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Abstract 
Biosensing is an important and rapidly developing field, with numerous potential applications 
in health care, food processing, and environmental control. Polymer-graphene nanocompo-
sites aim to leverage the unique, attractive properties of graphene by combining them with 
those of a polymer matrix. Molecular imprinted polymers, in particular, offer the promise of 
artificial biorecognition elements. A variety of polymers, including intrinsically conducting 
polymers (polyaniline, polypyrrole), bio-based polymers (chitosan, polycatechols), and 
polycationic polymers (poly(diallydimethylammonium chloride), polyethyleneimine), have 
been utilized as matrices for graphene-based nanofillers, yielding sensitive biosensors for 
various biomolecules, such as proteins, nucleic acids, and small molecules.  
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Introduction 
In order to leverage clinically the explosion of information provided by the “-omics,” (ge-
nomics, proteomics, metabolomics, etc.), there is a pressing need to develop appropriate 
diagnostic technologies. So-called “biosensors” enable the detection, recording, and transmis-
sion of information related to the change or the presence of biomolecules. As a result, great 
interest has been focused on biosensors in health care, food processing, and environmental 
control.[1] In health care, biosensors are a key enabling technology[2] for the paradigm shift 
towards decentralized, targeted, personalized medicine,[3] which will yield not only improved 
outcomes, but also dramatic cost savings to the entire healthcare industry. Recent estimates 
place the world-wide market value of biosensors in healthcare near $18 billion,[2] but that is 
with glucose sensing accounting for ~85% of the market. The same source estimates the 
world market of personalized medicine to be in excess of $70 billion. Clearly, there is a major 
need, and major financial incentive, to expand the application of biosensing beyond glucose. 
Not surprisingly, biosensing is a hot research field, with over 4 thousand publications pub-
lished in 2015 (Web of Science topic search “biosensor”). However, going forward, it is 
important for the field to consider issues relating to translating research into products, such as 
scale-up and cost. 

Recent developments in polymer science, nanotechnology, and carbon-nanomaterials—
graphene in particular—offer a great deal of promise in fulfilling the potential of biosensors. 
Utilizing graphene-based materials as nanofillers in polymers may not only leverage the 
attractive properties offered by graphene,[4] but also help minimize cost and simplify produc-
tion. Importantly, the polymeric matrix can provide its own attractive properties, such as 
functional groups or molecular imprinting. The later technology, in particular, offers the 
promise of variable, artificial biorecognition elements.[5] 

Here, after introducing biosensors, we will provide an overview of graphene-based nano-
materials and then focus on polymer-graphene nanocomposite materials, in the context of 
their applications in biosensing. Importantly, we will present selected, promising polymer 
matrices from the point of view of platform development. In this approach, one polymer-
graphene nanocomposite material could function in the detection of various biomolecules, by 
varying the biorecognition element. In our view, this sort of materials science “consensus 
building” should provide the most direct path to the clinical translation of biosensors. 

1 Biosensors 
Biosensors consist of two main elements: a biorecognition interface and a transducer. The 
interface enables the selective detection of the biomolecule of interest, while the transducer 
converts the biochemical signal into a measurable electronic signal[6] (Figure 1). Ultimately, a 
biosensor has to meet several requirements in order to be clinically relevant. These required 
features include sensitivity, selectivity, rapid response time, high efficiency, long-term 
stability, and low cost. The internal sensitivity can be defined as the ratio of the sensor output 
signal to a change in a property of the sensor. It can also refer to test sensitivity which is 
typically determined by the amount of true positive test results compared to all results.[7] 
Selectivity is the ability to sense target analyte among other molecules. For example, in the 
case of diagnosing genetic disorders, detection of the specific sequences of DNA is required. 
Thus, even single base-pair mismatch has to be sensed and distinguished from a target DNA 
strand fully complementary to the probe strand. 
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Figure 1: Biosensor scheme 

 

1.1 Biosensor types 
Biosensors can be generally classified according to the principle of detection, for example 
electrochemical, optical, piezoelectric, thermometric, calorimetric, or magnetic. In this 
review, we will focus primarily on novel polymer-graphene nanocomposite materials for 
electrochemical biosensors. In fact, the origins of biosensing lie with the first electrochemical 
sensor utilizing glucose oxidase enzyme to detect glucose, invented by Clark and Lyons in 
1962.[8] The past 50 years of development have led to electrochemical biosensors that utilize 
not only enzymes, but also antibodies, nucleic acids, and even cells/microorganisms as 
recognition elements. In general, in these biosensors a biological event, typically analyte 
binding, takes place during the sensing process and generates a current, a change in potential 
or charge accumulation, or alters the impedance of the system.[9] Importantly, in addition to 
such label-free sensing of the analyte, labelled methods can enable additional transduction 
mechanisms or provide amplification. Labels can include redox active molecules, enzymes, 
nanoparticles or even liposomes. For example, a redox active label can intercalate between 
the base pairs of a DNA duplex, amplifying the signal following hybridization. The most 
common measurement techniques include electrochemical impedance spectroscopy (EIS), 
field-effect transistors (FET), cyclic voltammetry (CV), and differential pulse voltammetry 
(DPV), which are widely described elsewhere.[9–11] Here, we will instead focus on the poly-
mer-graphene nanocomposite materials themselves. 

1.2 Biorecognition Interfaces 
Typical biorecognition elements include enzymes, antibodies, DNA, or aptamers. In general, 
these biomacromolecules have high specificity for, or interaction strength with, their biologi-
cal substrates/targets, making them very attractive for biosensing. Sensors for detection 
neurotransmitters, DNA, proteins, drugs, glucose, and other molecules have been developed 
and examples of molecules detected by selected polymer-graphene biosensors are presented 
in Table 1. In DNA biosensors, for example, the biorecognition layer typically consists of 
immobilized DNA single strands (ssDNA), referred to as probe strands. Beside traditional 
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nucleic acids, peptide nucleic acids[6] (PNA) and locked nucleic acids[12] (LNA) can also be 
used as probes, in order to improve performance. 

The method of immobilization or attachment of the biorecognition layer plays an important 
role. Numerous approaches have been developed. One of the simplest methods is physical or 
electrostatic adsorption; alternatively, one can attach the biorecognition molecules chemical-
ly. For example, for the case of DNA biosensors, the length of the linker used to couple the 
DNA probe to the surface, probe-surface interactions, and probe density all play important 
roles. Many of the practical considerations for DNA probe attachment at the biosensor surface 
have been reviewed by Watterson et al.[13] 

 
Table 1: Examples of detected biomolecules 

Biomolecule type Example Nanocomposite Linear 
Range Sensitivity Ref. 

Neurotransmitters 

Dopamine rGO/PPy/AuNP 0.1-5000 
nM 16.4 µA/µM [14] 

Serotonin rGO/PANI/AuNP 0.2-10 µM 1.4 µA/µM [15] 

Histamine rGO/CHI/PtNP 0.1-300 
µM 0.06 µA/µM [16] 

Nucleic acids DNA GO/CHI 10 fM-50 
nM 0.1 µA/log(µM) [17] 

Tumor markers Carcinoembryonic 
antigen  rGO/SnO2/PDDA/AuNP 0.1 pg/mL-

100 ng/mL 
2.9 
µA/log(ng/mL) 

[18] 

Cancer cells Human lung cancer 
cells rGO/CHI/PEI 500-5×106 

cells/mL 
234 
Ω/log(cells/mL) 

[19] 

Proteins 

Human interleukin-
6 GO/PANI/CdSe 0.5 pg/mL-

100 ng/mL 
~3000 
a.u./log(pg/mL) 

[20] 

Microalbumin G/CHI/Fc 0.1 µg/mL-
10 mg/mL 

1.4 
µA/log(mg/mL) 

[21] 

Drugs 
Artesunate GO/PANI 0.05-0.4 

ng/mL 12.9 µA/ng/mL [22] 

Paracetamol rGO/CHI 1-100 µM 0.08 µA/µM [23] 

Others 

Cholesterol G/PVP/PANI 0.05-10 
mM 

35 µA/(mM 
cm2) 

[24] 

Hydrogen peroxide rGO/PDA/PtNP <50-1000 
µM 0.9 µA/µM [25] 

Ammonia GO/PEI 27-120 µM 23 µA/µM [26] 
 

1.3 Molecular imprinted polymers: artificial biorecognition elements 
While enzymes, DNA, antibodies, and other biologics are widely used as biorecognition 
elements in biosensors, they have several disadvantages, including high fabrication costs, 
potential quality control issues, and poor stability in unnatural environments. As a result, 
there is a growing effort aimed at creating artificial biorecognition elements, using synthetic 
molecular imprinted polymers (MIPs).[5,27] Typically, the synthesis method is based on the co-
polymerization of functional monomers and crosslinking monomers in the presence of an 
imprint molecule, a molecular template. The template and functional monomers form a 
complex via reversible covalent, non-covalent or combined interactions (Figure 2). After the 
co-polymerization process, the functional groups are held in place via the cross-linked 
polymeric network and removing the template molecules results in empty cavities in the 
polymer structure, complementary in size, shape, and positioning of chemical groups to the 
template.[28] As a result, molecular imprinting is promising tool for various biosensing 
applications, offering stable materials with excellent recognition capacity, at low cost, and 
possessing good chemical, mechanical, and thermal properties.[29] However, conventional 
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methods, involving bulk polymerization followed by breaking up or grinding the material, are 
time-consuming and inefficient.[30] Additionally, while traditional MIPs tend to be very 
selective, issues remain with sensitivity and absorption capacity. As a result, recent research 
is focused on preparing MIP layers on the surfaces of materials and the incorporation of novel 
nanomaterials, such as graphene.[31] In particular, nanosized imprinted materials are expected 
to offer great improvements, as compared to traditional materials, including higher binding 
capacity, faster binding kinetics and easier removal of template molecules. This approach 
offers the potential of developing a flexible polymer-graphene nanocomposite biosensing 
platform, adaptable to detection of various biomolecules.  

 

 
Figure 2: Non-covalent (top) and covalent (bottom) schemes for obtaining molecular imprinted 
polymers. Reprinted with permission from Fuchs et al.,[28] copyright 2012 Elsevier. 

 

2 Graphene-based nanomaterials  
Graphene has stimulated a great deal of research interest because of its unique structure and 
properties. Sensors, integrated circuits, solar cells, energy storage, biomaterials, and various 
biosensing devices are examples of potential applications of graphene. Research in this field 
gained momentum in 2004, when a surprisingly simple preparation method was described by 
Novoselov and Geim,[32] and, again, in 2010, when their research was recognized by a Nobel 
Prize in Physics. 

Graphene is an atomically thin, two-dimensional sheet of carbon atoms in a hexagonal 
configuration, with the atoms bonded by sp2 bonds. This structure provides numerous excep-
tional properties, including large specific surface area, a tuneable band gap, room-temperature 
Hall effect, high mechanical strength, high electron mobility, excellent electrical and heat 
conductivity, and high transparency. These various properties have been extensively reviewed 
elsewhere,[33,4] but in particular the combination of large surface area, excellent conductivity, 
and, importantly, potentially affordable cost, make graphene an extremely promising compo-
nent for biosensor development.[34]  

Various techniques can be utilized in order to prepare graphene,[33] including micromechani-
cal cleavage, chemical vapour deposition, epitaxial growth, exfoliation in solvents, ultra-high 
vacuum heat, direct sonication, and chemical, electrochemical, or thermal reduction of 
graphene oxide. It is crucial to obtain high-quality, so-called “pristine” graphene, as the 
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existence of residual defects or contamination can have an adverse impact on electronic 
properties. For electrochemical applications in biosensors, graphene can be prepared by 
"peeling-off" highly oriented pyrolitic graphite or by epitaxial growth on silicon wafers. For 
the production of bulk quantities, several methods have been proposed, including: chemical 
vapour deposition, intercalation of small molecules in a graphite lattice and its exfoliation by 
thermal shock, and "unzipping" carbon nanotubes.[34] The last technique can be used via 
hypermanganate chemical oxidation of CNTs or plasma etching of multi-walled CNTs. The 
previously mentioned methods yield 99% multi-layer graphene, called stacked graphene 
platelets (GNPs), and only 1% of monolayer graphene sheets.[34] Detailed descriptions of 
producing graphene via chemical and mechanical, bottom-up and top-down processes are 
beyond the scope of this review, but exist in the literature.[20,22,23] 

Several forms of graphene can be used in biosensor applications, as components of polymer 
composites. These have also been extensively reviewed elsewhere,[33] so only a summary will 
be included here. One of the most commonly utilized forms of graphene is graphene oxide 
(GO), produced by the treatment of graphite using strong mineral acids and oxidizing agents. 
This form possesses varied functional groups, including epoxide, carbonyl, and hydroxyl and, 
as a result, is hydrophilic. These various functional groups can then be utilized to further 
modify the graphene, such as by covalent attachment of biorecognition molecules. The three 
primary methods for obtaining GO[33] are: 1) Hummers method, using treatment via KMnO4 

and H2SO4, 2) Staudenmaier method, using KClO3, NaClO3, HNO3, and 3) Brodie method, 
using KClO3 and fuming HNO3. Importantly, GO is often utilized to obtain another graphene 
variant, reduced graphene oxide (rGO), which resembles pristine graphene. Commonly 
utilized chemical reducing agents include hydrazine monohydrate or sodium borohydrine. 
Thermally reduced graphene oxide (TRGO), on the other hand, can be obtained by rapid 
heating of dry GO in an inert environment at 1000°C for 30 s, producing sheets of reduced 
and exfoliated GO.[37] It is important to note that many authors commonly use the keyword 
"graphene," instead of the precise name of modified form actually used in their research. 
Given the dramatic differences between GO and various reduced forms, as well as pristine 
graphene, careful reading of materials and methods is required. 

Finally, graphene (and its functionalized derivatives) is very amenable for use as a 2D support 
for inorganic materials,[38] such as metal and semi-conductor nanoparticles, expanding its 
potential and versatility in catalysis and sensing applications.[39] For example, gold nanoparti-
cles (AuNPs) are desirable for their excellent conductivity and good catalytic activity.[15] 
Silver nanoparticles (AgNPs) can be used in DNA biosensors for amplification of hybridiza-
tion events, thanks to their catalytic properties and high electrical and thermal 
conductivities.[40] Nanocomposites based on functionalized graphene sheets and platinum 
nanoparticles (PtNPs) enhance the sensitivity of a H2O2 biosensor.[25] Palladium nanoparticles 
(PdNPs) have also been combined with graphene for the detection of organic molecules.[41] 
Beside metal nanoparticles, quantum dots (QDs) have attracted great research interest in 
biosensor development, due to their unique size-dependent optical and electrochemical 
properties. Recent examples include CdSe QDs for sensitive electrochemiluminescence 
(ECL) immunosensors[20] and CdS QDs for 4-aminophenol detection.[32] 

3 Polymer-graphene nanocomposites 
One means of leveraging the plethora of attractive properties offered by graphene is to utilize 
it in a composite,[43] for example by including it as a nanofiller in a polymer matrix, forming a 
polymer-graphene nanocomposite.[44–46] This approach can be used to alter/enhance existing 
properties of both polymer and nanofiller, yielding materials with new properties, such as 
conductivity or functional groups, thus facilitating new applications. Particularly relevant to 
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the field of biosensing are intrinsically conducting polymers,[47,48] such as polyacetylene, 
polypyrrole, polyaniline, and poly(p-phenylene vinylene). However, there is great—and 
growing—interest in utilizing a range of different polymer matrixes to produce graphene 
nanocomposite materials for biosensor applications with a wide range of properties. We will 
first provide an overview of the methods used to produce such materials and then examine 
selected polymer matrices. 

3.1 Preparation methods 
The key property of any polymer nanocomposite is the degree of dispersion of the nanofiller 
in the matrix. This complex phenomenon, which has been extensively reviewed elsewhere,[49] 
depends on both the physical properties of the nanofillers (e.g. size, aspect ratio), as well as 
chemical interaction between the filler and the polymer matrix (e.g. wetting, functional 
groups). As a result, no single approach can be universal. Additionally, there is growing 
interest in precisely controlling this process in 3D, in order to obtain specific, hierarchal 
morphologies of nanofillers dispersion.[50] In the case of graphene-based materials, polymer-
graphene nanocomposites have been prepared via a number of both non-covalent and cova-
lent methodologies, also well described in the literature.[44,45] Briefly, non-covalent dispersion 
methods include solution or melt mixing and in situ polymerization. In solution mixing, a 
colloidal suspension of graphene in organic solvent, such as N-methyl-2-pyrrolidone (NMP), 
can be mixed with a polymer solution or the polymer can be dissolved in the suspension of 
graphene, followed by precipitation with a polymer non-solvent or suspension casting. GO, 
on the other hand, due to the presence of functional groups, can be readily dispersed in 
aqueous solutions. Likewise, the presence of residual functional groups, such as in TRGO, 
can increase filler-polymer interactions.[51] Graphene nanocomposites utilizing various 
polymers, including polyethylene oxide (PEO), polyvinyl alcohol (PVA), polystyrene (PS), 
polycarbonate, polyacrylamide, and polyamides, have been created using this method. 
Depending on the polymer, the process of forming the nanocomposite can be used to both 
reduce and exfoliate GO, or to exfoliate multi-layer rGO, yielding a rGO/polymer nanocom-
posite (Figure 3). Additionally, a solution-based approach is particularly amenable to devel-
oping inkjet-printable graphene-based “inks.”[42] 

 

 
Figure 3: The preparation of the nanocomposite can be used to reduce and exfoliate GO (top), or 
exfoliate rGO (bottom). 

 

In the melt mixing method, graphene is mixed into melted polymer matrix under high shear. 
While no additional solvent is needed, this method does not facilitate the same level of 
dispersion as in the case of solvent mixing and in situ polymerization. Additionally, chemical-
ly modified or otherwise functionalized graphene and GO are often not thermally stable, 
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limiting the use of this method, especially from the point of view of potential biosensor 
applications.  

In situ polymerization, on the other hand, combines and mixes the graphene filler with neat 
monomer, followed by polymerization. This method has been used to produce nanocompo-
sites of graphene and matrix polymers including polyethylene, PMMA, and polypyrrole. In 
the case of polypyrrole, this approach is also amenable to obtaining MIP nanocomposites. 
Given a very high degree of dispersion, it is possible for the monomer to intercalate between 
layers of graphite or GO, followed by polymerization to separate the layers. This method 
effectively exfoliates the filler into very thin platelets. 

In contrast to other carbon nanofillers, GO possesses residual amounts of epoxide, carboxyl, 
and hydroxyl groups, allowing for functionalization via covalent bonding. Covalently bonded 
graphene/polymer composites can be produced via two primary methods:[53] “grafting to” and 
“grafting from.” In first technique, the functional groups of GO or rGO are reacted with pre-
synthesized polymer chains via esterification, amidation, click chemistry, nitrene chemistry or 
radical addition. In "grafting from," on the other hand, macroinitiators are covalently attached 
to the surface of graphene, which then initiates polymerization. A primary advantage of this 
method is the fact that steric effects do not limit polymer chain growth. The two primary 
“grafting from” methods, atom transfer radical polymerization (ATRP) and reversible 
addition fragmentation chain transfer (RAFT), have been recently reviewed in great detail.[43] 

3.2 Polymeric matrices 
The vast array of possible polymer-graphene nanocomposites has been extensively reviewed. 
[44–46] Here we will focus on selected polymer matrices that present the potential for the 
development of polymer-graphene nanocomposite platforms that could be utilized for various 
biosensing applications. In particular, we will highlight MIP approaches. The selected 
polymers (Figure 4A) form a wide spectrum, including intrinsically conducting polymers 
(polyaniline, polypyrrole), bio-based polymers (chitosan, polycatechols), and polycationic 
polymers (poly(diallydimethylammonium chloride), polyethyleneimine). These selected 
polymers have attracted considerable attention in fabricating biosensors, as evident by the 
growing number of research publications (Figure 4B). 

 

 
Figure 4: A) Chemical structures of discussed polymers. B) Number of publications per year 
found within the Web of Science topic "graphene sensor." 
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3.2.1 Polyaniline 
Polyaniline (PANI) is an intrinsically conducting polymer seeing extensive use in various 
electronics and sensor applications, but somewhat limited by poor stability. In order to 
enhance the material properties of PANI, highly conductive composites utilizing graphene 
and its derivatives[54] are being developed. Various methods of preparation have been de-
scribed in the literature. For example, Wu et al. has described composites obtained by 
chemical oxidative polymerization of aniline in the presence of a graphene dispersion.[55] 
Nguyen et al., on the other hand, prepared GO/PANI composites by in situ polymerization of 
an aniline monomer dissolved in an ionic liquid at the interface with an aqueous dispersion of 
GO.[56] Nanocomposites of GO/PANI have also been prepared by electrochemical 
deposition.[22,57] Finally, Ruecha et al. utilized polyvinylpyrrolidone (PVP) to help stabilize 
the dispersion of graphene and produce graphene/PVP/PANI nanocomposites that could be 
electrosprayed.[24]  

These various graphene-based PANI nanocomposites have been utilized for biosensing 
glucose (with the addition of AuNPs),[58] interleukin-6,[20] cholesterol,[24] ammonia,[55] 
oxalates,[59] serotonin (also with AuNPs),[15] and drugs, such as artesunate.[22] The glucose 
biosensing work of Xu et al.[58] is particularly notable, as it is an example of a so-called “third 
generation” glucose biosensor: the graphene/PANI/AuNP nanocomposite enables direct 
electron transfer between the glucose oxidase enzyme and the electrode, eliminating the need 
for any mediators. The very promising work of Xue et al. on serotonin biosensing[15] involves 
the use of a rGO/PANI nanocomposite film as a base layer for the electropolymerization of a 
AuNP and p-aminothiophenol (p-ATP) MIP biorecognition interface (Figure 5). This sensor 
yielded an impressive nanomolar detection limit, while resisting interference from other 
species, such as dopamine and ascorbic acid. 

 

 
Figure 5: Serotonin (5-HT) biosensor preparation scheme. Reprinted with permission from Xue 
et al.,[15] copyright 2014 Elsevier. 

 

Graphene-PANI nanocomposites have also been utilized for DNA biosensing. Bo et al. has 
described a sensitive, DNA biosensor[57] utilizing GO decorated with PANI nanowires and 
oligonucleotide probes. In this work, daunomycin was used as an indicator via intercalating in 
the DNA duplex during hybridization. Du et al., on the other hand, reported a DNA 
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biosensor[60] based on electrochemically reduced GO and PANI nanofibers, with non-
covalently assembled oligonucleotide probes and [Ru(NH3)6)]3+ as a redox marker. More 
recently, Zheng et al. prepared pristine graphene PANI nanocomposites at various mass 
ratios, via solution mixing and casting, followed by oligonucleotide probe adsorption and 
bovine serum albumin adsorption, aimed at minimizing non-specific signal.[61] By tuning the 
graphene PANI mass ratio it was possible to adjust the detection limit and dynamic range. 

3.2.2 Polypyrrole 
Polypyrrole (PPy) is another intrinsically conducting polymer that has attracted much interest 
for biosensing. It provides an attractive combination of good electrical conductivity and redox 
properties, as well as corrosion resistance and a variety of synthesis methods, which make it 
amenable to doping.[62] As a result, a wide range of PPy composites, including many utilizing 
graphene, have been achieved. For example, sulfonated graphene (SG) has been utilized as 
part of electrochemical co-deposition[63] and in situ polymerization of pyrrole.[64] Depending 
on the SG/PPy composition and composite synthesis method, it is possible to obtain materials 
with electrical conductivities of up to 50 S cm-1. Qian et al. describe very promising PPy/rGO 
composites, decorated with AuNPs,[14] produced via in situ chemical oxidative polymerization 
on the surface of GO, utilizing HAuCl4, followed reduction with hydrazine (Figure 6). The 
resultant nanocomposite was tested for dopamine biosensing, combining impressive sensitivi-
ty (~15 µA/µM), a low detection limit (~20 pM), and a linear range up to 5 µM, while 
resisting interference from uric acid and ascorbic acid. PPy/graphene composites have also 
been utilized for detection guanine[65] and as a humidity sensor.[59]  

 

 
Figure 6: Preparation scheme of rGO/PPy/AuNP biosensor for dopamine biosensing. Reprinted 
with permission from Qian et al.,[14] copyright 2014 Elsevier. 

 

However, perhaps most promising are initial studies utilizing electropolymerization of pyrrole 
to generate MIP biorecognition elements. For example, Sun et al. modified glassy carbon 
electrodes with PPy MIP/GO films for detecting quercetin.[67] A similar approach was used by 
da Silva et al. to detect trimethoprim.[68] Cai et al., on the other hand, prepared a bisphenol A 
biosensor[69] by electrodeposition of PPy MIP on rGO decorated with with Ag nanoparticles. 
This approach yielded a sensitive and selective biosensor that was also stable. Wang et al. on 
the other hand, used molecularly imprinted polypyrrole-graphene nanocomposites enriched 
with CdS QDs[42] to produce a visible-light photoelectrochemical biosensor for 4-
aminophenol, an intermediate in the synthesis of paracetamol. 
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3.2.3 Chitosan 
Chitosan (CHI) is a natural polycationic biopolymer, possessing good biocompatibility, 
biodegradability, and multiple functional groups, making it attractive for a broad range of 
biomedical applications.[70] Importantly, it has excellent film-forming properties and can be 
electrodeposited.[71] This combination of properties led two groups to develop the first 
graphene and GO chitosan nanocomposites in 2010.[72,73] Since then, there has been a number 
of different chitosan/graphene nanocomposites reported, prepared via mixing/vortexing, 
sonication, or both.[17,74–76] Many of the initial studies focused on the mechanical properties of 
the nanocomposites, observing marked improvements. However, the addition of graphene-
based nanofillers also markedly enhances electrical conductivity making these materials 
suitable for biosensor applications. For example, Qiu et al.[77] prepared a chitosan–
ferrocene/GO nanocomposite for glucose biosensing and observed that the addition of GO to 
the base chitosan-ferrocene material reduced resistance and provided high electron conduc-
tion pathways for electron transfer of the redox probe (ferrocene). At the same time, they note 
that the chitosan matrix stabilized the GO dispersion and the positive charges of chitosan 
facilitated the immobilization of negatively charged glucose oxidase. Finally, graphene-based 
chitosan nanocomposites can be further modified by the inclusion of various metal nanoparti-
cles, such as Au,[78] Pt,[79] Ag,[80] or ZnO[75]. Thus far, chitosan-graphene based nanocompo-
sites have also been utilized in biosensors for the detection of glucose,[77,81] various drugs,[82,83] 
histamine, tumor cells,[19] bacteria,[84] and DNA. For example, a label-free DNA biosensor 
based on a graphene paste electrode modified with Prussian Blue (PB) and chitosan has been 
described by Bo et al.[85] In this approach, in order to increase the operational stability, a 
chitosan film was coated on top of electrodeposited PB on a graphene paste electrode. Qi et 
al. on the other hand, fabricated a DNA sensor utilizing a chitosan-Co3O4 nanorod-graphene 
nanocomposite.[86] A GO/chitosan nanocomposite for DNA biosensing was prepared by Singh 
et al.[17] by solution mixing, followed by spincoating (Figure 7). For the biorecognition 
interface, 5'-amine-functionalized ssDNA probes for typhoid were immobilized on the 
chitosan/GO nanocomposite via glutaraldehyde linker. With the use of methylene blue as a 
redox indicator, the authors obtain a detection limit of 10 fM in buffer (100 fM in serum) and 
the ability to discriminate even single base mismatches. 

 

 
Figure 7: Preparation scheme of GO/CHI nanocomposite DNA biosensor. Reprinted with 
permission from Singh et al.,[17] copyright 2013 Elsevier. 
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Further, chitosan also offers the potential advantages of MIP, as it can act as either the 
functional monomer or supporting matrix[87]. For example, Lui et al.[88] leveraged these 
properties of chitosan to produce graphene/chitosan MIP films for detecting dopamine. Fatoni 
et al.,[21] on the other hand, prepared a MIP cryogel combining chitosan grafted polyacryla-
mide matrix with graphene and ferrocene for detecting albumin. The addition of graphene 
markedly improved sensitivity of the MIP and the resultant sensor performed equivalently to 
standard immunoturbidimetric urine analysis. 

3.2.4 Polycatechols 
Recent research has identified polycatechols, including polydopamine (PDA), as particularly 
attractive polymers for surface modification.[89] Thin films of PDA can be obtained on a 
variety of substrates via dip coating in basic aqueous dopamine solution. Importantly, both 
PDA[90] and polynorepinephrine,[91] another polycatechol, can be utilized to both reduce and 
functionalize GO, under aqueous “green” conditions. The resultant nanocomposite materials 
can then be further functionalized with other polymers or nanoparticles. This type of approach 
has been used to produce a glucose biosensor composed of a PDA/graphene/glucose oxidase 
nanocomposite deposited on gold electrodes.[92] First, the mixture of GO, dopamine, and 
glucose oxidase is oxidized via CV to yield PDA, followed by reduction of the GO to rGO. 
An elegant method to simultaneously reduce GO and anchor it via dopamine polymerization 
was used by Tian et al.[93] to prepare nanocomposites further decorated with Au nanoparticles 
for NADH detection. A similar strategy was used by Zhang et al. to prepare PDA-GO 
nanocomposites decorated with Pt[25] for hydrogen peroxide electrocatalysis. Traditional GO 
reduction can also be used; for example, Huang et al. have developed PDA/graphene nano-
composites modified with AgNPs for detecting adenine and guanine[94] or DNA.[40] In general, 
the adhesive nature of polycatechols can be leveraged to produce nanocomposites with 
graphene and a host of other nanoparticle dopants,[95] all with great potential for biosensing 
applications.  

However, the greatest potential may be offered by the approach of Luo et al.,[96] who prepared 
haemoglobin-recognizing MIP films of polydopamine while simultaneously reducing GO to 
rGO, in one step, utilizing “green” aqueous chemistry (Figure 8). While this work is prelimi-
nary, it demonstrates the potential of graphene polycatechol nanocomposites: cheap, simple, 
environmentally friendly preparation of MIP-based biosensors. 

 

 
Figure 8: Scheme of graphene/PDA MIP biosensor preparation. 1, 2) Simultaneous polymeriza-
tion of dopamine (DA) and reduction of GO. 3) Removal of template protein (bovine haemoglo-
bin, BHb). Reprinted with permission from Luo et al.,[96] copyright 2013 American Chemical 
Society.  

 

3.2.5 Poly(diallyldimethylammonium chloride) 
Poly(diallyldimethylammonium chloride) (PDDA) is a polycationic polymer that has been 
used in water treatment[97] and is now seeing applications in biosensing, particularly in the 
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form of composites. Importantly, PDDA can be used to facilitate reduction and exfoliation of 
graphite oxide into graphene.[98] For example, PDDA can also be used to reduce and stabilize 
GO, enabling modification with cysteic acid, thus forming a nanocomposite film capable of 
detecting metronidazole via electrocatalytic reduction.[99] Additionally, PDDA has been used 
as an electron acceptor in a composite with graphene for sensing H2O2 and this material was 
also further modified with glucose oxidase to yield a glucose biosensor.[100] A similar ap-
proach, using PDDA/graphene-modified carbon paste electrodes has been developed for uric 
acid detection.[101] The incorporation of metal nanoparticles into PDDA/graphene nanocom-
posites is also an active area of research. For example, Wang et al. prepared a rGO/PDDA 
nanocomposite decorated with AuNPs and tin dioxide quantum dots for photoelectrochemical 
detection of the tumor marker carcinoembryonic antigen. Meanwhile, Yan et al. prepared 
rGO/PDDA films with bimetallic Pd/Pt via one-step in situ reduction for simultaneous 
detection of uric acid, ascorbic acid, and dopamine.[102] Song et al., on the other hand used a 
AuNP/PDDA/graphene nanocomposite modified with cytochrome c to produce a sensitive 
H2O2 electrode.[103] An alternative approach was taken by Wang et al.[104], who first reduced 
GO and then modified it with PDDA in order to obtain a positive zeta potential, which 
facilitated the binding of self-assembled peptide nanofiber/Ag nanowire complexes (Figure 
9). This process yielded a promising H2O2 biosensor with a wide linear range that resisted 
interference from other biomolecules, such as ascorbic and uric acid.  

 

 
Figure 9: Schema of preparation method of PDDA-modified RGO, decorated with self-assembled 
peptide nanofiber (PNF)/Ag nanowire complexes. Reprinted with permission from Wang et 
al.,[104] copyright 2014 American Chemical Society. 

 

3.2.6 Polyethyleneimine 
Polyethyleneimine (PEI) is a water-soluble, amine-containing, polycationic polymer with a 
linear or branched structure. The combination of solubility, polycationic character, and ease 
of chemical modification has led to the development of various PEI-based biosensing ap-
proaches. For example, Luo et al. used PEI to reduce GO and the resultant nanocomposite, 
when applied to glassy carbon electrodes, functioned as a gallic acid electrochemical biosen-
sor.[105] Alternately, PEI covalently linked to carboxylic acid functionalized GO has been 
investigated as an ammonia sensor by Song et al.[26] Covalent PEI/GO nanocomposites have 
also been decorated with Pd nanoparticles for hydrogen peroxide sensing.[106] Ponnusamy et 
al.,[107] on the other hand, relied on non-covalent PEI GO interactions, followed by micro-
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wave-assisted GO reduction and AuNP decoration to produce a nanocomposite that enabled 
selective determination of dopamine. Azadbakht et al.,[108] used a similar process to yield 
PEI/graphene/AuNP nanocomposites that could be further modified with acriflavine in order 
to function as an iodate biosensor. 

4 Conclusions 
The field of biosensing has seen impressive recent growth and an increasing number of novel 
polymer-graphene nanocomposites are being developed with this field in mind. Utilizing 
graphene materials as nanofillers in polymers serves to not only leverage the attractive 
properties offered by graphene, but may help minimize cost, as compared to a pure graphene-
based approach—a key consideration, especially for developing economies. In our view, the 
synergy between graphene-based nanocomposites and MIP biorecognition may spearhead the 
effort to develop cheap, shelf-stable biosensors for various biomolecules. Importantly, as we 
attempt to highlight here, this approach should facilitate the development polymer-graphene 
nanocomposite biosensing platforms, which enable the same material to function in biosen-
sors targeting various biomolecules. Going forward, this is a key consideration from the stand 
point of translation to the clinic. 

5 Outlook 
Clearly, polymer-graphene nanocomposites for biosensing, and biosenors in general, are a hot 
research area. The potential offered by this field of research is immense, however translation 
to the clinic is still a major challenge.[109] Questions remain regarding scale-up, including 
complexity, reproducibility, stability, and cost-effectiveness. Ultimately, any graphene 
polymer nanocomposite-based biosensor will need to be produced via large-scale synthesis 
and ideally in an eco-friendly and energy efficient methods. From this point of view, a 
platform-based approach, with a common nanocomposite material and variable biorecogni-
tion elements (such as MIPs) offers significant advantages. In terms of biosensor production, 
we and others[52] are exploring polymer-graphene systems as ultrasonic printable inks. This 
approach could address issues of cost and reproducibility, at least for in vitro biosensing 
applications, such as point-of-care devices. Next, questions remain regarding the ability of 
these various biosensors to function in the presence of biological fluids, under real-world 
conditions, with all the various confounders that entails. Further, from the point of view of 
potentially implantable devices, which can be considered the “holy grail” of biosensing, 
biocompatibility/toxicity concerns associated with graphene-based nanomaterials remain.[110] 
However, these concerns may in fact be somewhat mitigated via incorporation into polymer 
matrices. Of course, implantable polymeric devices also face a host of biocompatibility 
challenges, such as biofouling, encapsulation, or degradation. Clearly, further research into 
both novel biosensing technologies, as well as biosensor production and validation methods 
are needed, in order to enable translation into the clinic. 
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