distance or the surface
area exposed to the electrolyte. We expect that these properties
can be tuned by the reduction method or either in the in situ
development of GO foam-like materials to develop extreme
capacitive characteristics. 1315174445

Using the 60 nm IDE, we measured the resistance and
capacitive properties upon the interaction with a human finger.
As shown in Figure Sa,b upon touch, the circuit is closed and
the resistance changes from >100 MQ (cannot be read in a
contact tester) to 110 kQ. The capacitance is also changed
from 0.25 pF to approximately 0.75 pF. We produced a touch
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sensing device using an electronic circuit (Figure S7) with
interest for real applications making the capacitive\resistive
behavior of this IDE suitable for touch operations such as LED
switcher (Figure Sc). Using this, we could operate a LED
turning it ON (Figure 5d) and OFF (Figure 5d). A movie of
the operation of the switcher was additionally obtained (can be
seen in Movie S1). The possibility of having GO/rGO
interfaces in one single device is also demonstrated. Despite
similar circuitry development has been performed by inkjet
printing,*® when establishing a comparison with the proposed
WPM-based printing, it demonstrates some advantages being a
very simple patterning mode, avoiding optimization time of the
ink (viscosity, printing temperature, GO concentration used
and GO flake size), long chemical substrate treatment and
coffee-ring effects. Our technology also can be used in the
future for fast patterning of transparent conductive circuitry
without the need to develop new GO matrix requested by
inkjet printing or other printing technologies.

The proposed technology opens new venues for direct
patterning of GO while filtering using a total green and
biological friendly material such as wax and the possibility for
long-term transfer using the water activation and roll-to-roll
pressure. The methodology is automatized, with control over
the x, y and z directions and easily scalable. The long-term
stability that possesses opens the possibility for in-field
applications. In addition, it can be tuned from a simple
patterning methodology (the WPM itself can be turned into
simple microfluidic or electronic device made of GO) to a
transferring methodology (one could transfer GO without
patterning for a wide variety of substrates just by a mechanical
actuation using the water activation mechanism). Moreover,
one can look at this technology as a nonchemical, clean and
polymer free self-adhesive or water activated adhesive for direct
patterning of GO devices. We believe a WPM could in the
future perform multifunction’s that are nowadays applications
of lithography such as PDMS stamps molding,

The proposed patterning technique also can be adapted after
right optimizations to a wide variety of materials such as silicon
nanowires,””*® carbon nanotubes®™ or 2D materials®® (such as
graphene, MOS,, WSe, or boron nitride). The corresponding
matrix of nanomaterial-based inks must avoid the hydrophobic
forces of the wax, should not dissolve the membrane and have
target substrate affinity. This could be achieved using aqueous
solution (as in the current GO printing) or with adequate
chemically modified materials, ion intercalated solutions or
surfactant suspensions followed by optimization of the transfer
process. The possibility to apply the proposed technology to
other materials will open the way to fabrication of other devices
and many other applications with interest for various fields.
Despite the fact that further work will be needed in this area, we
believe that the proposed technology will open new
opportunities for GO (or other nanomaterials)-based devices.
This novel and versatile WPM-based printing technology is
advantageous and disruptive in comparison to existing/similar
techniques reported earlier.””>**" The WPMs can in a near
future open many other application fields taking advantages of
each fabrication step of the current technology (presented in
Figure 1) either separately or all together.

CONCLUSIONS

In summary, we have reported a new, versatile, low cost and
customizable method for patterning GO onto a myriad of
substrates through highly stable, microscale WPMs that can be
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seen as water activated “adhesives”. The ability and stability of
these WPMs in consonance with the properties of GO makes
this technique versatile and easy to handle. These masks enable
controlled shaped filtration and transfer of different thickness’s
of GO in various shapes of interest for different applications
with a minimum resolution of 50 pm. The GO-printing
technology that we report here is advantageous over previously
reported methods for fabrication of GO-based devices in terms
of ease, versatility, cost and potential end-applications. This
long-term transfer of GO is promising to implement in areas
that are not suitable to have a laboratory such as under-
developed countries, opening the way for in-field transfer of
GO. This could enable future uses such as in situ transfer of
supercapacitor, a solar cell or a LED among others, for wearable
or portable applications. This methodology can pave the way
for intuitive soft electronics and fast prototyping in the “maker”
community, and finally, we believe the step toward industrial
scalability can be easily demonstrated for disposable humanized
sensing technologies.

METHODS

Wax Printing Characterization. The nitrocellulose membranes
used are hydrophilic and have a pore size of 0.025 ym and a diameter
of 47 mm. The wax was printed with a Xerox ColorQube 8570 printer
(which is compatible with Windows, MacOS and UNIX). All drawings
of the electrode patterns were done on Corel Draw. The high-
resolution printing mode was always chosen and the membranes were
used 5 min after printing, as a compromise to minimize spreading and
maximize drying of the wax. Optical microscopy images of the wax-
patterned membranes were obtained on a Nikon Eclipse LV100
microscope with a 20X/0.45 objective lens.

GO Characterization. All devices where reduced at the sime time
to avoid irreproducibilities and to make conductive structures, once
GO is highly resistive material. The reduction efficiency was assessed
by X-ray Photoelectron Spectroscopy (XPS) (Figure S8) and Scanning
Electron Microscopy (SEM) (Figure S9).

The GO was provided by Angstrom Materials. When needed, it was
reduced submerging the electrode in ascorbic acid vapor at 30 °C for
48 h. All GO electrodes were reduced at the same time to avoid
reduction variations. Aqueous suspensions of GO at various
concentrations using a 1 L vacuum-filtering flask, 300 mL glass filter
holder and 47 mm SS screen (1/Pk). The WPMs were transferred
using the wax printing machine described before. The thickness was
determined using a Elipsometer Rudolph AutoEIl IIL

The samples were electrically characterized using Autolab302
potentiostat/galvanostat/frequency-response analyzer PGST30, con-
trolled by GPES/FRA Version 4.9. The X-ray Photoelectron
Spectroscopy (XPS) measurements were performed with a Phoibos
150 analyzer (SPECS GmbH, Berlin, Germany) in ultrahigh vacuum
conditions (base pressure 1 X 107'°mbar) with a monochromatic
aluminum Ka X-ray source (1486.74 eV). The energy resolution as
measured by the fwhm of the Ag 3dS/2 peak for a sputtered silver foil
was 0.58 eV. Scanning Electron Microscopy (SEM) was done on a FEI
Quanta FEG (pressure, 70 Pa; HV, 20 kV; and spot, four).
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Figure S1. GO transferred over glass using a spatula.
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Figure S2. Optical microscopy characterisation of the WPM. a) immediately after printing

and b) 5 months after printing.
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Figure S3. Evaluation of printing and resulting width of the WPM before and after transfer

and GO transfer onto PET at different drying time.
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Figure S4. Hydrophobicity of GO film over time filtered on nitrocellulose membrane.



Figure S5. WPM with wax height.
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Figure S6. Adhesive peel-off wipe test. Inset: photo of conductive tracks after 5 peel-off

counts.
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Figure S8. a) Cls spectra of GO and b) Cl1s spectra of rGO.



Figure S9. SEM characterization of a) GO and b) rGO.

The GO z-dimension (thickness) of the materials was ca. 1.0 to 1.2 nm. The maximum x-y
dimensions were 554 nm. These data were provided by Angstrom Materials and are

consistent with the SEM results (Figure S8).



Table S1. Resistance values evolution with adhesive peel-off wipe test.

Initial 1st peel - 2" peel - | 3rd peel - | 4th peel - 5t peel -
off off off off off
Resistance/square | 282.44 285.30 287.16 310.54 312.81 326.75
(Kohms) +93.02 +100.95 +96.64 +107.76 +115.89 +129.43
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