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1. Introduction

Infectious disease outbreaks remain an ever-prevalent global
issue, with increasing global travel and trade increasing the risk
of rapid disease spread to pandemic levels.[1] This is exemplified
by the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) pandemic from 2019. One
specific issue that has been highlighted
by the pandemic is the need for methods
to achieve rapid, accurate diagnostics for
infectious diseases, not just for coronavi-
ruses, but for other major diseases as well.
Rapid diagnostics and onsite testing will
therefore play a critical role in facilitating
early intervention and treatment[2] of dis-
eases. Large-scale testing and rapid onsite
diagnostic decisions are crucial for surveil-
lance monitoring of disease outbreaks and
infection spread. In future, this data will
enable swift decision-making and manage-
ment to help prevent the spread of epi-
demic and pandemic infectious disease
outbreaks.[1,3,4] In this work, we use the
chronic hepatitis C virus (HCV) as a model
infectious disease to demonstrate a viral
detection platform sensor. HCV is still

endemic in populations around the world and is a major cause
of liver cirrhosis and hepatocellular carcinoma, affecting around
71 million people worldwide.[5] HCV deaths exceed annual
deaths due to HIV, malaria, and tuberculosis.[6] Consequently,
the World Health Organization (WHO) aims to eliminate
HCV by 2030,[7,8] with a strategy to target an increase in HCV
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Infectious disease outbreaks remain an ever-prevalent global issue. The asso-
ciated demand for rapid diagnostics and onsite testing will play an increasing and
critical role in disease surveillance, prevention of the spread of infection, as well
as timely commencement of treatment. Reported here is a graphene–gold
nanoparticle hybrid sensor platform technology that is demonstrated for the real-
time detection of viral proteins utilizing low volume samples (5 μL). Hepatitis C
virus (HCV) is still an endemic problem worldwide and is used as an exemplar
system here to demonstrate the capability of the platform viral detection sensor
technology. Hepatitis C virus core antigen (HCVcAg) is a promising marker for
point-of-care (POC) diagnostic testing for active HCV infection, with the potential
to provide a one-stop diagnosis and trigger for the commencement of treatment.
Real-time electrical resistance measurements are performed using various
concentrations of HCVcAg with linear concentration dependence of resistance on
HCVcAg concentration over the range of 100–750 pgmL�1.
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diagnosis and treatment. This strategy urgently requires simpli-
fied diagnostic tests for use in low-resource settings, as well as for
difficult-to-reach populations in high-income countries.[6,9,10]

The treatment of HCV has developed significantly since the
introduction of direct-acting antiviral agents (DAAs), curing
the vast majority of chronic HCV cases.[5,11] HCV diagnosis usu-
ally requires two steps, serologic testing confirming exposure,
such as anti-HCV antibody tests, followed by nucleic acid testing
(NAT) to confirm active infection.[12] HCV RNA (ribonucleic
acid) tests, although highly accurate, can be relatively time-
intensive, require expensive equipment and highly trained oper-
ators, providing a barrier for reengagement between healthcare
providers with difficult-to-reach populations and low-resource
settings.

Point-of-care (POC) tests are sought as the method to deliver a
diagnosis as they are affordable, easy-to-use, portable, require
small volume samples and fewer reagents, enabling rapid detec-
tion, and potentially allowing the immediate commencement of
treatment.[13–15] Currently, the majority of POC HCV tests are
limited in that they can only detect previous exposure (HCV
antibodies) and not active infection (HCV RNA or HCV core
antigen); detection of the latter is required to commence
treatment.[6,16]

Therefore, realizing POC tests that can rapidly sanction initia-
tion of treatment requires confirmation of the virological infec-
tion, i.e., HCVcAg detection.[17] HCVcAg has been demonstrated
to be highly stable across different individuals and is highly cor-
related with HCV RNA viral load.[12] As such, assessment of
HCVcAg levels alone may be sufficient to confirm an active
HCV infection, allowing for a DAA prescription and bypassing
the requirement for an HCV RNA test.[12,11] Therefore, HCVcAg
maybe a simple and affordable marker/tool for POC test devel-
opment, facilitating and accelerating the successful elimination
of HCV[18] in difficult-to-reach populations and/or low-resource
settings.

Currently, fingerstick sampling techniques have been imple-
mented in various viral tests to facilitate more rapid diagnosis.[6]

These tests are currently in development for HCV POC diagnos-
tics.[19] It would therefore be advantageous to develop a POC plat-
form for infectious diseases, e.g., HCV, that utilizes small
volume samples and therefore enables the use of fingerstick sam-
pling. This could facilitate single-engagement testing for
patients, avoiding multiple reengagement requirements for
low-resource or difficult-to-reach populations.[20] Rapid tests,
yielding results in real time and using small volume samples,
will therefore be a key enabler to achieving the WHO's goal
of HCV elimination, with high sensitivity an essential attribute
required for detection of HCVcAg and replacement of NAT tests
in certain settings.

Graphene, a material which has been investigated extensively
for sensing applications,[21–26] is potentially an ideal material for
highly sensitive tests required for one-off testing and subsequent
treatment initiation regimes. Graphene has a very high
surface-to-volume ratio and is ultrasensitive to its chemical envi-
ronment, with the capability for single gas molecule
detection.[27–29] With suitable surface modification strategies,
graphene real-time sensors offer a highly sensitive platform
for rapid POC diagnostics for viral markers including
for HCV. Graphene field-effect transistors (GFETs) and

resistor-based sensors can be utilized for sensing applications
as they are highly sensitive, have a simple device configuration,
are low cost, can beminiaturized, with the feasibility for real-time
detection of biomarkers[30] demonstrated in the literature for the
detection of various analytes including viral proteins.[13,31,32]

Sensitive, specific detection of HCVcAg requires surface mod-
ification of graphene to elicit a specific response to the analyte.
This surface modification has two components: 1) a mechanism
for recognition or detection of an analyte, and 2) a system that can
anchor the recognition/detection system to the graphene surface.

There are several strategies available for anchoring molecules
to graphene surfaces, including covalent[33–36] and noncovalent
methods,[37–39] the latter of which takes advantage of π–π
stacking. The use of anchoring groups attached noncovalently
via π–π stacking is well established for graphene
having been demonstrated with molecules including 1,5-
diaminonaphthalene,[23,40–42] oligonucleotides,[13,43,44] and
1-pyrenebutanoic acid succinimidyl ester (PBASE)[26,45] for sen-
sor development. Pyrene has also been widely utilized for this
purpose.[27,46–48] Adsorption of the pyrene onto the basal planes
of graphene allows robust noncovalent end attachment of poly-
ethylene glycol (PEG) chains to graphitic surfaces,[49] and specific
to graphene, pyrene groups stack via π–π overlap to form a self-
assembled monolayer.[25,50] If the PEG is then capped with a thiol
moiety, it can be utilized for further functionalization. The
strength of the π–π stacking between the graphene surface
and the aromatic molecules of the functionalization layer means
that the surface stacking is robust enough to be maintained after
rinsing or other solution processing[40,51,52] and therefore facili-
tates simple drop-cast functionalization techniques. It should be
noted that the electronic properties of graphene can be manipu-
lated through modification of the surface, via both covalent and
noncovalently methods—detectable as a change in the graphene
resistance after anchoring of groups to the graphene surface.

With regard to the recognition/detection system for HCVcAg,
gold nanoparticles (AuNPs) are an excellent candidate. AuNPs
have been used to enhance signals in biosensors, leading to
the creation of graphene–AuNP hybrids.[13,53–55] AuNPs can
provide a stable and robust immobilization platform for
biomolecules[56] and well-known functionalization strategies
exist,[57] particularly in relation to Au-thiol chemistry. The
AuNPs facilitate an interface with a large surface area for recep-
tor binding, due in part to increased deflection angle of the bio-
receptors which potentially reduces steric hindrance in
comparison to planar surfaces.[13,58] AuNPs have therefore been
used to increase sensitivity and the linear dynamic range of
graphene sensors.[59,60]

In this work, we present a strategy for detecting HCVcAg that
has broader implications for rapid detection of viruses in clinical
settings. To our knowledge, this is the first reported use of a gra-
phene resistor-based biosensor to detect HCVcAg in real-time.
We demonstrate graphene resistor devices that have been func-
tionalized with AuNPs that can specifically respond to HCVcAg.
However, to our knowledge, our functionalization approach is
novel in its use of Pry–PEG–SH linkers, in conjunction with
the overall biofunctionalization strategy; using ex situ decoration
of prefunctionalized AuNPs is also previously unreported. A
clear differential to background responses related to sensor expo-
sure to the surrounding media is reported as well as the use of
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isotherm analysis to confirm the preferential attachment of an
antigen to binding sites on functionalized AuNPs in a graphene
sensor system. Sensitive graphene sensors, of microscale dimen-
sions, are demonstrated to detect HCVcAg via AuNPs while
simultaneously allowing for the use of small volume samples
facilitating the potential for fingerstick sample collection for
POC testing of HCV. This extremely adaptable platform technol-
ogy can deliver highly sensitive viral protein detection, opening
avenues toward population screening and hard-to-reach popula-
tion testing.

2. Results and Discussion

2.1. Characterization of Graphene

Graphene was characterized using Raman spectroscopy
(Figure 1a), both before (pristine chemical vapor deposition
[CVD] graphene) and as part of the final device architecture (fol-
lowing channel etching and aluminum oxide [Al2O3] passivation;
Figure 1b).

Raman spectroscopy is widely used on graphene as a charac-
terization technique and typical analyses focus on the D, G, and
2D bands, located around 1300, 1600, and 2600 cm�1, respec-
tively. Raman spectra can be used to verify single-layer graphene
from the intensity ratio of the 2D to G band (I2D/IG), with pris-
tine graphene yielding a ratio of �2.[13,61–63] Any damage to the
graphene carbon lattice structure, resulting from the device fab-
rication process, will lead to an increase in the D peak,[64] and as

such the quality of the devices can be assessed. Figure 1a shows
two representative Raman spectra, with corresponding Raman
maps displayed in Figure S1, Supporting Information. Peak anal-
ysis from the unmodified graphene material reveals an I2D/IG
ratio of �2.5, consistent with pristine, monolayer graphene.
The graphene channel in the final device architecture reveals
a smaller I2D/IG ratio of �1.6 which may be due to defects or
impurities related to the device fabrication steps. Defects in
the graphene structure provide nucleation sites for the molecular
vapor deposition (MVD) growth in the Al2O3 passivation process.
This provides a “healing effect” and is known to reduce surface
organic contaminants, such as photoresist, from CVD gra-
phene.[65–67] A device independence check was carried out on a
chip, consisting of two separate devices (Figure 1c), to confirm
the devices were discrete. Real-time data can be found in Figure 1d.

2.2. Functionalized Graphene

2.2.1. Characterization of the Functionalization Layer

The pristine graphene was first functionalized with
pyrene–PEG–thiol (Pyr–PEG–SH) via a drop-cast method, fol-
lowed by drop-casting of the AuNPs, prefunctionalized with
anti-HCVcAg antibody, onto the Pyr–PEG–SH functionalized
graphene. Attachment of the functionalized AuNP to the
Pyr–PEG–SH-modified graphene surface is via a linking reaction
between gold and the thiol moiety (see Figure 2a for a depiction
of the functionalization). To confirm the presence of the
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Figure 1. a) Raman spectra normalized and averaged from map scans of CVD graphene before channel etching and passivation (gray) and after channel
etching and passivation (red). b) Fabricated, passivated “DipChip” graphene device. c) 5 μL droplets pipetted on to the active area of the graphene device.
d) Real-time resistance measurements of 2� graphene resistor devices on a single chip, after 5 μL of deionized (DI) water was applied to each resistor
device. The devices show independent signals while being measured simultaneously.
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Pyr–PEG–SH linker on the graphene surface, atomic force
microscopy (AFM) images were obtained of both pristine
CVD graphene (Figure 2b) and the modified CVD graphene after
a DI water wash (Figure 2c). The figures clearly indicate that the
surface of the graphene has been modified, with RMS roughness
(Sq) of 745 pm and 3.51 nm for the pristine and modified CVD,
respectively. The attachment of the AuNPs was also investigated
using scanning electron microscopy (SEM) (Figure 2d,e). The
gold particles are clearly detectable on the surface and the particle
size consistent with the supplier's data sheet for the AuNPs.

2.2.2. Real-Time Resistance Measurements of Surface
Functionalization

Surface modification of the graphene was also monitored in real-
time utilizing electrical measurements (Figure 2f ), using time

dependence of the relative resistance change,ΔR/R0. Repeat data
can be found in Figure S2, Supporting Information. An increase
in resistance of the graphene device was observed when
Pyr–PEG–SH (in DI water) was added to the surface and incu-
bated at room temperature (RT) for 1 h. In our tests, the devices
were washed without interrupting the electrical measurements:
first by removing the droplet of functionalization solution by
pipette, and then 10 μL DI water was added to the device and
removed by pipette, with the process repeated three times.
Each functionalization step leads to a change in resistance
(Figure 2f ), in relation to the previous step, indicating the
response of graphene to the different functionalization solutions.

The graphene doping (and resistance) depends on the type of
the interactions with electron donor versus electron-withdrawing
systems.[68] For example, graphene on a SiO2 substrate is typi-
cally p-doped under ambient conditions.[69] For molecular
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Figure 2. a) Schematic of the functionalization method. b) AFM image of CVD graphene before functionalization. c) AFM image of CVD graphene after
functionalization with Pyr–PEG–SH and DI water wash. d) SEM images of AuNPs on the graphene device surface. e) Higher magnification SEM image of
a single AuNP, confirming the size of the particle to be 60 nm. f ) Real-time resistance measurements of the graphene functionalization process in
solution, where ΔR¼ RDevice� R0, and R0 is the intrinsic device resistance. Wash ¼ Droplet removed via pipette, 10 μL of DI water added and mixed
via pipette, the DI water droplet was removed, with the process repeated three more times.
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systems, when π–π stacked molecules are electron donors,
i.e., electrons transfer to the graphene, this results in n-type dop-
ing of the graphene, whereas p-type doping will originate from
molecules acting as electron acceptors.[51,70] In our case, pyrene,
which has neither electron-donating or electron-withdrawing
groups, has been shown to have little to no doping effect on
graphene.[71] In contrast, PEG–SH has been shown to cause
n-doping.[39] Therefore, the change in the resistance on addition
of the Pyr–PEG–SH solution (Figure 2f ) is likely due to the
n-doping effect of the PEG–SH linker (in DI water), where
the n-doping of the p-doped graphene on SiO2 would shift the
graphene toward its charge neutrality point, leading to an
increase in resistance.

Pyr–PEG–SH also serves as a linker connecting graphene to
the functionalized AuNPs. A decrease in ΔR/R0 is observed on
addition of the AuNP solution, relative to the Pyr–PEG–SH
solution in the previous functionalization step; this could suggest
a p-doping effect related to this step.

One issue to consider in the design of sensing devices is non-
specific binding (NSB). NSB is undesirable in sensing applica-
tions as it reduces the sensitivity of the sensors. It is therefore
essential to minimize NSB in general but especially when utiliz-
ing highly sensitive materials such as graphene and/or dealing
with very low analyte concentrations. Due to the sensitive nature
of graphene and the complexity of functionalization, requiring
multiple stages/chemical reactions/linking groups, etc., several
blocking steps may be required to quench each reaction, bind
out unreacted moieties, and block unbound surfaces. It might
be advantageous to use multiple blockers to perform differ-
ent/complementary roles within the sensor development. To that
end, two separate blocking steps were utilized here. Bovine
serum albumin (BSA) was used to block any sites on the
AuNPs not already taken up by the antibody as well as providing
some initial blocking of the graphene surface. A second blocking
solution was then used to block the remainder of the graphene
surface, containing both BSA and tween 20. Tween 20 has been
used to block various 2D materials[26,72] and has been shown to
provide optimized blocking capabilities when used in conjunc-
tion with other blocking agents such as BSA.[73] It contains an
aliphatic chain that can attach to the hydrophobic graphene

surface via noncovalent interactions, and aliphatic ester chains
that can help to prevent nonspecific binding.[46] The effect of
these blockers on the electrical resistance of the graphene device
is also shown in Figure 2f, where further changes in resistance
are observed on addition of both the BSA and blocking solutions
relative to the previous functionalization step.

2.3. Detection Experiment

2.3.1. Real-Time Electrical Detection of HCVcAg

Real-time HCVcAg sensing was performed using the
functionalized graphene resistor devices, measuring the resis-
tance changes in response to sequential increases of HCVcAg
concentration (Figure 3). Typical sample volumes in the litera-
ture for similar real-time graphene sensors vary between 10
and 40 μL[13,23,25,31]; this work aims to evaluate even smaller
volume samples, i.e., 5 μL. Each measurement involved
application of a 5 μL droplet of HCVcAg solution (diluted in
1� phosphate-buffered saline (PBS) (pH 7.4) to a given
concentration) onto the channel window of the functionalized
graphene–AuNP hybrid device, and incubation for 20min at
RT. The initial droplet was then removed via pipette and a droplet
with higher HCVcAg concentration was applied to the channel
window, while the resistance of the device was continuously
monitored. This process was repeated for all HCVcAg concentra-
tions increasing from 0 to 750 pgmL�1.

Figure 3a shows the normalized real-time resistance
responses of an example device, as a function of HCVcAg con-
centration (additional results can be found in Figure S3,
Supporting Information). Analysis of reproducibility can be
found in Figures S6 and S7, Supporting Information. The addi-
tion of higher HCVcAg concentrations leads to an increase in the
resistance, suggesting a charge transfer of electrons to the
graphene,[13] i.e., n-type doping.

The sensor shows a limit of detection (LoD) (positive change
in ΔR/R0) of 100 pgmL�1, based on a signal that exceeds 3x the
background signal (average ΔR/R0 plotted against HCVcAg con-
centration can be found in Figure S4, Supporting Information).
One potential advantage of using sensors for POC applications is

0 1 2 3 4

0.0

0.1

0.2

R
/R

0

Time (hr)

0 pg/ml

25 pg/ml

50 pg/ml

100 pg/ml

250 pg/ml

500 pg/ml

750 pg/ml

10 pg/ml

Dry

0 200 400 600 800 1000 1200

2160

2240

2320

R
es

is
ta

n
ce

(
)

Time (s)

Equilibrium

Binding

(a) (b)

Figure 3. a) Graphene device resistance response to the time-dependent application of various HCVcAg concentrations in pgmL�1. Inset graphene
device chip attached to an electrical connector, with two 5 μL samples (one applied on each graphene resistor). b) Response time of the sensor on the
addition of 100 pgmL�1 of HCVcAg.
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the speed at which a result can be obtained. For example,
Figure 3b shows the sensor's reaction to the addition of
100 pgmL�1 HCVcAg, with the signal reaching equilibrium at
�225 s (<4min). However, there is potential for this to be
improved further with optimization of the system.

The real-time resistance measurements (Figure 3a) were taken
using bottom-contact graphene resistor devices, where the metal
contacts are situated beneath the graphene layer. HCVcAg sens-
ing was also carried out on top-contact graphene resistor devices,
where the metal contacts are fabricated on top of the graphene,
for comparison (sensing data can be found in Figure S5,
Supporting Information). No difference in sensor performance
was observed due to contact type.

One suggested detection mechanism for graphene–AuNP
hybrid sensors is attributed to conductivity changes produced
when target analytes bind to the immobilized receptors which
may lead to a carrier concentration change in graphene, due
to the effective electronic transfer between the graphene and
AuNPs.[56,57,74] The resistance was recorded as a function of
time; additions of HCVcAg further increase the resistances
observed, from that at the functionalization stage, suggesting
a charge transfer of electrons to the graphene.[13] However, fur-
ther studies are required to conclusively determine the critical
contributing factors to electrical resistance changes.

2.3.2. Specificity Investigation

The graphene sensor response to increasing concentration of
HCVcAg is encouraging. However, the specificity of the sensor
needs to be confirmed. Specificity has been investigated, using a
nonspecific protein (BSA), introduced at increasing concentra-
tions between 0 and 750 pgmL�1, in a procedure similar to that
for HCVcAg, described above. Real-time results (Figure 4a and
Figure S8, Supporting Information) show that the BSA does
demonstrate some changes in ΔR/R0 but, overall, does not pro-
duce the same trend in ΔR/R0 as observed for HCVcAg. Indeed,
unlike the HCVcAg results, concentration dependence (indicated
by ΔR/R0 in a positive direction) was not observed across the
testing range for the BSA negative control protein, even when
a much higher concentration (500 ngmL�1) of BSA was
introduced (Figure 4b). This result suggests that specific
antigen–antibody binding is responsible for the concentration-
dependent positive changes in ΔR/R0 for HCVcAg detection.

A further control experiment was carried out, utilizing bare
(unfunctionalized) AuNPs attached to the graphene via
Pyr–PEG–SH (see Supplementary Information for details), to
investigate whether physisorption of proteins to the surface of
the AuNP (e.g., if particle surfaces were not fully blocked) could
contribute to/mask the specific signal generated, i.e., the concen-
tration-dependent ΔR/R0 seen for the HCVcAg sensing. The
real-time resistance was monitored for increasing BSA concen-
trations between 0 and 750 pgmL�1 (Figure 4c), using the same
methodology as detailed above (further repeats and analysis can
be found in Figures S8 and S10, Supporting Information). Again,
noΔR/R0, trend in a positive direction, was observed for the non-
functionalized AuNP control, adding further to the suggestion
that the positive HCVcAg sensing is a true result and not due
to the physisorption of proteins.

Another aspect of the testing regime to be considered is the
response of the sensor to the testing buffer solution. PBS is used
in the initial test as it is representative of physiological condi-
tions[75] and as such is used in many sensor development works.
As real-time measurements were realized and therefore samples
of increasing concentration were measured sequentially, any
potential signal changes generated due to the use of sequential
PBS additions should therefore also be controlled for. The real-
time resistance response of bare (intrinsic) graphene devices to
multiple sequential PBS (1� PBS, pH 7.4) additions was inves-
tigated. Some changes were observed, with ΔR/R0 increasing for
the first two PBS additions (Figure 4d); further repeats and anal-
ysis can be found in Figures S8 and S9, Supporting Information).
These changes potentially originate from n-doping of graphene
by PBS caused by the screening of negative charges at the surface
(on Si/SiO2 substrates),[25] as well as charge stabilization.[76]

Further PBS application reverses the trend and leads to the
decrease of ΔR/R0; one possible explanation for this could be salt
deposition. Increasing exposure to PBS has been shown to affect
the conductance of graphene.[60] No sequential change of ΔR/R0

in the positive direction was observed across the seven PBS addi-
tions, suggesting that detection of HCVcAg (Figure 3, S3 and S5,
Supporting Information), shown by concentration dependence
(ΔR/R0 in a positive direction), is a true positive result and is
not due to buffer effects or the sequential nature of the testing
regime.

The effect of PBS only on an example functionalized device
was also studied using Hall bar resistance measurements and
compared to measurements taken on the dry device
(Figure 4e). Real-time Hall measurements consisted of a dry mea-
surement followed by the addition of 4 μL of 1� PBS (pH7.4)
placed on the channel window of the functionalized graphene–
AuNP hybrid device and incubated for �15min at RT. Changes
in carrier concentration of the graphene were observed when
comparing the dry functionalized device (p¼ 1.8 p� 1012 cm�2),
and the same device exposed to the 1 � PBS (pH7.4)
solution (p¼ 1.2 p� 1012 cm�2). This again shows that the effect
of the buffer on the sensor should be accounted for as it can affect
the signal generated. Therefore, buffer effects on the sensor before
and during measurements are an important consideration in
biosensor design and signal analysis and interpretation.

2.3.3. Analysis

The time-averaged response of the real-time data was extracted
using a Matlab script. The local minima displayed in the real-
time data were used as reference points corresponding to times
where a droplet had been added to the surface. Average values
were extracted for iterative measurements of 1� PBS (pH 7.4)
on a bare graphene device. The average values are plotted against
the iteration number in Figure 5a.

Time-averaged data for responses to HCVcAg and BSA
(negative control protein) are shown in Figure 5b. Here, the
PBS response was subtracted from the time-averaged data
points and renormalized for comparison. This clearly shows a
positive ΔR/R0 response to the HCVcAg with increasing concen-
tration, whereas the BSA response is relatively flat at high con-
centrations, after an initial negative response at low
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concentrations, which could be due to graphene charging
behavior.[76] Taking the ΔR/R0 signal (of the BSA negative
control) as the baseline response, the LoD of the positive signal,
taken as 3� this signal baseline, is consistent with the LoD of
100 pgmL�1 calculated in Section 2.3.1.

The PBS-corrected average ΔR/R0 values were then plotted as
a function of concentration to yield an adsorption isotherm
(Figure 5c). Given that adsorption processes are at work, investi-
gation of the behavior may yield some additional insight,
e.g., such data can describe the heterogeneity of a surface.[77]
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Figure 4. Functionalized graphene–AuNP hybrid device (with anti-HCVcAg functionalized AuNPs) resistance response to the time-dependent application
of BSA concentrations: a) 0, 10, 25, 50, 100, 250, 500, and 750 pgmL�1. b) 50 pgmL�1, 500 pgmL�1 and 500 ngmL�1. c) Unfunctionalized AuNP
(bare AuNPs) graphene–AuNP hybrid device resistance response to the time-dependent application of BSA concentrations 0, 10, 25, 50, 100, 250,
500, and 750 pgmL�1. d) Unfunctionalized Graphene device (bare graphene) resistance response to the time-dependent application of multiple
sequential 1� PBS (pH7.4) droplets. e) Time dependence of the Hall resistance for a functionalized graphene device in the dry state (unshaded)
and in PBS (shaded in blue).
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A versatile isotherm model that is often used to describe adsorp-
tion out of aqueous solutions (such as our system) is the
Langmuir–Freundlich isotherm or Sip's equation[77,78]

n
N

¼ ðKCÞα
1þ ðKCÞα (1)

where n is the amount adsorbed (mol g�1), N is the adsorption
capacity (mol g�1), K is the equilibrium or affinity constant
(mL pg�1) for the adsorption process, C is the aqueous phase
concentration (pgmL�1), and α is the index of heterogeneity.
The last variable has a range of 0–1, with 1 yielding the
Langmuir adsorption isotherm, indicating a material with only
one kind of homogenous site, whereas values less than 1 indicate
increasing heterogeneity. The utility of this simple model is the
limited number of fitting parameters that one needs to describe
the system. The data from Figure 5c were transformed from
ΔR/R0 to an adsorption fraction (right y-axis) after modeling
to a Langmuir isotherm (i.e., α¼ 1), as shown in Figure 5c
(see Supplementary information for full procedure). A similar
approach was attempted for a generalized Langmuir–
Freundlich equation, but no stable least squares result could
be determined for α within the 0–1 range, indicating that the
Langmuir isotherm provides the most accurate representation
of the experimental data. The modeling indicated an equilibrium

constant of (8.5� 3.8)� 10�3 mL pg�1. The use of a Langmuir
isotherm in detecting viral particles has precedence, where the
authors used a similar principle to detect the particles as dem-
onstrated in this work.[79] The Langmuir model result, suggest
that one has monolayer adsorption of particles on only one kind
of site, which would be an indication of the specificity for the
HCVcAg by the modified AuNPs on the surface, with little to
no competition from other sites (e.g., the rest of the graphene
surface), as would be indicative of a lower value for α.
However, the scatter of the data at high concentrations away from
the model line is notable, and as such it may indicate an interac-
tion of the HCVcAg with the graphene surface that is much
weaker than the specific interaction with the AuNP-bound sites.
Such an interaction would likely be nonspecific in nature, due to
the absence of any specific binding sites on the graphene surface.

Overall, these results suggest that the binding of the HCVcAg
to the functionalized sites on the AuNPs has an initial strong
absorption coefficient to sterically available sites on the AuNP
(i.e., anti-HCVcAg antibody-binding sites). Deviations from
the proposed binding model may be due to the nonspecific, weak
binding of HCVcAg to the basal plane of bare graphene. This
suggests that blocking strategies for the graphene basal
plane to improve selectivity would not interfere with the high
sensitivity given by the preferential binding of HCVcAg to the
AuNP antibody binding sites. This is in contrast to the
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time-averaged response of functionalized devices to HCVcAg (black curve) and BSA (red curve). c) Fit of the background-corrected HCVcAg response on
a functionalized device to a Freundlich-type isotherm.
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nonspecific response of BSA. The BSA response is more
consistent with a linear response from physisorption at high
concentrations. Crucially, our specific (antigen–antibody) and
nonspecific (physiosorbed) responses are opposite in direction.
This type of trend is consistent with previous reports in the
literature.[32,80,81]

3. Conclusions

A real-time graphene–AuNP hybrid sensor for the detection of
viral proteins has been demonstrated using a small sample vol-
ume (5 μL). HCV was used as an exemplar system to demon-
strate the platform sensor technology. HCVcAg has been
shown to correlate to HCV RNA viral load and therefore is a
promising marker toward HCV POC diagnostics. The sensor
showed good sensitivity to HCVcAg at ≥100 pgmL�1 with rela-
tively low AuNP densities, demonstrating the potential of the gra-
phene–AuNP sensor design when fully optimized. A slight
nonspecific response to BSA was observed, which we attribute
to physisorption at the graphene surface. Full optimization of
the sensor is required, but this proof-of-concept work is an initial
step toward a real-time platform technology for sensitive detec-
tion of viral protein markers while also utilizing small volume
samples. This could open opportunities for sensing using finger-
stick blood samples which could be especially beneficial in
resource-limited settings or for difficult-to-reach populations.
The platform can be applied easily to other infectious disease
markers, including markers for hepatitis B virus (HBV) and
SARS-CoV-2 for COVID-19 POC diagnostics, human immuno-
deficiency virus (HIV), and many more.

4. Experimental Section

Materials: Wafer substrate: Si with dry thermal SiO2 supplied by Si-Mat
GmbH Graphene CVD monolayer transfer service supplied by Hexagon
Fab Ltd. Photolithography supplies for metal lift-off: Microchem LOR
3 A positive photoresist; Microposit S1805 G2 Positive resist;
Microposit MF-CD-26 developer all supplied from DOW Electronics
Materials. Photolithography supplies for patterning: AZ 5214 E photore-
sist, AZ 726 Developer, AZ 100 Remover, Technistrip Micro D350 all
supplied from Microchemicals GmbH. Trimethylaluminium (TMA) and
DI H2O ALD precursors supplied by Pegasus Chemicals Ltd. 1� PBS con-
taining 0.01 M phosphate, 0.0027 M KCl, and 0.137 M NaCl, pH 7.4,
Hepatitis C Core Antigen and anti-HC Core antigen antibody, bovine
serum albumin (BSA) and all other reagents (analytical grade) supplied
by Sigma Aldrich.

Raman Spectroscopy: An InVia Raman microspectrometer (Renishaw,
UK) was used to collect Raman spectroscopic data with a spectrometer
equipped with a 100� NPlan microscope objective (Leica, USA).
Spectral data were acquired using a 532 nm laser with a 2400 Lmm�1

spectral grating. Representative spectra are shown in Figure 1a and indi-
cate the presence of monolayer graphene. Raman spectra of the entire
surface were taken in a number of scans (i.e., a Raman map), the average
of which was taken to yield a representative Raman spectrum. Raman
maps can be found in Figure S1, Supporting Information.

AFM: AFM was performed using a JPK NanoWizard II system. Bruker
Sharp Nitride Lever (SNL-10) probes were used in tapping mode,
with a nominal tip radius of 2 nm and fundamental frequency of
65 KHz. Representative 5� 5 μm scans were taken across the surface,
and data were processed by row alignment and removal of a polynomial
background.

Graphene Device Fabrication: The graphene devices used in this work
were fabricated using CVD graphene onto SiO2/Si wafers and were man-
ufactured according to the methods outlined in our previous work.[13,65]

Graphene devices were fabricated on a 300 nm thermal oxide SiO2/Si
100mm wafer (p-type, 1-10 Ohm resistivity, orientation <100>). The
metal contacts were deposited using physical vapor deposition, 30 nm
Cr and 200 nm Pd (Kurt J Lesker PVD75). CVD monolayer graphene
was then transferred onto the SiO2 substrate with patterned metal con-
tacts. The graphene Hall bar channels were then patterned using photoli-
thography (AZ 5214 E photoresist) and subsequently etched using O2

plasma. The devices were then passivated with a 50 nm Al2O3 (using
an SPTS Technologies MVD 300).[65] A window on the Al2O3 passivation
layer was then patterned using photolithography (AZ 5214E photoresist)
and subsequent wet chemical etching of Al2O3 using TMAH 2.38%.
Further details of device fabrication can be found in the supplementary
information along with a schematic (Figure S11, Supporting Information).

Pyr–PEG–SH Functionalization: 10% solution of Pyr–PEG–SH
(2000 Da) diluted in DI water was drop-cast onto the graphene devices
(10 μL) and incubated at RT for 1 h. Devices were subsequently washed
in situ with 3� 10 μL DI water.

Gold Nanoparticle Functionalization: Gold nanoparticles (60 nm) were
functionalized with monoclonal anti HCVcAg antibodies. A 16 μL of
0.1 mgmL�1 antibody solution was added to 1mL of AuNPs (OD1)
and left to conjugate for 1 h at RT under mixing.

Graphene–AuNPHybrid Manufacture: Anti-Hep C functionalized AuNPs
were drop-cast onto the Pyr–PEG–SH functionalized graphene devices and
incubated at RT for 1 h. Devices were washed in situ with 3� 10 μL DI
water.

Blocker Attachment: BSA blocker (1%) diluted in DI water, drop-cast
onto the Pyr–PEG–SH/AuNP functionalized graphene devices, and incu-
bated for 30min at RT. Devices were washed in situ with 3� 10 μL DI
water.

Secondary Blocking Step: Blocking buffer consisting of 1� PBS (pH 7.4)
þ 1% BSAþ 0.5% Tween 20 was drop-cast on the Pyr–PEG–SH/AuNP/
BSA functionalized devices and incubated at RT for 30 min. Devices were
washed in situ with 3� 10 μL DI water.

Electrical Measurements: Graphene “DipChips” with two CVD graphene
resistor channels on a SiO2/Si substrate were used for sensitive real-time
2-point resistance measurements. A “Sensor-Connect” connector
(supplied by Biovici Ltd.) was used to provide electrical connections
between the graphene channels and the measurement instruments. A
fixed-voltage measurement regime was used throughout (40mV).
Measurements were carried out under ambient conditions (temperature
20 �C, normal atmospheric pressure). A device independence check was
carried out on a chip, consisting of two separate devices, to confirm the
devices were discrete. Real-time data can be found in Figure 1d.

ΔR/R0 used throughout whereΔR¼ RDevice� R0, and R0 is the intrinsic
resistance of the functionalized device in dry state at time, t¼ 0.

Hall Resistance Measurements: Hall resistances were measured using
the 4-terminal lock-in technique. The Hall voltage was measured when
the magnetic field of both polarities (two polarities were used to eliminate
the voltage offset contribution) were applied perpendicular to the gra-
phene surface. The measurements were performed using the following
parameters

Bias current, I bias ¼ 100 nA
Frequency, f¼ 11 Hz
Magnetic field density, �0.78 T
Magnetic field was applied when the resistance was close to the equi-

librium state.
Charge carrier concentration, p, is calculated from the measured Hall

resistance, RH, by the formula

p ¼ B
RH�e (2)

where e is the elementary electron charge; B is the magnetic field density.
Statistical Analysis: Preprocessing: A custom MATLAB script was used

to extract average normalized resistance (ΔR/R0) from real-time data.
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Local minima in the time series were used to identify the points at which
droplets were cast onto the graphene sensor surface. Devices with irregu-
lar responses were excluded from statistical analysis; these differences
were attributed to variations in device manufacture.

Analysis of n¼ 3 representative devices gave monotonically increasing
ΔR/R0, with increasing concentrations of HCVcAg had a mean ΔR/R0 of
þ0.349 and SD of 0.036 at a concentration of 750 pgmL�1 HCVcAg.

A total of n¼ 2 devices were used to analyze the effect of iterative
exposure to PBS. A decreasing trend in ΔR/R0 was measured, with a mean
ΔR/R0¼�0.15, SD¼ 0.014 after the seventh iterative addition of PBS.

A total of n¼ 3 devices were used to analyze the response of BSA on
devices with unfunctionalized AuNPs. A decreasing trend in ΔR/R0 was
measured, with a mean ΔR/R0¼�0.13, SD¼ 0.015 at a concentration
of 750 pgmL�1 BSA.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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