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The use of Graphene based materials, such as graphene oxide (GO), in biosensing applications is gain-
ing significant interest, due to high signal output, with strong potential for high industrial growth rate.
Graphene’s excellent conduction and mechanical properties (such as toughness and elasticity) coupled
with high reactivity to chemical molecules are some of its appealing properties. The presence of ripples
on the surface (whether indigenous or induced) represents another property/variable that provide enor-

Keywords: mous potential if harnessed properly. In this article, we review the current knowledge regarding the use
Graphene of graphene for biosensing. We discuss briefly the general topic of using graphene for biosensing appli-
Gfaphene oxide cations with special emphasis on wearable graphene-based biosensors. The intrinsic ripples of graphene
Bio sensor and their effect on graphene biosensing capabilities are thoroughly discussed. We dedicate a section also
Ripples ) for the manipulation of intrinsic ripples. Then we review the use of Graphene oxide (GO) in biosensing
Nano-indentation . . . . . . .

Conductivity and discuss the effect of ripples on its properties. We present a review of the current biosensor devices

made out of GO for detection of different molecular targets. Finally, we present some thoughts for future
perspectives and opportunities of this field.

Statement of significance

Biosensors are tools that detect the presence and amount of a chemical substance, such as pregnancy
tests and glucose monitoring devices. They are general portable, have short response times and are
sensitive, making them highly effective. Gold and silver are used in biosensors and more recently,
graphene. Graphene is sheets of carbon atoms and is the only two-dimensional crystal in nature. It
has unique features allowing its effective use in biosensing applications, including the presence of rip-
ples (non-flat areas that give it its electronic properties). The last comprehensive review of this topic was
published in 2016. This paper reviews the current knowledge of graphene based biosensors, with a focus
on ripples and their effect on graphene biosensing capabilities.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction cally portable, have a short response time and are highly sensitive,
making them important and effective tools. In addition, they

Biosensors are tools that detect the presence and amount of are more efficient and cost-effective than current conventional

a chemical substance by combining physical and biological com-
ponents [1]. Glucose monitoring devices and pregnancy tests are
examples of very successful biosensors [2]. They are characteristi-
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detection methods such as polymerase chain reaction (PCR), and
enzyme-linked immunosorbent assay (ELISA) [3,4].

There are number of materials being used in biosensor appli-
cations such as polymers [5], gold and silver [6], and recently,
graphene. Graphene is a material comprised of two-dimensional
sheets of carbon atoms packed in a hexagonal lattice. It is the
only two-dimensional crystal in nature and gathering increased
interest due to its unique electronic structures, transport and
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Fig. 1. Structure of graphite (layered) and graphene (monolayer) differences. Graphene is formed from the exfoliation of graphite. After the exfoliation process each

platelets get separated from one another and form graphene sheets.

optical properties. Graphene contains non-flat areas called ripples,
that disrupt graphene's flat surface and are responsible for its
intrinsic electronic properties. These ripples, with an average size
of 80 A, are thought to be formed as a result of the bonding
between the carbon atoms in graphene or thermal fluctuations
[7]. Ripples can induce magnetic fields and alter local potentials
of the graphene, resulting in changes in the electronic properties.
In addition, local strain and band-gap of the graphene can be
altered by adjusting the ripple formation, causing changes in the
graphene properties [8]. As a result of these properties, graphene
has become a significant material in biosensor applications and
could open a new way to all-graphene-based electronic devices.

The aim of this article is to provide a comprehensive and criti-
cal review of the use of graphene (and its derivatives) as a biosen-
sor. Furthermore, we discuss the effects of ripples on the function-
ality and performance of graphene materials- based biosensors. Al-
though the topic of graphene biosensors has been reviewed previ-
ously, this review provides multiple novel discussions and updates
the most recent review (2016) on the topic. Novel points of discus-
sions include current challenges in biosensor applications and why
graphene is a solution for these challenges. We describe the fun-
damental properties of graphene that promote accurate biosensing
and ripples as an intrinsic property of graphene outlining possi-
ble advantageous and disadvantageous (structural, mechanical and
molecular in addition to conductivity) for biosensing applications.
We list current applications of graphene biosensors and explain the
concepts behind detection mechanisms. Finally, we provide a per-
spective of the topic based on knowledge accumulated during the
past decade and in particular the last 5 years.

2. Graphene

Graphene is a two-dimensional sp2 hybridized hexagonal crys-
talline material and is the monolayer form of graphite, which has a
layered structure. Fig. 1 shows the graphite structure with its van
der Waals forces which keep each graphene monolayer together
and as graphite is exposed to exfoliation these forces break result-
ing in the formation of graphene sheets [9]. It is a widely used
material with many applications such as sensors, structural com-
posites, electronics, nanocomposites and supercapacitors, due to its
enhanced chemical, mechanical and electrical properties [10]. The
carbon atoms in graphene are prone to chemical reactions from
all sides as a result of its monolayer structure and sp2 hybridised
nature. This feature of graphene makes it a chemically active ma-
terial that can be modified into desired structures [11]. Graphene
has a very high tensile strength, making it very strong, but it is
also lightweight and elastic [11].

Graphene is a highly conductive material, containing sp2 hy-
bridized carbons in its structure (Fig. 2) [12]. Each carbon in the
lattice is bonded together with (i) 3 o bonds that are connected to
other C atoms in the structure (Fig. 2a) and (ii) 2 7 bonds that are

By

Fig. 2. (a) 30 bonds (81, §2 and §3) in the structure of the sp2 hybridized graphene
(Green dots represent A carbons and red dots represent B carbons). (b) 30 bonds
in-plane and 2 w bonds perpendicular to 30 bonds in out-of plane [143].

perpendicular to the o bonds (Fig. 2b). The = bonds are not con-
nected to any other carbon and stand as free m electrons, which
are mobile and can be delocalized through the graphene sheet.
Therefore, because 7 electrons can move freely in the structure,
graphene is a good conductor, having superior electrical properties
and high carrier rate, reaching up to 15,000cm?2/V.s at room tem-
perature [13].

In order for an electron to contribute to the conduction, there
is a minimum energy required to excite that electron from valence
to conduction band. This minimum energy is referred to as the
bandgap [14]. Within metals, valence and conduction bands are
touching so they have zero bandgap, meaning no energy is used
in conduction. Graphene is also a zero bandgap material and it
is sometimes called a zero-gap semiconductor or zero-gap metal
[15].

Valence and conduction bands of graphene are cone-shaped
and touch at 6 points, which are called Dirac points, representing
the 6 vertices of the hexagonal lattice (Fig. 3a). These cones touch
each other at K point (K and K’) which is located in the Brillouin
zone (Fig. 3b,c) and they represent the Dirac points of the A and B
carbons (Fig. 2) in a hexagonal lattice of graphene [6]. In the Bril-
louin zone, r is the center of the hexagonal shape, b1 and b2 are
reciprocal lattice vectors [6], kx and ky are 2D wavevector com-
ponents along the x and y directions, and M is the saddle point
[16,17].

Valence and conduction bands touch in K and K’ at the Fermi
level which is the energy at 0 Ev [18]. In addition, electron and
hole masses are near zero at this point, which can be referred to
as Dirac fermions [19]. Because electrons in graphene have zero
mass, they move like a zero mass particle which makes them travel
faster than any other conductor at room temperature. This electri-
cal property makes graphene a great conductor [13].

2.1. Graphene for biosensing applications

Biosensors are being widely used for detecting chemical and bi-
ological substances in the human body, food industry and related
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Fig. 3. Representation of the bandgap structure of graphene. (a) 3D representation of the Dirac points where valence and conduction bands touch at K and K’points [144].
(b) Intersection points of cone-shaped valence and conduction bands [144]. (c) The Brilliouin zone of graphene. Each lattice unit of the graphene contains the Brillioun zone
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Fig. 4. Graphene is used as a transducer in different biosensors. A variety of bioreceptors, such as DNA, antibodies and enzymes, can be immobilized on graphene surface.
This allows the graphene to detect a variety of analytes, such as ions, molecules, nucleic acids and cells.

areas. New nanomaterials are being utilized in order to increase
the sensitivity and improve the efficiency of biosensors by capital-
izing on their chemical and electrical properties [20]. Sensitivity,
accuracy and having a low detection limit are all important char-
acteristics in biosensor applications [21].

Graphene and graphene-based nanomaterials are one of the
most important materials being used in nano-sensor applications
as a result of their improved signal output [21]. Graphene is highly
successful in detecting chemical and biological substances like
DNA, bacteria, lipids, peptides, viruses, antibodies, and ions (Fig. 4)
[22].

A number of features make graphene an ideal material for use
in biosensing applications including:

« Chemical flexibility of graphene materials which can also be
improved with ripples and wrinkles. This increases the num-
ber of recognition or analyte elements that can be linked to
the graphene surface. A high surface area increases sensitivity
to chemical and biological substances [23]. Due to its mono-

layer structure and its sp2 hybridised nature, the carbon atoms
in graphene can be modified with different functionalities, de-
pending on the properties required for the biosensor in ques-
tion. These modifications are easily made because graphene’s
7 bonds create attraction sites and its monolayer structure en-
ables molecules to get close to its surface [11]. For example,
organic groups such as chromophores can be attached to the
graphene surface and by perturbing the extended character of
graphene, its electronic properties can be controlled [24].

Moreover graphene and graphene-based materials can immo-
bilize different bioreceptors covalently or non-covalently, which
make them excellent for biosensing applications. Single-stranded
DNA can bind from its ring-structured nucleobases, to the
graphene surface, by noncovalent interactions like w-7 stacking,
hydrogen bond and electrostatic interactions. Proteins can chemi-
cally attach to carboxylic groups of graphene oxide by their amine
groups [25].
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Graphene based biosensors for detection of different targets. GOD: Glucose oxidase enzyme, Pt NPs: Platinum nanoparticles, ssDNA: Single-stranded DNA, Ag NPs: Silver

nanoparticles.

Sensor Type Target Detection Method Reference
Electrochemical Glucose Graphene/Nafion/Pt NPs/Chitosan/GOD [33]
Electrochemical Glucose Graphene/GOD/chitosan [34]
Electrochemical Prostate Specific Antigen Graphene sheet/Methylene blue/ Chitosan/Antibody [35]
Electrochemical Prostate Specific Antigen Graphene sheet/Quantum dot functionalized graphene/antibody [36]
Electrochemical Pb(1I) Graphene field effect transistor/DNAzyme/Pyrene [37]
Surface Plasmon Resonance 3-nitro-L-tyrosine Graphene/Nickel [38]
Surface Plasmon Resonance Folic acid Graphene [39]
Surface Plasmon Resonance ssDNA Graphene/Gold nano urchin/ssDNA [40]
Surface-enhanced Raman spectroscopy  Aristolochic acids Graphene/Ag NPs/Fe304 [41]
Surface-enhanced Raman spectroscopy =~ Rhodamine B N-doped graphene [42]
Surface-enhanced Raman spectroscopy ~ Rhodamine 6 G/crystal violet/thiram  Graphene/Ag NPs/CuF [43]
Optical DNA Graphene-MoS2/BK7 prism/Ag/SiO2/Au [44]
Optical Nitrate Graphene/Optical fiber tip [45]

Electronic Properties due to its sp2 hybridized structure con-
taining m bonds that are free to move on the graphene struc-
ture [23]. This high transfer rate of electrons allows a great sen-
sitivity for electrochemical biosensors where electrons are mov-
ing between bioreceptor and graphene-made transducer [21].
High Tensile Strength makes it stronger than diamond due to
powerful C-C bonds. Moreover, Van der Waals forces increase
its flexibility and make it a soft material. Being both strong but
flexible at the same time is an important feature which makes
graphene a widely used material in wearable-flexible biosen-
sors [23].

A biosensor contains two main components: a bioreceptor,
which identifies the analyte, and a transducer, that transforms the
chemical signal produced by the bioreceptor into a measurable
electrical signal [2]. Some examples of bioreceptors include ap-
tamers, DNA, cells, and antibodies. Graphene is used as a trans-
ducer in biosensors. When an analyte interacts with the biorecep-
tor, a signal (heat, light or pH) is generated. In order to convert
the chemical signal into a measurable electrical signal, biorecep-
tors should be linked to the surface of a transducer (e.g. graphene).
Incorporation of graphene as transducers in biosensors increases
electrical conductivity, rate of electron transfer and electrically ac-
tive surface area to volume, which improves the sensitivity of the
biosensors [26].

Graphene and graphene-based materials (e.g. Graphene Ox-
ide(GO), reduced Graphene Oxide(rGO)) are primarily used in 5
biosensors: Electrochemical, Fluorescent, Optical, Surface plasmon
resonance (SPR) and Surface-enhanced Raman Scattering (SERS)
biosensors. Some examples of graphene based biosensors are given
in Table 1.

Wearable graphene-based biosensors

The need for flexible biosensors is rapidly increasing in the
medical field, the solution being to find materials that are flexible
but still have high structural properties. Graphene is an ideal can-
didate due to its flexibility, high sensing features, high conductivity
and transparent nature. Furthermore, its high surface area makes
it suitable to immobilize desired bioreceptors and adjust sensor’s
sensitivity [27].

One of the examples of the application of a flexible-wearable
graphene biosensor is the detection of lactate in the human body
by Labroo et al. (2013). Lactate levels can be used as an indication
of heart failure, drug toxicity, liver illnesses and metabolic disor-
ders. It can be released with sweat and blood in the body. Cur-
rent lactate detection methods are spectrophotometry [28], mag-
netic resonance spectroscopy [29], high-performance liquid chro-
matography [30], and amperometric biosensors [31]. These meth-
ods take time and have rigid properties so are not suitable for
wearable or on-site applications. Labroo et al. (2013) first trans-

ferred a graphene electrode from a rigid substrate to a flexible sub-
strate (polyester film) to construct the graphene lactate biosensor.
They then immobilized the required enzyme for lactate which is
lactate oxidase (LOD) onto the graphene surface [32].

After the implantation of the flexible biosensor in the human
body, when lactate comes into contact with the sensor, lactate oxi-
dase converts lactate and oxygen to pyruvate and hydrogen perox-
ide (H,0,) (Reaction 3). Then, H,0, is oxidated on the graphene
electrode and produces a current. This current is used to detect
the lactate concentration in the body and as the concentration in-
creases, the current response strengthens [32].

L Lactate + 0, = Pyruvate + H,0, (1)

Wearable biosensors can be affected by the mechanical stress
and the sensitivity of the biosensor changes. Labroo et al. (2013)
examined the change in the sensitivity and electrical conductivity
of the graphene biosensor in response to a mechanical stress (e.g.
bending). Results indicate that as bending angle and number in-
crease, the response and conductivity of the graphene biosensor
decreases (Fig. 5). They concluded that the highest response and
conductivity occur when the graphene sensor is not bent. When
the sensor contains an added 10 WM lactate and is bended with
an angle of 45°, the current response decreases 64% and electri-
cal conductivity decreases 30%. If the bending angle is increased to
180° , there are decreases of 81% and 76% in current response and
electrical conductivity, respectively. The decrease in response was
caused by the reduction in conductivity [32].

While bending the sensor decreases current response and elec-
trical conductivity, it is still sensitive enough to detect low levels
of lactate, making it a viable sensor [32].

3. Intrinsic ripples of graphene
3.1. Nature of intrinsic ripples

In general, graphene is widely considered a flat sheet material,
however recent experiments have revealed that graphene contains
wrinkles and, more importantly, “intrinsic ripples” in its structure
[7].

These ripples can be formed if graphene contains defects or it
experiences thermal fluctuations where C—C bonds in the structure
are temporally and spatially modulated. Researchers at Radboud
University carried out a simulation to find the nature of the rip-
ples by observing the graphene ripples at room (300 K) and high
(1000 K, 2000 K, and 3500 K) temperatures, concluding that intrin-
sic ripples can be formed in response to thermal fluctuations. This
is a very promising finding because it indicates that ripples can be
tailored artificially by altering the temperature [7].
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Fig. 5. (a) Relationship between bending angle of a biosensor and current response at lactate concentration of 10 WM. Current response decreases as bending angle increases.
(b) Relationship between the number of times the biosensor is bent and current response. Current response decreases as bending number increases [32].
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Fig. 6. Rippled graphene structure. (a) Image of a graphene with ripples. Ripples disrupt the flatness of the graphene and introduce out-of plane structures [46]. (b)
[lustration of how ripples effect the structure of a graphene sheet, (c) Image of a single ripple with its amplitude and wavelength [145].

These modulations, like temperature or defects, lead C to oc-
cupy additional space in the 3rd dimension and ripples form. This
change in the C causes electrons in the p-cloud to relocate and the
symmetries of the bond lengths in the structure vary [46]. Disrup-
tion of the symmetry creates a non-planar structure and this non-
planarity diminishes the free energy of the graphene. Thus, ripples
conserve the stability of the graphene against the changes in its
structure [47].

These long-wavelength fluctuations (ripples), with an ampli-
tude of 1 A, disrupt the order of two-dimensional crystals (Fig. 6)
[11,46] . Ripple formation takes place mostly on the edges of the
graphene and regions close to defects. When they form near de-
fect areas, they release the stress in-plane, therefore, most of the
time defects like grain boundaries and dislocations produce ripples
on the graphene. [46]. It is also observed that under a compres-
sive strain as the size of graphene sheet increases, wavelength and
amplitude of the ripples increase as well [48].

Graphene contains two directions in its structure, called zigzag
and armchair , names derived from the edge shape of the graphene
stripe (Fig. 7a, [49]). Alignment of ripples through the hexagonal
graphene lattice can be along these two directions with the major-
ity produced along the zigzag direction (Fig. 7b, ¢). Under a com-
pressive strain, ripples along the zigzag direction have a lower en-
ergy than ripples along the armchair direction, hence it is easier to
produce ripples along the zigzag direction (Fig. 7d) [50]. Hexagonal

graphene structure contains 3 zigzag axes, resulting in 3 preferable
direction for ripples to be formed along [51].

3.2. Ripples effect on the graphene

Ripples have a strong influence on the properties of the
graphene in that they disrupt the existing structure and introduce
new features. As a result, they have a significant impact on the
mechanical and electrical properties of the graphene [46].

3.2.1. Ripples effect on the mechanical properties of the graphene

Graphene has one of the highest tensile strength of all materials
and a high Young’s modulus, which is the relation between stress
and strain [52], that gives graphene its great mechanical properties
[53]. Ripples principally alter the structure of the graphene and in-
troduce new mechanical properties by manipulating the strength,
elasticity and bending properties of the graphene.

For example, ripples can affect Young's modulus of the
graphene which gives the elongation or compression of a material
when it is loaded with force [54]. Experimental work has revealed
that when ripples are suppressed with a strain, Young’s modulus of
the graphene increases. Therefore, if graphene has ripples, Young’s
modulus is decreased and more force is required to modify the
graphene structure [55].
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structure and by introducing a “0” angle a pyramid structure is formed in the orbitals of the carbon. (b) Pyramid structure is shown for two C atoms’ orbitals [62]. (c) The
re-hybridization between m-o due to the bending which results in the change of the electrochemical potential [60].

Intrinsic ripples increase the elasticity of the graphene making
graphene a suitable material for elastic bio-sensing applications
[56]. However, as rippling of the graphene increases, its bending
property decreases [57].

3.2.2. Ripples effect on the electrical structure of the graphene

In general, ripples introduce variable potential or magnetic
fields to graphene [58]. They change the structure by manipulat-
ing the transport properties, band gap, bond structure and hy-
bridization behaviours [59]. This is related to 3 main structural
changes: (a) rotation of pZ orbitals, (b) re-hybridization between
7 and o orbitals and (c) shortening of C-C bond length [60].

a) Rotation of pZ orbitals

When ripples are formed on the surface of the graphene, bend-
ing occurs in different amplitudes along the graphene surface
(Fig. 8a,b) depending on environmental factors such as tempera-
ture and strain. This bending produces a rotation between pZ or-
bitals and the rotation diminishes the distance between the or-
bitals. As a result of the decrease in the distance, pZ orbitals’ two
lobes overlap more, eventually leading to re-hybridization between
7 and o orbitals [61].

b) Re-hybridization between & and ¢ orbitals

Sp2 hybridized hexagonal graphene contains ¢ orbitals that are
parallel and pZ orbitals that are perpendicular to the structure of
the graphene sheet. When sp2 hybrids overlap each other because
of the rotation of pZ orbitals, strong bonds of the structure are
formed which causes stiffness in the graphene. pZ orbitals, on the
other hand, contribute to the weak bonds of the structure. How-

ever, when ripples produce bending of the structure, it causes car-
bons and their neighbours to form a pyramid where each carbon
becomes the corner, and the planar shape of the structure is no
longer present (Fig. 8a,b) ( [62]. The re-hybridization occurs when
7 orbital couples with three o bonds and antibonds and with 3 s
orbitals at three neighbours (Fig. 8c) (|61].

This re-hybridization causes charge impurities in the structure
and electronic levels to shift, leading to a charge transport between
valence and conduction levels. As a result of this transport, some
energy levels become empty while some become occupied result-
ing in the formation of electron and hole puddles in the structure
[46]. Charge impurities in the structure cause electron scattering.
Electrons do not travel straight through different paths freely any-
more but because of the charge impurities in the structure they
scatter [63]. This scattering caused by ripples leads to electrical re-
sistance and decreases the conductivity [64].

c) Shortening of C-C bond length

Ripple formation is also linked to decreases in the C-C bond
[60]. When graphene is in its ground state, all bonds are in equiv-
alent. However, a change in the orbitals and the formation of
electron-hole puddles can alter the length between bonds. As tem-
perature increases and becomes T = 300 K, bond lengths in the
structure begin to vary. If bonds with different lengths occur in the
same graphene structure, the planarity of the membrane becomes
disrupted and ripples formation takes place [7].

Ripples introduce a band gap to the graphene

Graphene is known as a zero-gap material, meaning it is a very
good conductor but there is no way of controlling this conductivity.
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local strain along zigzag direction [66].

The presence of a band gap in graphene is thus very important in
digital electronics, because it introduces a way of controlling the
conductivity which is not possible with zero-gap materials. [58].

In a zero-gap structure, valence and conduction bands are
touching. In order to open a band gap and turn graphene into
a semiconductor, distance between valence and conduction band
should be more than zero (Fig. 9) [65]. The zero band gap
of graphene comes from its symmetry between two types of
nonequivalent carbon atoms (A and B carbons in Fig. 2). In order
to open a band gap, this symmetry must be broken which can be
achieved using multiple methods including growing it on different
substrates (e.g. metals), applying a force, hydrogenating it in a cer-
tain pattern or cutting it in nanoribbons [18].

Band gap can be increased with different methods such as oxy-
genation or nanoribbons but they can have adverse effects on the
electronic properties of graphene. Therefore, the most widely used
method to increase the band gap without any adverse effect is to
apply strain and to produce ripples [66]. So, it can be stated that
the most important change that ripples provide is to introduce a
band gap to the zero-gap graphene [67].

The previous structural changes which are rotation of pZ or-
bitals, re-hybridization between 7w and o orbitals and shortening
of C-C bond length can open a band gap in the graphene. As ripple
amplitude increases, the distance between the valence and con-
duction bands increases [58] and the band gap of the graphene
proportionally increases [68].

In order to produce ripples, compressive strain can be applied
along the zigzag or armchair directions (Fig. 10a,b). Experiments
show that armchair direction cannot open a significant band gap

in the graphene, therefore only strain along the zigzag direction
is considered here. When a compressive strain is applied to the
graphene along zigzag direction, C-C bonds are squeezed and a
band gap is initiated. When a band gap is opened, graphene is
converted from a metal to semiconductor form. If strain is in-
creased beyond a certain point, the graphene begins to deform
and the band gap decreases or returns to zero, resulting in the
graphene returning to its metal form (Fig. 10c). [66].

Graphene can also be stretched to adjust the band gap us-
ing methods other than applying compressive strain. When the
graphene is stretched along the zigzag direction, the lattice struc-
ture of the hexagonal graphene collapses (Fig. 11). Since lattice
structure is disrupted, ripples appear along the direction perpen-
dicular to the stretching and the band gap opens as a result [69].

Consequently, the intrinsic ripples of graphene have been draw-
ing a lot of attention owing to their characteristics mentioned
above. Therefore, exploring the nature of the intrinsic ripples is
important because it can open a new way to understand the elec-
tronic properties of graphene and to adjust them [7].

3.3. Ripples effect on graphene biosensing capabilities

Since ripples affect the chemical, mechanical and electrical
properties of graphene, this has implications for any biosensors
made from graphene, in particular the sensitivity of the sensor.

3.3.1. Flexibility
For use as non-flexible biosensors, graphene can be placed on a
flexible substrate such as Polyethylene terephthalate (PET) or Poly-
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Fig. 11. Graphene (a) hexagonal structure without any stretching, (b) hexagonal structure under zigzag stretching, and (c)hexagonal structure under armchair stretching [69].

dimethylsiloxane (PDMS) with van der Waals interactions. Wear-
able biosensors, on the other hand, require a flexible graphene
sheet. Flat graphene sheets can only be stretched up to a cer-
tain point (~6% strain), beyond which they get damaged under the
strain, rendering them non-applicable for wearable biosensors [70].
This problem can be solved by introducing ripples to the graphene
sheet, which produce out-of plane deformations, increasing the
stretchability of the sensor [71]. Ripples on the graphene sheet un-
fold and allow the stress to be relieved as strain is applied to the
graphene sensor. As a result of these out-of-plane structures, flex-
ible electrodes can be stretched up to almost 400%, allowing sen-
sors to maintain their conductivity by preventing break formation
[72].

In an experiment conducted by Lai et al. (2014), flexible tran-
sistors were produced that can be stretched up to 50% [73] by
combining graphene with PMMA-poly (3- butylthiophene). More-
over, these ripples give stability to the graphene sheet against
stretching which makes it a highly suitable material for wearable
sensors|74].

3.3.2. Increase in surface area

Another advantage of ripples on graphene is the increased sur-
face area of the electrode [75]. This large surface area on graphene
provides a region for successful immobilization of bioreceptors
[76]. As an example, Hui et al. (2013) produced a biosensor for glu-
cose detection, by immobilizing glucose oxidase enzyme (GOD) on
a graphene sheet which was also covered by nafion film. The final
product resulted in a high stability and high electron transfer rate
between GOD and the graphene electrode surface. They reported
a sensitivity of 21.9 WA mM~1cm~2 for glucose concentrations be-
tween 2 and 14 nM. Moreover, they observed that the graphene
sheet contained crumples and wrinkles which had a similar struc-
ture to ripples and indicated that these structures enhanced the
immobilization area for GOD [77].

In another study, Perumal et al. (2018) produced a biosensor
that detects tuberculosis, which is a chronic and infectious dis-
ease. Gold nanoparticles were combined with a 3D graphene sheet
to improve the sensitivity and selectivity of the biosensor. The
graphene sheet had a rippled structure with self-assembled gold
nanoparticles located on these rippled paths that produced rod-
like formations. These formations provided a large and active sur-
face area, resulting in increased immobilization rate of the sensor
and improved hybridization efficiency [78].

Consequently, it can be concluded that ripples provide a high
electroactive surface area for electrodes in biosensing applications
[79].

3.3.3. Conductivity

Ripples affect the electrical structure of graphene by produc-
ing charge impurities in the structure so that electrons cannot
travel through the graphene freely. This impact introduces electri-

cal resistance to the graphene and the conductivity rate decreases
[63,64].

As mentioned earlier, electrical conductivity of graphene is
important in biosensor applications since high conductivity of
graphene facilitates high transfer of electrons between the trans-
ducer and bioreceptor, resulting in high sensitivity of electrochem-
ical biosensors [80]. It is thus expected that ripples decrease sensi-
tivity and ultimately the efficiency of biosensors, despite the pres-
ence of ripples and wrinkles in almost all graphene-based biosen-
sors. When constructing a graphene biosensor, it is important to
consider the advantages (increased surface area) and disadvantages
(decreased electrical conductivity) of ripples.

Ripples and wrinkles improve the properties of wearable flex-
ible biosensors which are significant in real-time and consistent
sensor applications. Since they are inserted into the human body,
these wearable sensors must maintain both flexibility and elec-
trical conductivity when a strain is applied. In order to provide
these features, electrodes with specific materials should be pro-
duced which can be stretched but not lose their conductivity under
a large strain [81].

Chiang et al. [70] produced a stretchable and sensitive photode-
tector based on hybrid graphene and graphene quantum dots. Pre-
strained (25%) rippled Poly(dimethylsiloxane) (PDMS) was used
to support a rippled graphene sheet and as a result a stretch-
able biosensor was obtained. Chiang et al. [70] conducted tri-
als to see the effects of applied strain on the resultant con-
ductivity of the biosensor, observing that as strain is applied,
graphene conductivity increased up to a maximum level at 25%
strain, beyond which conductivity decreases due to over strain
(Fig. 12a). Applied strain decreases the amplitude of ripples on
the graphene surface which allows electrons to move freely on
the structure. Sensor structure under 0% strain and 25% strain
is shown in Figs. 12b & c. Theoretically, it had been estimated
that conductivity would increase non-stop as strain is applied.
However, this study showed that beyond pre-strain level, the
graphene structure becomes disrupted and conductivity diminishes
[70].

In a similar trial, Wang et al. [71] combined rippled graphene
with PDMS (prepared with 20% pre-strain), producing a rippled
electrode. They subjected the electrode to varying levels of strain
to study the strain-conductivity relationship. At 0% strain, device
resistance was 5.9 k€2, decreasing to 3.6 k2 (relaxed graphene
state-flat graphene) under a 20% strain. Reduction in resistance
corresponded to an increase in electrical conductivity enhance-
ment in sensitivity [71].

3.3.4. Ripples effect on biomolecules

Ripples on the graphene surface are defect formations and
they are chemically more reactive than non-defected regions.
Improved reactivity of ripples affects the bioconjugation ability
of the graphene. So conjugation of biomolecules on graphene
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Fig. 12. Sensor structure (a) under 0% strain, (b) under 25% strain [70]. (c) The strain and conductivity relation. Theoretical estimation of conductivity is to increase as strain
is applied. However, it is detected that conductivity of the sensor increases up to pre-strain level (25%) then it starts to fall down [70].

el
A

% i
(et
Gl tetetetesisk

G /,/u/,t:‘/
G

et

S
G

Fig. 13. (a-c) The native helical structures of dsDNAs change after interaction with W-Gras. (d-f) The native helical structures of dsDNAs remain the same after interaction

with I-Gras [84].

substrate can be altered by modifying the ripples on the
surface [82].

Ripples can also induce formation of a rough surface on
the graphene sheet. As the surface roughness increases these
areas (ripples, wrinkles) become anchorage sites for cells and
biomolecules that enhances the adherence to the substrate sur-
face. Increase in adherence directly improves the sensitivity of the
graphene biosensors [83].

Moreover, ripples may also induce some adverse effects during
graphene biosensing applications such as denaturating the struc-
ture of the analyte molecule. Li et al. (2020) carried out sim-
ulations of double stranded DNA (dsDNA) with both wrinkled
graphene (W-Gra) and idealized graphene (I-Gra). They observed
deformation in the helical structure of dsDNA when it interacted
with W-Gra. When dsDNA interacted with [-Gra, the structure of
dsDNA did not change, remaining stable. One possible reason for
this difference is the binding energy of dsDNA, which is higher for
W-Gra than I-Gra, which makes dsDNA strongly attracted to the
wrinkled area and the terminal bases act as anchors. When other
parts move but the terminal bases are anchored, the hydrogen
bonds of the dsDNA break and the native structure of the dsDNA
is deformed (Fig. 13). Wrinkles and ripples have similar structures,
therefore the effects of wrinkled graphene here can be extrapo-
lated for rippled graphene effect on dsDNA structure in biosensor
applications. In addition, Li et al. (2020) reported that the effects of
wrinkles in biomolecules are not fully understood and could poten-
tially have undesired effects when working with biomolecules [84].

These findings should be considered while working with graphene-
based biosensors.

3.3.5. Reactivity

Ripples cause curvature formations on the surface of the
graphene and these curves possess higher charge density than pla-
nar regions [85]. Since charge density is directly related to the
reactivity, ripples modify the local reactivity on graphene sur-
face. For instance, Kowalik et al. observed that single copper
atom’s binding to rippled regions is 20 kcal/mol energetically more
stable than binding to plane regions. So, it states that copper
atoms prefer to bind rippled sites than planar areas of graphene. It
can be caused since rippled sites have higher charge density than
other regions so that mostly atoms prefer binding these sites. This
property can be effectively used for graphene biosensor applica-
tions. By adjusting the ripples on the graphene surface, different
molecules’ affinities to substrate can be modified so that sensitiv-
ity of graphene based biosensors can be increased [86].

4. Manipulation of intrinsic ripples

Because ripples have a huge impact on the properties of
graphene, their manipulation is important to control the graphene-
based-electronics and to provide the desired features. There
are several methods used to manipulate graphene ripples in-
cluding thermal manipulation, strain-based manipulation, nano-
indentation and vacuum annealing [8].
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Fig. 14. Dependence of ripple morphology on temperature. When T is raised to ~600 K, the graphene sheet is flat, and any pre-existing ripples almost completely disappear.
However, after cooling down to 300 K, ripples invariably appear, usually with much larger amplitudes than any previous ones [8].

4.1. Thermal manipulation

Thermal manipulation of intrinsic ripples is the most widely
and usually the most effective method used to change the prop-
erties of the ripples.

The coefficient of thermal expansion (CET) describes how the
size of an object varies with a change in temperature [87].
Graphene can obtain both negative and positive thermal expan-
sion coefficients. The temperature ranges reported for negative CTE
varies between different experimental studies. For instance, Gao
et al. (2014) detected negative CTE at temperatures between 30
and 300 K [88], while another study estimated the range between
0 and 500 K [89]. Thus, the negative CTE range of graphene is
not exact and can have varying values. When a graphene sheet
is subjected to a temperature between the negative CTE values,
and, the temperature increases, the graphene shrinks and ripples
form on the membrane. In contrast, when temperature decreases
within these negative CTE values, graphene expands and the sheet
becomes almost perfectly flat and intrinsic ripples on the surface
disappear [88].

However, graphene can also possess positive CTE. Gao et al.
(2014) reported 300 K as the transition temperature from negative
to positive CTE. When temperature is increased to values higher
than 300 K, graphene possesses positive CTE. In another study, a
transition value of 500 K was reported [89]. When temperatures
rise above the transition value, graphene expands, and ripples dis-
appear on the membrane. Conversely, when the temperature de-
creases, graphene shrinks, and ripples form on the graphene sur-
face (Fig. 14) [88].

Therefore, elasticity is correlated with the rippling effect and
by adjusting the temperature, elasticity of the graphene can be
modified [8]. Moreover, because graphene has a very low thermal
expansion coefficient, devices made from graphene will not show
adverse effects due to temperature change, an important property
[58].

4.2. Strain-based manipulation

The second manipulation method used to introduce intrinsic
ripples is application of strain to the graphene sheet. As strain ap-
plied to the graphene increases, the amplitude of the ripples de-
creases. In addition, ripples have a very low amplitude (almost
disappear) in the direction of strain and move perpendicular to
the direction of the strain. This outcome is referred to as uniaxial
strain (Fig. 15). When strain is applied biaxially, ripples can almost
disappear in two directions and the graphene sheet will become
almost ripple-free. However, as ripples disappear, the elasticity of
the graphene will also decrease and it will become more rigid [56].
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4.3. Nano-indentation

The third manipulation method is called the nano-indentation
technique which involves the formation of cavities. In this method,
Atomic Force Microscopy (AFM) is used to produce new periodic
ripples on the graphene structure. AFM contains a probe in its tip
and applies a mechanical load onto a desired site of the graphene
sheet up to 600nN and after removing the load, ripple formation is
observed on the site (Fig. 16a-c). Applying a load with AFM on the
graphene produces ripples, 15 nm in amplitude, on the surface and
consequently, the structure in Fig. 16c is generated. These images
were also generated by AFM [90].

By implementing this method, ripples can be produced
throughout the graphene sheet in desired size, shape and num-
ber. However, limitations were observed in the experiments, with
several indentations at the same spot on the sheet resulting in no
change the morphology of the ripple [90].

4.4. Vacuum annealing

The final method we will discuss that causes manipulation of
ripples is called vacuum annealing. Principally, it is not used as a
direct manipulation technique but rippling is affected after its ap-
plication.

Graphene films are obtained using different techniques such as
micromechanical exfoliation where a graphene sheet is formed by
cleaving the graphite or it can be synthesized from chemical vapor
deposition using volatile precursors [87-91]. Following synthesis
the sheets are sometimes manipulated using different techniques
such as thermal or strain-based methods to produce ripples. These
processes can introduce contaminations to the graphene sheets
which impacts their electrical properties. To reduce contamination,
several cleaning procedures are applied to the graphene and one
of the widely used methods is vacuum annealing [92].

For the annealing process, a graphene sample is put in a cham-
ber at a specific temperature in a vacuum and subsequently cooled
down to room temperature. [90]. The annealing process can re-
sult in two different kinds of graphene structures. Annealing at
low temperatures reduces ripples and defects, whereas annealing
at high temperatures causes structural disorder in the graphene
sheet and produces ripples [93].

5. Graphene oxide

Graphene oxide (GO) is a material that is similar to graphene
but it contains oxygen based-functional groups in its structure
(Fig. 17, [94]. In fact, as these functional groups are removed,
graphene oxide can almost be converted into graphene.
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Fig. 15. Simulations showing the out-of-plane fluctuation of a monolayer graphene at 300 K with (a) 0% strain and (b) 0.5% strain. Green regions show where amplitude of
ripples decreased tremendously [56].

Fig. 16. (a) Atomic force microscopy introduces strain in graphene locally [146]. (b-c) Before and after image of nano-indentation to graphene. Before applying load with
AFM there is no observable ripple on the graphene surface. However, after applying load with AFM into the same area, there are many observable ripples on the surface[90]

graphene oxide

graphene

Fig. 17. Structural differences between graphene oxide (top) and graphene (bottom). Minimal oxidation (-O and -OH groups) visible in graphene compared to graphene
oxide. [95].

Synthesis of graphene oxide is mostly undertaken through the Graphene oxide has unique attractive mechanical, electrical and
oxidation of graphite, which is a multilayer form of graphene. This thermal properties compared to graphene. From a mechanical
oxidation process produces graphite oxide by disrupting the crys- point of view, GO can be used as polymer nanocomposites due
talline structure of the graphite, introducing new wrinkles and in- to its high tensile strength. For example, the tensile strength of a

creasing the length between adjacent sheets [95]. Then, graphite material made from GO and Polyvinyl alcohol (PVA) mixed, is five
oxide multilayers are separated and monolayer graphene oxides times higher than pure PVA-based materials. This is due to the

(GO) are formed [96]. strength of GO and the high number of oxygen functionalities in
Oxidation of the graphene (with -O and -OH) increases the the GO and their interaction with the —OH groups in the PVA. This

bond length between C-C and results in a reduction of the ten- interaction results in significant hydrogen bonding and increases

sile strength and elasticity of the graphene oxide. Moreover, as ox- the strength of the end material [99].

idation level increases, the structure of the graphene oxide con- From an electrical point of view, GO is not electrically con-

verts from brittle to ductile [97]. Brittle materials break easily even ductive and is, indeed, used as an electrically resistive material.
without a large deformation. On the other hand, ductile materials During synthesis of GO, the sp2 crystalline structure of graphene
can deform largely under a load until they break [98]. is disrupted, inhibiting the electron mobility of the material and

n
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GO becomes a non-conductive material [99]. As a result of its low
electrical conductivity, GO is primarily combined with other highly
conductive materials to improve this property in electrochemical
biosensor applications.

From a thermal point of view, GO possesses low thermal con-
ductivity, unlike graphene. As a result, GO can be used as a thermal
insulator in clothing, building insulation and flame retardants [99].
In addition, in thermoelectric instruments, low thermal conductiv-
ity improves the efficiency of thermal conversion [100].

5.1. Graphene oxide based biosensors

Graphene oxide (GO) is being widely used in a variety of
biosensor applications [101]. It contains both hydrophobic sp2 and
sp3 structures and hydrophilic oxygen functionalities on its base
such as carboxyl, epoxy, hydroxyl and carbonyl groups. These oxy-
gen functional groups give graphene oxide different properties to
graphene sheets [102]. However, GO also has properties such as
electrical, thermal, and mechanical properties, in addition to its
stretchable, transparent, biocompatible nature and large surface
area [103].

The most distinctive feature of GO is its oxygen functional
groups which gives it a hydrophilic nature. This hydrophilic na-
ture gives GO its biocompatibility [103], an ability to interact with
water [104], prevents adhesion of microorganism and inhibits bio-
fouling [105]. Moreover, these oxygen functional groups provide ar-
eas to attach different nanoparticles such as metal oxides, quantum
dots (QDs) and semiconducting nanoparticles and improve the sen-
sitivity of the biosensors [106].

Oxygen containing groups improve GO’s affinity for aromatic
rings and make it highly diffusible in water which are extremely
important properties in biosensors [107]. These groups also a) pro-
vide sites to immobilize bioreceptors by = — 7 stacking or H bond-
ing to detect biomolecules [25] and b)give fluorescence quench-
ing ability to GO which is an important feature in fluorescence
biosensors where energy is transferred from an excited state of
the dye to GO [108-110]. Fluorescence quenching in GO biosensors
takes place when fluorophores (fluorescent chemical compound)
are close to the sensor. Fluorophores typically emit photons, but
in close proximity to GO they prefer to transfer their energy to
the GO sheet [111]. Thus the fluorescence light emission of the
dye-labelled probe stops until it leaves the GO sheet which makes
it a great way to detect biomolecules in fluorescence biosensors.
Overall, graphene oxide is a promising biosensor material that is
widely used especially in electrochemical, fluorescent, optical, sur-
face plasmon resonance and surface-enhanced raman scattering
biosensors. Some examples of graphene oxide based biosensors are
given in Table 2.

6. Ripples of the graphene oxide

Rippling effect presents in graphene oxide similar to graphene.
However, as it is mentioned, graphene oxide differs from graphene
by its oxygen functionalities and they improve the rippling effect.

As the degree of oxidation increases in the graphene oxide,
the amplitude of the ripples on the surface also increases linearly
(Fig. 18). In addition, it was experimentally observed that the am-
plitude of “oxidation-induced ripples of graphene oxide” is larger
than “thermally-induced ripples of graphene”[132].

There is a ratio related to the rippling effect of graphene ox-
ide called the Poisson’s ratio. When a strain is applied to a ma-
terial in y-direction, another strain is produced in the x-direction
as response [133]. The Poisson’s ratio is calculated by dividing the
produced strain laterally to applied strain longitudinally and this
ratio can be negative or positive. If the ratio is positive, when the
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material is stretched in x-direction, it becomes compressed in y-
direction, in response. If the ratio is negative, when the material is
stretched in x-direction, it also becomes stretched in y direction,
in response (Fig. 19) [132].

It was also observed that ripples of the graphene oxide have
an impact on its physical and mechanical properties. Particularly,
ripples of the graphene oxide decrease the value of Young’s modu-
lus of GO. As mentioned previously, Young’s modulus is a property
that gives the elongation or compression of a material when it is
loaded with force [54]. Thus more force is needed to create a spe-
cific impact on the GO [132].

Based on experimental studies, rippling can induce Negative
Poisson’s Ratio (NPR) in the graphene, since the ripples will al-
most disappear when the graphene is stretched. As a result, it is
assumed that rippling can also affect Poisson’s ratio of GO and can
lead to NPR. When oxidation degree is high (p = 0.6125), mean-
ing GO has NPR, if GO is stretched in x-direction, y-direction of GO
is also stretched and the amplitudes of the ripples decrease in all
directions (Fig. 20, [132]).

In summary, as the degree of oxidation in GO increases, rip-
ple formation and ripple amplitude also increases in GO. As a re-
sult, the Poisson’s ratio decreases and can even become negative
(Fig. 21).

6.1. Ripples effect on graphene oxide biosensing

The effect of ripples on the properties of graphene oxide can
also be seen in biosensors made from GO. Ripples change the prop-
erties of GO such as flexibility, surface area, conductivity, and fluo-
rescence quenching ability.

6.1.1. Flexibility

Ripples increase the flexibility of graphene oxide similar to their
effect in graphene. Electrode materials used in wearable biosensors
should be flexible and this can be achieved by introducing ripples
to them. Since graphene oxide can contain ripples in its structure,
it is an ideal candidate for use as an electrode material [134]|. Tang
et al. (2017) reported that ripples/wrinkles play a role in the sta-
bilization of graphene and hypothesized that these structures also
provide flexibility to graphene oxide sheets.

6.1.2. Surface area

The surface area of graphene oxide increases with the number
of ripples on the surface [135]. This increase in surface area pro-
vides more sites to immobilize bioreceptors for biomolecule detec-
tion which improves the sensitivity of GO-based biosensors [76].
Moreover, an increase in surface area of GO provides more sites
to immobilize conductive materials like gold nanoparticles [136],
Fe304 nanoparticles [137]. As an example, Liu et al. (2010) pro-
duced a fluorescence biosensor based on GO and they immobi-
lized Au NPs on the surface of GO, particularly to the wrinkled
areas and folded edges. Thus, ripples can be used as primary sites
for nanoparticle immobilization [112]. Ripples not only increase the
surface area, they also provide a rough surface to graphene oxide
which is ideal for loading different materials on GO such as quan-
tum dots, nanoparticles etc. [138].

Ripples can also improve the efficiency of photodetectors. For
example, the rough surface area that ripples and wrinkles provide
improves the photoabsorption properties of the detector [138]. In
another study, with ripple-like structures in photovoltaic devices
with an organic semiconductor, it was observed that light absorp-
tion of the device increased. Light absorption improved from 4% to
7% for a substrate with wrinkles or ripples and from 4% to 22%
for a substrate with wrinkles or ripples which also contained a
fold in its structure. The increase in light absorption occurred be-
cause light that reaches to the detector was trapped between rip-
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Graphene oxide based biosensors for detection of different targets. GO: Graphene oxide, GOD: Glucose oxidase enzyme, PAMAM: Poly (amidoamine), Au NPs: Gold nanopar-
ticles, Ag NPs: Silver nanoparticles, ss-DNA: single stranded DNA, ds-DNA : Double stranded DNA, IgG: Immunoglobulin G.

Sensor Type Target Detection Method Reference
Electrochemical Glucose GO/ GOD [112]
Electrochemical Vascular endothelial growth factor ~ Magnetic GO/Au electrode surface/Avastin [113]
Electrochemical Estradiol Graphene/Polyaniline/ PAMAM/Au Ps/Peroxidase/GO/Antibody [114]
Electrochemical DNA ATP-GO/Au NPs/ss-DNA probe/Glassy carbon electrode [115]
Electrochemical Pb(II), Cu(Il) and Hg(II) GO/L-cysteine modidifed Au NPs/Au electrode [116]
Fluorescent DNA GO/Reduced graphene quantum dots/ssDNA [117]
Fluorescent Helicase activity GO/dsDNA [118]
Fluorescent Dopamine Fluorescently labeled GO [119]
Fluorescent Thrombin DNA aptamer/GO/N-methyl-mesoporpyrin [120]
Fluorescent Pb(II) GO/dye labeled anticancer drug AGRO100 aptamer [121]
Surface Plasmon Resonance Lysozyme GO-coated SPR/Micrococcus lysodeikticus/Poly(diallyldimethylamonium)  [122]
Surface Plasmon Resonance MicroRNA GO/Au NPs/ssDNA [123]
Surface Plasmon Resonance 1gG GO silica fiber/silver [124]
Surface Plasmon Resonance Cytokeratin GO/Au layer/antibody [125]
Surface-Enhanced Raman Scattering ~ DNA GO/ssDNA/Ag NPs/Cy3 [126]
Surface-Enhanced Raman Scattering  Cardiac troponin [ GO/Au-antibody/Malachite green isothiocyanate [127]
Surface-Enhanced Raman Scattering  prostate specific antigen GO/Ag NPs/Antibody [128]
Surface-Enhanced Raman Scattering  IgG GO/Antibody/Au NPs/magnetic bead [129]
Optical Hemoglobin GO/Long period grating [130]
Optical Ammonia gas GO/ZnO/Microfiber interferometer [131]

Fig. 18. Oxidation degree-rippling effect relationship. As p represents the oxidation degree and z represents the out-of-plane elevation, when p = 0.0 there is almost no
ripple on the graphene oxide z is close to zero. However, as oxidation degree increases and become p = 1.0 there are lots of ripples on the surface and z value becomes

almost 20 or —20 [132].
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Fig. 19. Positive and Negative Poisson’s Ratio. If the ratio is positive, when material is stretched in x direction, in response to this, material is compressed in y direction. If
the ratio is negative, when material is stretched in x direction, in response to this, material is also stretched in y direction [147].

ples [138]. It is assumed that a similar effect can be observed in
graphene oxide based devices.

6.1.3. Conductivity

As mentioned previously, conductivity of GO is low but can be
improved by combining it with conductive materials. In order to
increase the area to immobilize more bioreceptor molecules, rip-
pled and wrinkled GO surface can be used [139].

For example, Ali et al. (2016) produced a nitrate detection
biosensor based on GO and gold nanoparticles (Au NPs). They
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put GO onto substrate polydimethylsiloxane (PDMS) and covered
it with Au NPs to improve conductivity. Then, they pre-stretched
this composite and produce a rippled and wrinkled surface. The
rippled/wrinkled surface area increased the electroactive surface
area and more enzyme (nitrate reductase) could be immobilized
on the nanocomposite surface. It also had a higher electron trans-
fer rate and enhanced the diffusibility of the electrons produced
from catalytic reactions. In the experiment, when a pre-stretched
value of 8.0% was applied, peak current (sensitivity) increased as
immobilized enzyme volume increased. When enzyme saturation
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Fig. 20. Effects of different values of strain to the ripples under the same oxidation degree. When oxidation degree is high (p = 0.6125) GO has NPR. As GO is stretched in
x direction, y direction of GO is also stretched and the amplitudes of the ripples decrease as it is indicated in topography map [132].

Table 3
Ripples effect on different graphene biosensing concepts.

Biosensor Type Affected Property

Ripple effect

Reference

Electrochemical Electroctalytic activity
Immobilization rate
Hybridization efficiency

Catalytic activity

Ripples on graphene structure cause Au nanoparticles to form Au
nanorods on the surface which increase the composite’s electrocatalytic
capability at the end. Combination of formed Au nanorods and large
surface area causes improvement of self-assembled monolayer that as a

[78]

result causes increase in immobilization rates and hybridization
efficiency. Au nanorods/graphene composite also provides high surface
areas and specificity (SSA), high mechanical strength, enhanced catalytic
activity and fast electron transfer.

Light absorption
Light matter interaction
Local electromagnetic field

Surface-enhanced
Raman Spectroscopy

Experiment demonstrates that ripples enhance the SERS properties
compared to planar graphene. When monolayer graphene assembled on
an Au/Ag core-shell, it improves the light-matter interaction in the

[141]

sensor and adjusts light absorption of graphene as a result of the formed
ripples. Ripples also provide improvement of local electromagnetic field
that enhances the excitation of the molecule. It is observed that ripples
with shorter wavelengths (A < 600 nm) enhance field intensity more
than ripples with longer wavelengths (A > 800 nm).

Plasmonic coupling
High-spot density

Surface plasmon
resonance

For better local surface plasmon resonance applications, plasmonic
coupling is required. In graphene biosensing applications ripples can be

[142]

used in order to increase the enhancement factor (EF) of the plasmonic
coupling. When multilayer graphene/Au NPs possesses ripples, the
spatial separation between nanoparticles may be diminished and this
causes the improved near-field enhancement in addition to the increase
in high-spot density in z-direction.

Fluorescent Quenching

Ripples improve the fluorophore quenching ability of graphene oxide. So

[111]

the rippled areas of graphene oxide can quench the fluorophores more
effectively than planar parts.

occurred, the maximum peak was observed. Thus, by modifying
the number and amplitude of the wrinkles/ripples on the graphene
surface, electrochemical current and sensitivity of the electrode can
be adjusted [140].

6.1.4. Fluorescence quenching

Fluorescence quenching is one of the most important proper-
ties of graphene oxide, resulting in its use in fluorescence based
biosensors. Li et al. (2018) observed that when graphene oxide
contains ripples/wrinkles in its structure, effectivity of fluorophore
quenching of GO increased. Thus, rippled GO has a higher quench-
ing ability than flat GO [111].

In summary, to understand the ripples effect on different
graphene biosensing concepts following Table 3 can be examined:

Future Opportunities

Graphene and its derivatives have become significant materi-
als in biosensing applications in the last few decades. Graphene’s
outstanding electrical, mechanical and chemical properties im-
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prove the efficiency of biosensors. Since graphene possesses so
many unique properties to be exploited in biosensors, further in-
vestigations are warranted. Out-of-plane structures called ‘ripples’
on graphene have only recently been discovered, therefore, there
are still unknown effects of these structures on graphene prop-
erties. Although ripples improve flexibility and surface area of
graphene, they also have some adverse effects like decreasing me-
chanical strength and electrical conductivity [80,23]. Since ripples
are primarily intrinsic with both negative and positive effects, it
will be necessary to tailor ripples on graphene in order to achieve
the specific optimum properties required in a given biosensing ap-
plication. We believe that discovering the nature of graphene rip-
ples can improve the bio-detection quality and efficiency in a vari-
ety of areas including medicine and the food industry.

In some cases, ripples improve specific properties of the
graphene so that the increase in the number of ripples is bene-
ficial. For instance, in wearable biosensors being flexible is more
important than a decrease in electrical conductivity which can be
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[132].

overlooked to some degree. In contrast, if having high conductivity
is more significant than being flexible, ripples should be avoided
as much as possible. As a result, further research must be con-
ducted on the effect that ripples have on graphene properties,
which would facilitate the production of optimum biosensing de-
vices using graphene.

Ripples can be modified using a variety of different methods
such as the thermal, chemical or mechanical techniques discussed
above [8]. Using such techniques to achieve a specific number or
size of ripples, or to fully remove them, is a difficult prospect and
further research is necessary in this field. In particular, the devel-
opment of more simplistic techniques for the manipulation of rip-
ples would be of benefit. By optimizing processes that modify rip-
ples, the specific properties required for a biosensing application
could be attained and the graphene structure more easily handled.
In conclusion, although more research is required on ripple modi-
fication, graphene and its derivatives show great promise and their
use in biosensing applications will only increase in the future.
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