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Abstract: Single atomically thick graphene, with unique structural flexibility, surface sensitivity, and
effective light-mater interaction, has shown exceptional advances in optoelectronics. It opens a door
for diverse functionalized photonic devices, ranging from passive polarizers to active lasers and
parametric oscillators. Among them, graphene-fiber biochemical sensors combine the merits of both
graphene and fiber structures, demonstrating impressively high performances, such as
single-molecule detectability and fast responsibility. These graphene-fiber biochemical sensors can
offer tools in various applications, such as gas tracing, chemical analysis, and medical testing. In this
paper, we review the emerging graphene-fiber biochemical sensors comprehensively, including the
sensing principles, device fabrications, systematic implementations, and advanced applications.
Finally, we summarize the state-of-the-art graphene-fiber biochemical sensors and put forward our
outlooks on the development in the future.
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combinations between fiber structures and

1. Introduction _
two-dimensional materials, further broaden the

Fiber sensors, developed since the 1970s, with capability of fiber sensors into biochemical

remarkable compatibility, unique sensitivity, and
insurmountable tolerance for hostile environment,
have been revolutionizing our life. Fiber sensors are
applicable in the real world with high sensitivity by
associating external information with optical
parameters, including light intensity [1], wavelength

[2], and phase [3]. In recent years, different
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applications [4-9]. Graphene, as a pioneer member
of two-dimensional materials, has shown remarkable
advances ranging from materials science [10],
physics, chemistry [11, 12], and electronics [13] to
mechanics [14], due to its linear band structure and
atomic thickness [15], as shown in Fig. 1(a). In the
branch of photonics, graphene has been widely
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applied in various optoelectronic devices, building
upon the excellent electrical conductivity, ultra-high
carrier mobility, extremely strong nonlinearity, and
unique carrier density tunability [16—19]. Among the
graphene based photonic devices, the biochemical
sensor is one of the most rapidly developed
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applications. Via continuously optimizing the
graphene materials, the fiber structures, and their
combinations, the performance of graphene-fiber
biochemical sensors is pushed to new height
constantly, such as ultrahigh sensitivity [20, 21] and

selectivity [5].
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Fig. 1 Graphene sensing mechanism: (a) graphene single-molecule structure and energy band linear distribution [22], (b) dynamic
conductivity of graphene for intraband and interband [23], (c) “electron-phonon-photon” process in graphene enhanced Brillouin
optomechanical micro resonator [20], and (d) schematic illustration of FRET sensing process based on GO [24].

In this review, firstly, we elaborate the sensing
principles of graphene-fiber sensors and analyze the
advantages and disadvantages of these technical
routes. Secondly, we illustrate the preparation of
graphene materials and show how to integrate them
onto fiber platforms. Thirdly, we review the
state-of-the-art graphene-fiber biochemical sensors,

which work in gas or liquid environment. Finally,

we present our outlooks about the future

perspectives.

2. Sensing principles of graphene-fiber
hybrids

In general, fiber sensors based on graphene
typically rely on their linearly gapless Dirac-Fermi
distribution [25]:
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Er =+hvr|K| (1)
where vr is the Fermi velocity of graphene, Kk is the
wave vector, and 7 is the reduced Planck constant.
Graphene  demonstrates  excellent  electronic
conductivity, v is 1/300 of the light, and the carrier
mobility can reach up to 2X10°cm*V"s™', which
corresponds to resistance of 10° Q. Besides, its
Fermi level can also be quickly and efficiently
modulated when the external environment
parameters change. In optics, such environmentally
dependent Fermi level leads to optical responses of
graphene. Based on the different responses, the
principles of graphene-fiber sensors can mainly be

divided into linear response and nonlinear response.
2.1 Sensing based on linear response

Linear response of the composite waveguide is

the most traditional sensing mechanism of

graphene-fiber sensing. Typically, the linear
response of graphene-fiber sensors generally relies
on the change in refractive index (RI). The complex
refractive index expressions of the graphene-fiber

sensors are as follows [26]:
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where ng, and ng; are the real and imaginary parts of
complex refractive index, and ¢,, and &,; are the real
and imaginary parts of effective optical permittivity,
respectively. In an ultra-thin graphene film, the

permittivity can be expressed as
_ _O-g,i + io-g,r

Eg= W (4)

where o, and o, are the real and imaginary parts of
conductivity, A is the graphene monolayer thickness,

and f is the optical frequency. As above all, the
complex refractive index of graphene is determined
by its conductivity. Approximated by the Drude
model, the conductivity of graphene could be
divided into interband conductivity and intraband
different
photoelectron interactions, and the corresponding

conductivity to describe types of

conductivity curve is shown in Fig. 1(b):
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where e= —1.6x10"° C, 7=1.05x10>*J-s, f is the
optical frequency, =105 is the carrier relaxation
lifetime, 7% is Planck’s constant, and Ey is the quasi
Fermi level, directly determined by the external bias.
The Fermi level in graphene changes as
E.(m)=h|v,[Nzn (7)
where n is the carrier concentration [27]. When
molecules are absorbed on the surface of graphene,
the adsorbed molecules will offer or take carriers
and then change the carrier concentration, which
makes the Fermi level tuned. Finally, the modulation
of the refractive index is transformed into the
modulation of light, such as intensity [28] and phase
[29],
information by demodulating the output signal.

which can be used to obtain sensing
Based on this principle, many sensing applications
can work in both gas and liquid environments, with
simple setups.
Furthermore, to enhance light-graphene
interaction in graphene-fiber structures, surface
plasmons are introduced due to their strong
confinement for light [30]. The new technical
method is sensitive to the real part of refractive
index of the surface material, so a small change in
refractive index will lead to the shift of the
resonance peak [31]. The sensors based on graphene
plasmon show higher

sensitivity and great
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significance for biochemical detection in the
mid-infrared [32], but due to the large loss of
plasmon [33], it is currently difficult to be fully
applied to other practical devices.

In general, refractive index susceptibility is one
of the most important mechanisms of graphene-fiber
in biochemical detection, but the sensitivity and
resolution of this scheme is limited by the spectral
resolution of the optical interference and the linear

loss of the passive devices.
2.2 Sensing based on nonlinear response

Different from linear response, graphene-fiber
sensors based on nonlinear response show good
their

Graphene has rich nonlinear phenomena including

sensing performance due to specificity.
the saturable absorption, second-order nonlinearity,
and third-order nonlinearity [13]. The contact
between the external molecule and graphene will
cause changes in nonlinear parameters of graphene,
thereby affecting the intensity or efficiency of
graphene nonlinear signals such as
four-wave-mixing (FWM) and stimulated Brillouin
scattering (SBS) [20, 21]. For instance, Fig. 1(c)
shows an example of the graphene enhanced
Brillouin scattering in a microresonator to achieve
ammonia sensing, expanding the “electron-photon”
interaction to ‘“electron-phonon-photon”. In this
work, optomechanical resonance is generated via
Brillouin phase matching and nonlinear gain:
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where v, is the acoustic velocity, ¢ is the light
velocity in vacuum, n, and n, are the effective
indexes of the pump mode and the generated Stokes
mode, f, and f; are the pump frequency and the
Stokes frequency, fy, is the acoustic mechanical
resonance frequency, 7. is the electro-strictive
coefficient, p, is the density of the material, and

I is the lifespan of the phonons.

Photonic Sensors

Gas detection relies on the phase matching of the
optomechanical modes. Spectral shift of the f; is
determined by v, majorly:

of, 2zmn —27mn, dv,
x (c—27v,n,)* ox

where x is the gas concentration. This equation

/p (10)

reveals that when v, decreases with the gas
concentration, f; increases accordingly, which also
verifies that fy, = f, — f; decreases when launching a
higher gas concentration. And a smaller 7, brings the
higher sensitivity when »n, and f, are fixed, which
means a higher-order mode is helpful for the
sensitivity enhancement [20].

Different from the nonlinear sensing mechanism
mentioned above, recently, a high-sensitivity gas
sensing mechanism based on the relationship
between the FWM efficiency and Fermi level was
proposed. There is a steep change (increase/decrease)
of the FWM efficiency when the Fermi level
approaches 0.4eV. Exploiting this feature, there is a
relationship between the FWM efficiency and the
adsorption of gas molecules, because the polar gas
molecules could change the Fermi level of graphene.
When graphene is predoped around 0.4 eV, the
sensor achieves the highest sensitivity [21].

Compared with the sensing scheme based on
linear response, such a sensing scheme based on
nonlinearities can avoid linear noises in devices,
thus enables optical sensors to demonstrate high
purity in the signal and show a potential
for high-precision and high-resolution quality
Sensors.

2.3 Fluorescence resonance energy transfer

Different from the principles mentioned above,
fluorescence resonance energy transfer (FRET) is a
distance-dependent physical process by whose
energy is transferred non-radiatively from an excited
molecular fluorophore (the donor) to another
fluorophore (the acceptor) [34]. It relies on the
fluorescence spectra and distance between the donor

and acceptor rather than the Fermi level modulation.
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Figure 1(d) shows the FRET process based on
graphene oxide (GO) [24].
conventional biosensors based on FRET, graphene-

Compared with the

fiber sensors do not need to be labeled and are
simple and safe to prepare. Moreover, graphene and
its derivatives have a large specific surface area and
could be used as a quencher for a wvariety of
fluorescent groups to achieve multi-channel
detection. When serving as a general quencher,
graphene and its derivatives can simultaneously
quench the fluorescence of multiple fluorophores
with high efficiency, low background noise, and
high signal to noise ratio. In some cases, graphene
and its derivatives can also generate fluorescence
signals. No matter what role the graphene plays in
the process of contacting and interaction with other
molecules, the energy exchange between the
fluorescent donor and the acceptor will occur and
the fluorescence intensity will be affected by the
concentration of the sensing substance. By detecting
the fluorescent intensity, graphene-fiber sensors
based on FRET could be realized. This scheme
enables graphene-fiber sensors to have remarkable
chemical selectivity. But compared with phase
based on RI, the

measurement shows lower resolution. Moreover, the

demodulation intensity
FRET based sensors work in liquid typically, they
are more widely used for bio detections than gas
FRET and
interferometer in one sensor device could be an
optimized method [5, 35].

tracing. Hence, combining the

3. Fabrication of graphene-fiber hybrids

3.1 Synthesis of graphene-based nanomaterials

In biochemical sensing applications, people use
types of graphene derivations, such as graphene, GO,
reduced graphene oxide (rGO), and partially reduced
graphene oxide (prGO) [24]. Related to pristine
graphene, GO has a similar hexagonal carbon
structure but contains rich functional groups (such as
hydroxyl and carboxyl). The structural diagrams are

shown in Fig.2(a), and from left to right are pristine
graphene, GO, and rGO [36].

The synthesis methods of these materials are
different due to disparity in structures and properties.
At present, chemical vapor deposition method (CVD)
is a widely used method to prepare large-area and
high-quality graphene with controllable layer
number [37]. Figure 2(b) illustrates the schematic
process of growing graphene on a Cu substrate via
CVD. Carbon sources such as methane or ethanol
are used to decompose in a dilute H, environment at
1000 °C, and the carbon atoms are released on the
Cu surface and diffused into the metal, eventually,
precipitating and forming a continuous graphene
film on the surface of the Cu layer when the
substrate is cooled down. Graphene produced by the
CVD has fewer defects and excellent uniformity in
the inch-size scale, as shown in Fig. 2(c) [26].
Besides, graphene with high quality can also be
obtained by non-growth methods, like mechanical
exfoliation and liquid phase exfoliation [38, 39], but
the size and the number of layers are difficult to
control.

The rich functional groups on the surface of GO
could bind to a variety of biochemical molecules,
enhancing the sensitivity of graphene-fiber sensors.
In most cases, GO is obtained by Hummer’s method
[40], which

functional group to graphite through oxidizing agent,

introduces the oxygen-containing
such as the mixture of concentrated sulfuric acid,
sodium nitrate, and potassium permanganate. After
surface functionalization, GO could be combined
with fiber to obtain fiber sensors with specific
recognition. Furthermore, by reducing GO, rGO
could be obtained, which still has a few oxygen
groups but achieves similar properties to graphene
film (such as non-dispersive). This enables it to keep
stable as a tight film on fiber in the aqueous
environment, meanwhile demonstrating biochemical
bonding capability [35]. The whole flow is shown in
Fig.2(d) [40].
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Fig.2 Synthesis of graphene and its derivatives: (a) structures of graphene-based materials [pristine graphene(left), GO(middle),
and rGO(right)] [36], (b) illustration of the CVD method for growing graphene on the Cu substrate [41], (c) picture of graphene grown
from CVD, and GO, rGO division, the deposition film on silicon substrate are also shown [26], (d) flow chart of GO and rGO
preparation [40], and (¢) measured Raman spectra of graphite, GO, and rGO [42].

Besides, by decreasing the reduction time, prGO
could be obtained. Compared with rGO, prGO
contains more oxygen groups. So, it could be used to
improve the sensitivity and selectivity for
biochemical sensors [5, 35]. The Raman spectra of
graphite, GO, and rGO are shown in Fig.2(e). The
intensity ratio between the disorder induced D band
and the Raman allowed G band (/p/ls) could reveal
the difference among graphite, GO, and rGO.
Compared with graphite, an increase in Ip/ls of GO

demonstrates the grafting of oxygen containing

functional groups to the graphitic planes. After
reduction, a decrease in Ip/I; shows that most of the
oxygen-containing functional groups have been
removed. But the intensity ratio of rGO is higher
than that of graphite, because the sp> domains are
smaller than those of graphite [42].

3.2 Installation of graphene-fiber hybrids

Generally, graphene-fiber hybrids are mainly
prepared by transferring or depositing graphene on
the specific fiber structures, such as microfiber,
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D-shaped fiber, photonic crystal fiber (PCF), and
microcavity. For the graphene transfer method, wet
transfer is the most mature method for the
fabrication of graphene-fiber hybrids, which is
mainly used for the microfiber, D-shaped fiber, and
fiber endface, as shown in Fig.3(a) [43, 45]. The
specific process of wet transfer is as follows: Firstly,
the polymethyl methacrylate (PMMA) is spin-coated
on the upper surface of the graphene/copper
composite layer prepared by the CVD method, and
then the PMMA/graphene/copper composite layer is
placed in the FeCls solution to dissolve the copper
layer. The PMMA/graphene composite film with the
copper layer removed will float on the surface of the
solution. Secondly, the PMMA/graphene flexible
film is soaked and cleaned with deionized water, and
the PMMA/graphene composite film could be
combined with the waveguide. Finally, the fiber with
the PMMA/graphene film is placed in acetone or
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acetone vapor to remove the PMMA to obtain a
graphene/fiber sensor [26].

Besides, the depositing method is mainly used in
the preparation of graphene derivative fiber sensors,
such as GO and rGO. For example, Fig.3(b) shows
the process of depositing rGO on the surface of the
microfiber. The process requires oxidizing graphene
powder to GO with strong oxidizer (such as
potassium permanganate) and immersing the
microfiber in the GO dispersion. tGO could be
obtained by reducing GO with reductant such as
vitamin C. The rGO film deposited on the surface of
microfiber could be optimized by controlling the
reduction time and temperature [26].

In addition to the two main methods mentioned above,
there are other optional methods for specific fiber
structure. For example, Chen et al. [44, 46, 47] proposed
a method of directly growing graphene via CVD with high
crystallinity on the surface of PCF, as shown in Fig.3(c).

(c)

Fig. 3 Fabrication of graphene-based fiber structures: (a) schematic diagram of wet transfer combining graphene with the
microfiber, D-shaped fiber, and fiber endface [43], (b) flow of depositing method based on GO reduction [20], and (c) schematics of

graphene-PCF grown by the CVD method [44].
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4. Graphene-fiber biochemical sensing
implementations and applications

In this section, we systematically classify the
sensing objects of biochemical sensors into gas and
liquid categories. Among them, gases include gas
molecules, water molecules, and volatile substances,
while liquids include

mainly carbohydrates,

biomacromolecules, aqueous ions, and other
clinically relevant analytes [48—52]. In the following
content, we will introduce the latest research
progress of graphene-fiber sensors, including
different sensing structures and sensing targets, and

analyze their sensing performances.

4.1 Gas sensors

Gas sensor based on graphene was first reported
in 2012, and a

waveguide structure for acetone gas detection was

hybrid graphene-microfiber

proposed [53]. The adsorption of gas molecules
would dramatically dampen the optical transmission,
resulting in a maximum sensitivity of about
0.3 dB/ppk and a regeneration time of several
minutes. For the better sensing performance, the
same group developed an ammonia sensor by using
a Mach-Zehnder interferometer (MZI) in 2014, in
which the graphene-microfiber was used to form one
of arms. The interference wavelength shift of the
MZI was related to the concentration of NH; gas,
showing a resolution of 0.3 ppm and a response time
of 0.5s [54]. And in the same year, they further
reported graphene Bragg gratings on the microfiber
for gas detection [55]. Different from the research
mentioned above, graphene was wrapped rather than
attached on the microfiber, which greatly increased
the contact area between the graphene and
microfiber. Its spectral sensitivity for NH; gas
detection was 2 pm/ppm in the gas concentration
range from O ppm to 10 ppm with the maximum
sensitivity of ~0.5ppm. Besides, they demonstrated
based

interferometer for gas sensing [56], achieving a

a  graphene microfiber  multimode

Photonic Sensors

sensitivity of ~0.1 ppm for NH; gas detection and
~0.2 ppm for H,O vapor detection with the good
repeatability, as shown in Fig. 4(a). Furthermore,
taking advantage of both the graphene-induced
evanescent field enhancement and the in-fiber
multimode interferometer, they proposed a
graphene-coated D-shaped fiber (GDF) chemical gas
sensor to promote the maximum sensitivities for
NH; and H,O gas detection to ~0.04 ppm and
~0.1 ppm with a response time of ~20s [57].

Based on the same method of interferometric
wavelength drift monitoring, some novel structures
have been proposed. For instance, Feng et al. [58]
reported a H,S sensor based on the graphene-coated
tapered PCF-MZI, which was capable of detecting
hydrogen sulfide gas from Oppm to 45ppm with a
response time of 60s and showed a sensitivity of
0.031 43 nm/ppm, as illustrated in Fig. 4(b). And
Pawar et al. [59] demonstrated a Fe;O4-graphene
nanocomposite coated Fabry-Perot interferometer
(FP) for ammonia gas detection, achieving a
sensitivity of 36 pm/ppm with gas detection limit of
7 ppb. In addition, the utilization [60] and doping
modification [59, 61, 62] of graphene derivatives, as
two important research directions, have been widely
used to improve the sensitivity and selectivity of
graphene-fiber sensors. By adopting the similar
structure but different material in [55], Sridevi et al.
designed a NO, sensor using rGO coated clad etched
fiber Bragg grating. In this work, the change in the
refractive index of rGO by charge transferring
between adsorbed NO, and rGO caused the shift in
Bragg wavelength. The result showed a lower
detection limit of 0.5 ppm with 0.8 pm/min
sensitivity, as shown in Fig. 4(c) [60]. It also
mentioned that sensor accuracy could be improved to
sub ppb level and the response time could be decreased
by having multiple gratings in the same fiber.

Thanks to the tight adsorption capacity of Pt
particle surface to NH; gas molecules, Yu et al. [62]
doped GO with Pt to improve NHj absorption. The

result showed a sensitivity of 10.2 pm/ppm with fast
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response time and good reversibility from Oppm to
60 ppm, which was three times higher than the
sensitivity without Pt-decorated nanoparticles, as
shown in Fig. 4(d). Because of the moisture
sensitivity of the Poly vinyl alcohol (PVA), Wang
et al. [63] demonstrated a humidity sensor based on
an in-fiber MZI coated with the GO/PVA composite
film for further improving the sensing performance.
It showed an maximum sensitivity of 0.193 dB/%
RH and a good stability under the relative humidity
range of 25% — 80%.

mentioned above, Fu et al. [64] also introduced zinc

Similar to the method

oxide nanoparticle incorporated GO (GO-ZnO) to
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serve as the sensing material in the multimode
the

evanescent field of the microfiber could be

microfiber  interferometer, and surface
significantly enhanced by the GO-ZnO coating. This
sensor exhibited the high sensitivity for NH; ranging
from 4 ppm to 140 ppm and demonstrated a good
repeatability and a recovery of less than 90 s.
Besides, graphene-fiber sensors could also be used
to detect volatile organic compounds. For example,
Zhang et al. [65] proposed a GO coated microfiber
ethanol vapor sensor. It exhibited a sensitivity of
0.138 nm/ppm in the concentration range from 0ppm

to 80ppm.
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Fig.4 Graphene-fiber gas sensors: (a) graphene/microfiber sensor for NH; and H,O [56], (b) graphene/PCF sensor for H,S [57],
(c) rGO/etched FBG sensor for NO, [60], and (d) Pt nanoparticle-incorporated GO/microfiber sensor for NH; [62].
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In addition to optimizing fiber structure and
materials to improve the performance, some new
sensing mechanisms are introduced in recent years
[20, 21]. Typically, Yao et al. [20] proposed a
microfiber interrogated whispering gallery mode
(WGM) optomechanical gas sensor, which expanded
“electron-photon” interaction in conventional
based

“electron-phonon-photon” interaction. It achieved an

graphene optical sensors to
unprecedented high sensitivity (1 ppb) for NH; gas
detection and a wide dynamic range over five orders
of magnitude. More recently, An et al [21]
demonstrated a scheme to generate ultrasensitive
down-conversion four-wave-mixing (FWM) in a
graphene bipolar-junction-transistor heterogeneous
D-shaped fiber for gas sensing and found that when
the graphene Er was predoped at ~0.4eV, FWM in
the device became extremely sensitive to molecular
adsorption/  desorption. And they achieved
real-time individual gas molecule detection in

vacuum.

4.2 Biosensors

For the detection of substances in a liquid
environment, graphene and its derivatives can still
maintain excellent sensing properties because of
their large surface area, high electrical conductivity,
and unique stability in aqueous media. In addition,
graphene can be also used as a molecular scaffold to
fix target biomolecular analytes on the required
functional groups, resulting in selectivity of
biosensors. According to different applications,
liquid biochemical sensors based on graphene-fiber
composite waveguides could be mainly divided into
the following types: glucose [31], protein [66],
deoxyribonucleic acid (DNA) [67], and other small
molecules [68].

For diabetic patients, the continuous and
accurate detection of glucose concentration in blood

is clinically important, and many researchers are

Photonic Sensors

currently working on high-quality glucose
concentration sensors. Since the concentration of
glucose is linearly related to the refractive index of
the glucose solution, some researchers proposed to
use the refractive index sensitive properties of the
graphene-fiber composite waveguide to prepare a
glucose sensor. For example, Zhang et al. [69]
proposed a highly sensitive fiber surface plasmon
resonance (SPR) sensor based on a D-shaped fiber
modified by graphene for implantable continuous
glucose monitoring. In this work, they engraved the
long-period grating (LPG) onto the fiber core to
incorporate a temperature sensor to eliminate the
influence on the refractive index of glucose, which
improved the accuracy of detection via
compensating for the temperature drift of the SPR
spectrogram, as shown in Fig. 5(a). The result
showed that the sensor with monolayer graphene
achieved the best sensitivity of 3058.22 nm/RIU.
Recently, Yu et al. [70] proposed a D-shaped fiber
SPR sensor for glucose detection with composite
nanomaterial of MoS,-graphene. In this work, the
good photoelectric properties of the MoS,-graphene
ability of
pyrene-1-boronic acid (PBA) to specifically bind

composite nanostructure and the
glucose molecules were achieved. The experimental
result showed that the sensitivity of the SPR sensor
could be up to 6708.87nm/RIU when the sensor was
modified with three-layer MoS, and monolayer
graphene.

In addition to glucose, protein detection is a
basic and important function in biomedicine with
Sharma et al [71]

performed a fiber evanescent wave sensor that took

outstanding  significance.
graphene as an absorption-enhancing layer to
measure hemoglobin concentration. The result
showed the detection limit of 18 pg/dL and
sensitivity of 6.71x107* per g/dL at 1 000 nm.
Different from graphene-based biochemical sensors,
the presence of GO could also provide the basis for
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sensor  bio-functionalization. For instance,
researchers demonstrated a sensitivity enhanced
SPR immunosensor based on the GO composite and
staphylococcal protein A (SPA) co-modified PCF.
Experimental results indicated that the RI sensitivity
of the GO modified Au-PCF SPR sensor reached
4 649.8 nm/RIU, which was about 1 888 nm/RIU
higher than that without the GO film, and the human
IgG detection limit reached as low as 10ng/ml [72].
Liu et al. [48] developed a human hemoglobin
detection sensor using GO nanosheets functionalized
LPG, whose intensity was induced by the adsorption
of hemoglobin molecules onto GO. This sensor
exhibited ultrahigh sensitivity of 1.9dB/(mg/mL) for
hemoglobin detection with the limit detection of
0.05 mg/ml. Wang et al. [73] reported a GO/silver
cladding fiber

detecting human IgG in this work, and goat

coated polymer biosensor for
anti-human IgG and SPA were immobilized on the
surface of the GO, so that it could be used as the
SPR fiber biosensor for detecting the concentration
of human IgG. And a high
0.498 5 nm/(ug/mL) and a low limit of detection
(LOD) of 0.04 ng/mL were observed. In order to
further improve the sensing performance based on
the LPG, Esposito et al. [74] combined the LPG with
a multilayer system consisting of polycarbonate film

sensitivity of

and much thinner layer of GO. The multilayer
system was conducted for tuning the LPG working
point in the highest sensitivity region of mode

transition, with a sensitivity of around 2000 nm/RIU.

And They achieved the detection of biotinylated
BSA concentrations in range 0.1aM — 1000aM with
a LOD lower than 0.2 aM.

Graphene and its oxides have strong adsorption
capacity for compounds with exposed cyclic
structures, thus they are prone to bind some
molecules with special structures. The bases in DNA
contain a six-membered ring structure and graphene

have strong m-m and hydrophobic interactions with

exposed bases to adsorbing DNA, which prompts a
series of DNA sensors to arise. For example,
Qiu et al. [67]
absorption

reported a evanescent wave
sensor based on the
coated with the
graphene film, and the experimental result showed

micro-
multimode-fiber monolayer
a reasonable linear relationship between the value
double-stranded DNA
concentrations in the range of 5uM — 400 uM. Later,
Yao et al. [35] proposed a novel “FRET on fiber”

concept, in which a prGO film was deposited on a

of absorbance and

fiber-optic modal interferometer, acting as both the
fluorescent quencher for the FRET and the sensitive
cladding for optical phase measurement due to
refractive index changes in biochemical detection, as
shown in Fig. 5(b). The result showed a good
selectivity for metal ion, dopamine, and ssDNA,
with detection limits of 1.2nM, 1.3 uM, and 1pM,
respectively. Based on the similar sensing
mechanism, they proposed an optical FP cavity to
improve the sensing performance with partially
reduced GO (prGO) deposited on the inner wall.
With different prGO functional environments, the
binding competition between Rh6g and the target
molecules (DA, nicotine, and DNA) offers chemical
selectivity for the FRET to achieve the selectivity of
different biomolecules [5]. In addition, they adopted
noise canceled beating and locked-in heterodyne
detection with single Hz precision to measure and
inter-mode  crossing,

amplify the signal of

which improved the measurement of
single molecular dynamics, as shown in
Fig. 5(c).

Furthermore, graphene-fiber sensors could also
be used for small molecule detection. For example,
Zhou et al [75]
y-aminobutyric acid (GABA) sensing approach by

designed an improved

combining the biorecognition elements with
graphene-fiber composite waveguide. In this work,

GABA antibody was immobilized on GO as the
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biorecognition element. It demonstrated a sensitivity
of 1.03nm/logM and a lowest LOD of 2.91x10"*M,
which was 7 orders of magnitude higher than that
without the GO [68]
proposed a highly sensitive cholesterol fiber sensor

interface. Semwal et al.

utilizing cholesterol oxidase based on combined
phenomenon of localized and propagating surface

Photonic Sensors

unclad fiber had the sensitivity and LOD of
5.14 nm/mM and 1.131 mM,
performance in three types of SPR based fiber optic
as illustrated in Fig. 5(d).
the graphene-fiber

showing the best

cholesterol sensors,

Besides, sensors show an

extensive range of applications, which could

also be used to detect ethanol [76], human

plasmons. They found that enzyme immobilized erythrocyte [77], sucrose [78], dopamine [79], and
over silver, GO, and silver nanoparticles coated SO on.
. . Supercontirmm E 18 u 0 layer
Side-polished . 1 Snectro = . ellayer
(a) area Semi-permeable aser pectrograph E 14 | 2 layers
Fiber membrane Graphene 'Eu ‘: 3 layers
. y'. = Fiber connector 2 10 ¢
Pt electrode Theme- =
E 214
Distilled water g o
SMfiber 5 o
I I Water bath = 0 50 100 150 200 250 300
- Concentration of glucose (mg/dL)
enchin
® excitaio S W ) 2500 4000
- Initial
Rh6G - 2 =3
5 — 200 pM Cd g 3000
o 10 mM DA e
= =
. § Analytes § 500 —— 100nM DNA ; 2000
@ Fluorescence g +
= = 1000
= 5
o | A a 2 N 0 L )
540 560 580 600 620 640 0 20 40 60 80 100
Wavelength (nm) ssDNA concentration (nM)
(© " W r
Probe ¥ — 1 Quench 16 « NossDNA
SMF 2 ) i~ s
Au E ——Da E 12 - ssDNA in function
g - e Micotine e
prGO g1 L\ Z s
g ssDNA £
MMF Au E 1 E 4
= 1 -
prGO 1 |
[ — P [ B e e e R
— 500 600 700 0 20 40
Wavelength (nm) Time (s}
5 5 For 10 mM
= 650 , = -
= | = 650 ——
(d) Flow cell Probe op 640 | Az (40 nm)/GO/AgNPsCThOx Es
,%: { ,%: 640 |
-\“/'o?&{m g 630 E 630
= 620 | = '
Tungsten  y4di ectrometer 2 5 620
halogen mg EﬂZ)'me Computer £ 610 - /=590.321+5.068 £ g10 For0mM
— 1 - —
lamp g 600 | Adj R-Square=0.9932 5 i
- t % 590 v Lop=t3mMm £ 00 A e
Ag Go Ag o 0 2 4 6 g 10 o ] 10 Zp 30 40 50
layer layer particles Cholesterol concentration (mM) Time(s)
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selectivity [35], (c) prGO/microcavity sensor with individual molecule selectivity and sensitivity [5], and (d) silver nanoparticles

coated GO/unclad fiber for Cholesterol sensor [68].
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5. Conclusions and outlooks

This article reviews and summarizes the

principles, structures, applications, and
performances of graphene-based fiber biochemical
sensor devices, which have attracted intense
interests and exhibited broad application potentials
for chemical industry and biomedicine. The
comparison of sensing performances for gas sensors
and biosensors are shown in Tables 1 and 2.
However, the improvements of sensor sensitivity
and selective function are still research hotspots
in the future. Therefore, graphene-based fiber
sensors are expected to develop in the following
areas.

(1) Developing towards single-molecule sensing
accuracy in recent years, some new sensing
technologies with ultra-high sensitivity have been
proposed, such as frequency comb spectroscopy [80,
81] and exceptional points (EPs) [82, 83]. It
provides a very good research idea for the
realization of single molecular weight graphene-
fiber composite waveguide sensors. At the same
time, the detection means can also be improved,
such as the introduction of locked-in heterodyne
detection to amplify the small signals generated
movement of molecules,

during the single

Table 1 Summary of sensing performances for gas sensors.

improving the sensitivity of the sensor [5].

(2) Development towards multi-parameter sensing
measurement, such as biochemical modification and
multiple doping.

(3) Sensing in the mid-infrared to the terahertz
region [84]. The mid-infrared range is particularly
suitable for biosensing because it covers molecular
vibrations and can uniquely identify the biochemical
components of life, such as proteins, lipids, and
DNA. Specifically, biosensing is an area where
graphene tunability and infrared light positioning
provide huge opportunities.

(4) At present, the sensing theory and technology
based on distributed fiber sensors have been very
mature [85-87], but its sensitivity is greatly limited
by the intrinsic properties. Based on the excellent
photoelectric ~ properties  of  two-dimensional
materials, the hybrid structures of distributed fiber
sensors and two-dimensional materials will further
improve the sensing performance, such as sensing
distance and sensitivity.

(5) Combining with the existing Al technology.
The detection of small changes in the sensing
process can be directly visualized through computer
processing without being affected by the accuracy of
the detection instrument, which plays a key role in
the future development of the detector [88].

Materials and structure of fiber Gas type Detection range Sensitivity Recovery/response time Ref.
Graphene/microfiber Acetone 580 ppm—1750 ppm 0.31 dB/ppk 60s/80s [53]
Graphene/ microfiber NH; 0 ppm-360 ppm ~6 pm/ppm No Given/0.4 s [54]

Graphene/D-shaped fiber NH3/H,O 0 ppm-2 000 ppm 3 pm/ppm-NH; No Given/<20s [57]
1 pm/ppm-H,O

Graphene/PCF H,S 0 ppm—45 ppm 0.03143 nm/ppm 80s/60s [58]

PCF/rGO H,O 30 %RH-90 %RH 0.22dB/% RH ~8.1s/~5.2s [89]

rGO/D-shaped fiber Toluene 40 ppm—196 ppm 0.0004622 dB/ppm 2565/256's [90]

GO/microfiber Ethanol vapor 0 ppm—80 ppm ~0.138 nm/ppm No Given [65]

GO/microcavity NH; 1 ppb —370 ppm ~200 kHz/ppm 185 -30s/15s-18s [20]
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Table2 Summary of sensing performances for biosensors.

Photonic Sensors

Materials structure of fiber Liquid Detection range Detection limit Sensitivity Ref.
Graphene based chalcogenide fiber Hemoglobin >18 ug/L 18 pg/dL 6.71 x 10 per g/dL [71]
Graphene-gold/D-shaped fiber ssDNA 1pM-10 uM 1pM 1039.18 nm RIU™" [91]
Graphene/D-shaped PCF Erythrocyte 0 ppm to 10* ppm Sub ppm level. >1 pm/ppm [77]
GO/microfiber y-aminobutyric acid 10 mol/L-10"> mol/L 291x107*M 1.03 nm/log M [75]
GO and SPA co-modified photonic .
1gG 0.01 pg/mL—50 pg/mL 10 ng/mL 4649.8 nm RIU™ [72]
crystal fiber
ssDNA 0nM-100nM 8.8 kHz/nM
prGO/microcavity DA 0nM-10 mM Single molecule 0.51 kHz/uM [5]
Nicotine 0-1.24 uM 0.2 kHz/nM
Metal ion 0 uM-10 pM 1.1nM 90 pm/pM 35]
prGO/microfiber Dopamine 0mM-10mM 1.3 uM No Given
ssDNA 0nM-10nM 1pM ~100 pm/nM
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