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Abstract

This paper presents the optimization of surface modification for aptameric graphene
nanosensors for the measurement of biomarkers in undiluted physiological media. In
these sensors, graphene transduces the binding between an aptamer and the intended
target biomarker into a measurable signal while being coated with a polyethylene glycol
(PEG) nanolayer to minimize nonspecific adsorption of matrix molecules. We perform a
systematic study of the aptamer and PEG attachment schemes and parameters, including
the impact of the serial or parallel PEG–aptamer attachment scheme, PEG molecular
weight and surface density, and aptamer surface density on the sensor behavior, such
as the responsivity to biomarker concentration changes, and importantly, they are used
for operation in physiological media and have the ability to reject nonspecific binding to
interfering molecules. We then use the understanding from this parametric study to identify
graphene nanosensor designs that are optimally functionalized with PEG and aptamers to
be strongly responsive to target biomarkers and effectively reduce nonspecific adsorption of
interferents, thereby enabling sensitive and specific biomarker measurements in undiluted
physiological media. The experimental results show that nanosensors that were optimized
via serial modification with 5000 Da PEG at 15 mM and a 94 nt DNA aptamer at 500 nM
allowed specific measurement of C-reactive protein (CRP) in undiluted human serum with
a limit of detection (LOD) down to 27 pM, representing an up to 1000-fold improvement
compared to previously reported CRP measurements.

Keywords: biosensor; graphene field-effect transistor; aptamer; polyethylene glycol; C-
reactive protein; undiluted physiological media

1. Introduction
Background

Affinity nanobiosensors detect and measure biomarkers based on their specific binding
with affinity receptors such as antibodies [1,2], peptides [3,4], and aptamers [5,6]. Nano-
materials used in such devices have included, for example, silicon nanowires [7,8], carbon
nanotubes [9,10], MXenes [11,12], transition metal dichalcogenides (TMDs) [13,14], and
graphene [15,16], which have been demonstrated for a broad range of analytes such as
ions [17,18], small molecules [19,20], and proteins [21,22]. Affinity nanosensors that use
graphene are particularly attractive as the large surface area, excellent electrical conductiv-
ity, and high electron transfer rate [23] can allow highly sensitive biomarker measurements.
In such sensors, the binding of biomarker and aptamer molecules induces a change in the
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carrier concentration of graphene, which is reflected by a measurable device output for the
determination of the biomarker concentration.

Aptamer-based graphene affinity nanosensors have been used for biomarker measure-
ments with relevance to clinical diagnostics [24,25], environmental monitoring [26,27], and
other related applications [28,29]. Such devices, however, have thus far been mostly limited
to operating in conditioned buffers and are not yet applicable to physiological media as re-
quired for clinical applications. In physiological media (e.g., serum, urine, sweat, and tears),
nonspecific background molecules can adsorb to the graphene surface and render the sensors
ineffective. An effective strategy to address this issue is to protect the graphene surface with an
anti-adsorption coating to reduce nonspecific binding. For example, physisorption of molecules
such as bovine serum albumin (BSA) [30], Tween 20 [31], and Nafion [32] have been used to
mitigate nonspecific adsorption to graphene. While simple to implement, physisorption-based
molecular coatings can, however, be susceptible to detachment from surfaces, leading to a lack
of reliability.

In comparison, protecting the graphene surface with the polymer PEG via a more
robust attachment strategy can provide a more reliable reduction in nonspecific binding.
PEG achieves suppression of nonspecific adsorption by forming well-solvated brushes as
a high activation barrier [33] while also providing the added benefit of reducing charge
screening on the graphene surface in media of high ionic strength to improve the sensitivity
in biomarker measurements [34]. For proof of principle of using PEG to reduce nonspecific
binding in physiological media, we previously reported PEG-coated aptameric graphene
nanosensors with which proteins were captured in serum and then measured in conditioned
buffer solution [35] or with which proteins were captured and measured within artificial
tears [36]. However, there has not yet been any investigation of how aptamers and PEG
attached to the graphene surface impact the sensor behavior in physiological media or
how these surface functionalization schemes and parameters can be chosen to optimize the
performance of aptameric graphene nanosensors.

This paper aims to optimize the surface modification of graphene nanosensors for
sensitive and reliable operation in undiluted physiological media where a complex variety
of matrix molecules are present in addition to the intended biomarker. We examine how
aptamer and PEG attachment schemes and parameters impact the reduction in nonspecific
binding and then determine the optimal modification of graphene surfaces to produce
aptameric graphene nanosensors that operate effectively in undiluted physiological media.
Unlike our previous proof-of-concept work, where an arbitrarily selected, non-optimal
PEG coating was used without attempting to understand the impact of the surface modifi-
cation scheme choices, here, we systematically investigate the effects of the schemes and
parameters of surface functionalization on the behavior of aptameric graphene nanosensors.
These include the impact of serial or parallel PEG and the aptamer attachment scheme,
PEG molecular weight, PEG surface density, and aptamer surface density on the sensor
performance, such as the responsivity to biomarker concentration changes, and importantly,
for operation in physiological media, the ability to reject nonspecific binding to interfering
matrix molecules. We then use the understanding from this parametric study to identify
graphene nanosensor designs that are optimally functionalized with PEG and aptamers for
highly sensitive and specific biomarker measurements in undiluted physiological media.

The experimental results show that nanosensors functionalized with higher PEG
molecular weights and higher PEG and aptamer surface densities through a serial PEG–
aptamer modification scheme provide more effective minimization of nonspecific binding
and offer enhanced responsivity for biomarker measurements in physiological media.
In particular, devices serially modified with 5000 Da PEG at 15 mM and a 94 nt DNA
aptamer at 500 nM allowed specific measurement of C-reactive protein (CRP), used as
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a representative biomarker. CRP is a systemic inflammation marker and is routinely
measured for assessment of infection, chronic inflammatory disease monitoring, and
cardiovascular risk stratification [37]. Its physiological concentration ranges from 10 s of
pM in non-inflammatory conditions to several orders of magnitude higher during acute
inflammatory and pathological conditions [38]. An LOD down to 27 pM in undiluted
human serum was achieved, representing an improvement by a factor of approximately
70 to 1000 compared to the previously reported CRP measurement results [39,40]. Thus,
nanosensors can potentially be used to detect CRP concentrations that are only moderately
outside the normal range for identification of early-stage and subtle inflammatory changes.

2. Results and Discussion
2.1. Experimental Design

The nanosensor is an electrolyte-gated field-effect transistor (FET), in which graphene,
serving as the conducting channel, is modified with PEG to minimize nonspecific binding and a
nucleic acid aptamer to specifically recognize the target biomarker (Figure 1a) [35,36]. The device
was fabricated on a Si/SiO2 wafer as a substrate. Ti (5 nm) and Au (50 nm) were deposited
and patterned to form the source, drain, and gate electrodes. Chemical vapor deposition
(CVD) graphene was then transferred onto the electrodes and patterned to form the conducting
channel. 1-Pyrenebutanoic acid succinimidyl ester (PASE) was modified on the surface via
π-π stacking with graphene [36]. Two schemes were then used to modify the graphene–PASE
surface with PEG and the aptamer. In one scheme (serial attachment), the aptamer was attached
to PEG, which was in turn attached to the graphene surface (Figure 1b); in the other scheme
(parallel attachment), the aptamer and PEG were both directly attached to the graphene surface
(Figure 1c). Further details of the design, fabrication, and surface modification of the nanosensor
are provided in the Supplementary Information.

Figure 1. An aptamer-based graphene nanosensor. (a) The device is a field-effect transistor with
graphene as the conducting channel. (b) An aptamer is attached to PEG, which is in turn attached to
graphene. (c) The aptamer and PEG are both directly attached to graphene.

The experimental design involved a systematic study of the key surface modification
schemes and parameters to understand how they influence the minimization of nonspecific
binding for measurements of biomarker analytes in undiluted physiological media. We first
compared serial versus parallel attachment of PEG and aptamer molecules to graphene to
determine their relative efficacy for PEG to reject nonspecific binding and for the aptamer–
analyte binding to be transduced into a measurable conductivity change in the graphene.
Second, we examined the effect of the molecular weight of PEG. This parameter determined
the thickness of the PEG nanolayer for the protection of graphene from nonspecific binding
while also impacting the Debye screening length on the graphene surface. Third, we
investigated the effect of the PEG surface density resulting from treating the graphene
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surface with varying concentrations of PEG. This parameter influenced the formation
of a dense, well-solvated PEG nanolayer on the graphene surface, which impacted the
effectiveness of nonspecific binding rejection and determined the number of available
aptamer recognition sites per unit area. The fourth key parameter studied was the aptamer
surface density resulting from modifying the PEG-saturated graphene surface with the
aptamer at varying concentrations. This parameter directly influenced the number of
analyte molecules that could be captured per unit area of graphene, determining the
strength of the graphene’s response to the presence of the analyte.

We finally used insights from the parametric study to identify the optimal func-
tionalization of the graphene nanosensor by the aptamer and PEG to achieve effective
minimization of nonspecific binding and sensitive and specific detection and measurement
of biomarkers in complex, undiluted physiological media.

2.2. Physical Characteristics and Biomarker Specificity

In the experimental setup, drain and source probes of a nanosensor were connected with
contact pads, and the drain–source current was recorded by a sourcemeter (Figure 2a). The
transfer characteristic curve, i.e., the drain–source current (Ids) plotted with respect to the gate
voltage (Vg), was measured to verify the modification of the device (Figure 2b) [36]. The curve
allowed identification of the Dirac point (VDirac) as the value of Vg at which Ids reaches the
minimum. VDirac shifted from 64.9 to 158.1 mV after PASE was attached to the graphene surface,
suggesting that PASE induced p-type doping in the graphene [35,36]. Upon attachment of PEG
(e.g., 2000 Da), which induced n-type doping in the graphene [35,36], the Dirac point negatively
shifted by −259.86 mV, indicating that PEG was successfully attached to the graphene. The
Dirac point shifted to −93 mV after the aptamer attachment, which induced n-type doping in
the graphene [35,36], indicating that the aptamer was successfully attached to the graphene.

The Dirac point shifts observed above reflect carrier concentration changes in the graphene
due to molecular events on the surface. At the Dirac point (i.e., Vg = VDirac), the electron and
hole densities reach an equilibrium in the bulk of the graphene, which hence achieves charge
neutrality [41]. When PASE, PEG, or aptamer molecules are present on the surface, the charge
carried by these molecules (aptamer) or the interaction of these molecules (PASE and PEG)
with the surface induces carrier concentration changes in the graphene, resulting in excess free
electrons (n-doping, aptamer and PEG) or holes (p-doping, PASE) [35,36]. Thus, the Dirac
point must experience a negative shift to electrostatically deplete the excess electrons (aptamer
and PEG) or a positive shift to compensate for the excess electron deficiency (PASE), thereby
reaching a new electron–hole equilibrium in the channel.

The graphene surface and its modification were additionally investigated using Ra-
man spectroscopy (Figure 2c). The Raman spectrum revealed the existence of a G band
(1589 cm−1) and a 2D band (2679 cm−1), with an intensity ratio (2D band to G band) of 2.5,
confirming the surface to be that of monolayer graphene [42]. After PASE attachment, the
split of the G band (1589 and 1628 cm−1) and noticeable D band (1348 cm−1) appeared in
the Raman spectrum, reflecting that PASE induced p-type doping in the graphene. This
confirmed the coupling between the graphene and pyrene groups on PASE.

The specificity of the nanosensors to target biomarkers was investigated. C-reactive
protein (CRP), a protein indicative of inflammation due to infection, injury, or chronic
disease [43], was used as a representative biomarker, while pentraxin3 (PTX 3), a related in-
flammatory protein [44] and a member of the pentraxin family sharing structural similarity
with CRP, was used as a control.

Non-PEGylated nanosensors were first tested (Figure 3a). The devices modified with
the CRP aptamer (500 nM) were immersed in a solution of CRP and PTX 3 for measurements
of the shift in the Dirac point, ∆VDirac = VDirac − VDirac,0, where VDirac,0 is the Dirac point
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of the device at CRP concentrations of 0. The response of the device to PTX 3 was 1.3,
4.8, and 2.5 mV as the PTX 3 concentration was at 0.1, 10, and 100 nM, which was only
41%, 31%, and 12% of that of the device to CRP at the corresponding concentrations. This
indicated that the aptamer-functionalized nanosensor modified with the CRP aptamer was
specific to CRP, the target biomarker.

Figure 2. Surface characterization of a nanosensor. (a) Photograph of the nanosensor chip in contact
with testing probes. Micrograph of the graphene conducting channel of the device. (b) Transfer
characteristic curve of the chip following sequential surface modification with PASE, PEG, and
aptamer. (c) Raman spectrum of a graphene sample before and after PASE attachment.

Figure 3. Biomarker specificity. (a) The sensing response of non-PEGylated nanosensors to CRP over
PTX 3 (control target) in PBS. The sensing response of PEGylated nanosensors to CRP compared to
PTX 3 measurement in (b) PBS and (c) human serum, respectively.
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The PEGylated nanosensors with serial and parallel surface modification schemes
were then used for CRP and PTX 3 measurements in phosphate-buffered saline (PBS) and
undiluted human serum, respectively (Figure 3b,c). For a device with the serial modification
scheme, the Dirac point shift was measured to be 10, 35, and 48 mV when the concentration
of CRP was at 0.1, 10, and 100 nM. In comparison, the response of the device with a serial
surface modification scheme to PTX 3 at these concentrations was 4.1, 4.0, and 5.2 mV, which
was 40%, 11%, and 11% of that of the device to CRP at the corresponding concentrations. A
PEGylated device with a serial modification scheme was next tested in undiluted human
serum. The Dirac point shift was measured to be 11, 21, and 40 mV when the concentration
of CRP was at 0.1, 10, and 100 nM, respectively. In comparison, the response of the device
to PTX 3 at these concentrations was 5.6, 5.7, and 9.0 mV, or 51%, 27%, and 23% of the Dirac
point shift for the device to CRP at these concentrations. Thus, the response of the CRP
aptamer-functionalized nanosensor to PTX 3 was considerably smaller than that to CRP in
both PBS and human serum, suggesting that the device was specific to CRP.

The specificity of the nanosensors with PEG and aptamer modification in parallel was
next tested against PTX 3 and CRP in PBS and undiluted human serum (Figure S1a,b).
As the concentration of PTX 3 was changed from 0.1 to 100 nM in PBS, the Dirac point
shift of the device varied from 1.6 to 5.1 mV, or from 27% to 15% of the device response
to CRP in the same concentration range. In addition, the response of the device to PTX
3 in human serum ranged from 1.1 to 5.0 mV as the PTX 3 concentration varied from 0.1
to 100 nM. These were 28% to 19% of the device’s Dirac point shift in response to CRP at
these concentrations. Thus, with a response to PTX 3 much smaller than that to CRP, the
nanosensor with parallel PEG and aptamer modification was considered specific to CRP.

2.3. Effects of Graphene Surface Modification Schemes and Parameters

We investigated surface modification schemes and parameters that impact the re-
duction in nonspecific binding in PBS and undiluted physiological media, and the key
optimization parameters are summarized in Table 1.

Table 1. Parameters used in graphene surface functionalization.

Parameters Value

Attachment scheme Serial, Parallel
PEG molecular weight 1000, 2000, 5000 Da

PEG concentration 1, 5, 15 mM
Aptamer concentration 50, 150, 500 nM

2.3.1. Behavior of Non-PEGylated Nanosensors in PBS and Human Serum

We first investigated the responses to CRP, respectively, in PBS and undiluted human
serum, of nanosensors that were modified with the aptamer at 500 nM but not protected
with PEG.

The transfer characteristic curve was obtained with a non-PEGylated nanosensor first
exposed to CRP in PBS. As the concentration of CRP increased from 0.1 to 100 nM, the
Dirac point decreased from −83 to −104 mV (Figure 4a). This can be explained by the
nanosensor’s transduction mechanism: the guanine-rich aptamer binds with the biomarker
and folds into a stable and compact G-quadruplex formation [45]. As a result, the complex
of a negatively charged aptamer with the protein was brought closer to the graphene
surface [46,47], thus redistributing the carrier concentration in graphene and resulting in
the measured decrease in the Dirac point with the concentration of CRP.
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Figure 4. Effects of the surface modification scheme. The Dirac point shift as a function of CRP
concentration for devices with parallel and serial modification schemes in (a) PBS and (b) human
serum, respectively.

We then tested a non-PEGylated nanosensor in undiluted human serum. When the
concentration of CRP ranged from 0.1 to 100 nM, the Dirac point shift of the non-PEGylated
device experienced a change of 5.3 mV compared to 21 mV of the device in PBS. Thus, the
response of the non-PEGylated device to CRP in undiluted human serum was considered
insignificant, which could be attributed to nonspecific binding in human serum.

2.3.2. Effects of the Graphene Surface Modification Scheme

The impact of different surface modification schemes on the behavior of nanosensors
in PBS and undiluted human serum was investigated. The nanosensors were modified
through serial and parallel surface modification schemes with PEG of molecular weight
2000 Da at a concentration of 15 mM and with the aptamer at a concentration of 500 nM.

The nanosensors with serial and parallel surface modification schemes were first tested in
PBS buffer (Figure 4a). The transfer characteristic curves were measured (Figure S2a,b). As the
concentration of CRP increased from 0.1 to 100 nM, the Dirac point shift of the device with a
serial surface modification scheme changed by 38 mV, which was 1.4 times that of the device
with a parallel surface modification scheme (27 mV). The higher signal levels from serial PEG
and the aptamer attachment could be attributed to the beneficial role of PEG in enhancing the
performance of graphene FET sensors [48]. In the serial attachment, PEG has access to a larger
number of reactive sites on PASE in the absence of competition from aptamers to form a dense,
continuous isolation layer. In comparison, in the parallel attachment, introducing PEG and
aptamers simultaneously leads to competition for reactive sites on PASE, leading to reduced
surface coverage by PEG.

These results were further compared with the non-PEGylated nanosensor results
above. The changes in the Dirac point shifts of the non-PEGylated devices were 78%
and 55% of those of the PEGylated devices with parallel and serial surface modification
schemes, respectively, when the concentration of CRP changed from 0.1 to 100 nM. The
PEGylated nanosensors outperformed the non-PEGylated nanosensor in the CRP mea-
surement, regardless of surface modification scheme, reflecting that PEG can prevent
nonspecific binding and increase the Debye length to enhance the responsivity of the
PEGylated nanosensor for the CRP measurement.

Nanosensors with the different surface modification schemes were then tested in
undiluted human serum (Figure 4b). Transfer characteristic curves of the nanosensors were
measured (Figure S2c,d). When the CRP concentration increased from 0.1 to 100 nM, the
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Dirac point shift of the device with a serial surface modification scheme exhibited a change
of 29 mV, which was 25% more than that of the device with a parallel surface modification
scheme (23 mV). Thus, for measurements in human serum, the nanosensor with the serial
modification strategy also exhibited a higher sensitivity compared to the device with the
parallel modification strategy. In comparison with the non-PEGylated nanosensor, the
PEGylated nanosensors with either serial surface modification schemes or parallel surface
modification schemes succeeded in measuring CRP in undiluted human serum, indicating
effective suppression of nonspecific adsorption of matrix molecules.

Starting with the next section, we will focus on the scheme of serial aptamer–PEG
attachment to graphene and study the effects of the key surface modification parameters,
including PEG molecular weight, PEG surface density, and aptamer surface density, on
the nanosensor behavior in undiluted human serum. Incubating sensor chips with PEG
of 2000 Da molecular weight at 15 mM concentration and with the aptamer at 500 nM
concentration will be used as a set of standard parameter values. One parameter at a time
will be varied from its standard value in each parametric study.

2.3.3. Effects of PEG Molecular Weight

The effects of PEG molecular weight on the characteristics of nanosensors in PBS
and undiluted human serum were investigated. With reference to the standard surface
modification parameters (2000 Da PEG at 15 mM and an aptamer at 500 nM), the graphene
surfaces were modified with PEG of additional molecular weights of 1000 and 5000 Da.
The other modification parameters remained unchanged.

The graphene surfaces modified with PEG at different molecular weights were exam-
ined using atomic force microscopy (AFM) (Figure 5a). The thickness of the PASE-attached
graphene layer was 4 nm. After PEG attachment, the thickness of the graphene layers
modified with PASE followed by PEG was 8.3, 9.6, and 12 nm when the molecular weight
of PEG was 1000, 2000, and 5000 Da, respectively. The thickness of the PEG layer increased
with the molecular weight of PEG, thereby enabling substantial surface coverage to prevent
nonspecific binding [49] and extending the Debye screening length.

Figure 5. Effects of PEG molecular weight. (a) AFM images of the graphene surfaces modified with
PEG of molecular weight at (i) 1000, (ii) 2000, and (iii) 5000 Da, respectively. The Dirac point shift as
a function of CRP concentration for the devices modified with PEG of different molecular weights in
(b) PBS and (c) human serum, respectively.

The nanosensors, modified with PEG at the varying molecular weights, were then
tested for the CRP measurement in PBS (Figure 5b). The transfer characteristic curves
were measured (Figure S3a,b). As the concentration of CRP increased from 0.1 to 100 nM,
the Dirac point shift of the devices modified with PEG of molecular weight at 1000 and
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5000 Da changed by 32 and 43 mV, respectively. These results were, respectively, 84% and
113% of those of the device modified with 2000 Da PEG, respectively. These results were
attributed to the high molecular weight of PEG, which can prevent nonspecific binding [50]
and increase the Debye screening length, thereby improving the device’s responsivity for
the CRP measurement.

The PEGylated nanosensor outperformed the non-PEGylated nanosensor in respond-
ing to CRP in PBS. In a CRP concentration range of 0.1 to 100 nM, the changes of the
Dirac point shifts for the non-PEGylated devices were 66%, 55%, and 49% of those for the
PEGylated devices modified with PEG of molecular weight at 1000, 2000, and 5000 Da,
respectively, which were attributed to the ability of PEG to suppress nonspecific binding
and increase the Debye screening length.

The nanosensors modified with PEG at different molecular weights were next tested in
undiluted human serum (Figure 5c), and the transfer characteristic curves were measured
(Figure S3c,d). As the CRP concentration was changed from 0.1 to 100 nM, the Dirac point
shift of the devices modified with PEG of 1000 and 5000 Da experienced a change of 27
and 34 mV, respectively. These were, respectively, 93% and 117% of the shift of the device
modified with PEG of 2000 Da. This confirmed that the PEGylated device can detect CRP
in undiluted human serum, without being limited by the molecular weight of PEG. This
result also demonstrated that the device modified with PEG at high molecular weights
can effectively prevent nonspecific binding and increase the Debye screening length in
undiluted human serum compared to low molecular weights, thereby achieving the CRP
measurement with a high responsivity. In comparison with the non-PEGylated device, the
PEGylated devices successfully detected CRP in undiluted human serum, regardless of the
molecular weight of PEG, reflecting the ability of PEG to prevent nonspecific binding and
increase the Debye screening length in undiluted human serum.

2.3.4. Effects of the PEG Surface Density

We then investigated the effects of PEG surface density on the behavior of nanosensors
in PBS and undiluted human serum, respectively. With reference to the standard surface
modification parameters (2000 Da PEG at 15 mM and aptamer at 500 nM), the graphene sur-
faces were additionally modified with 2000 Da PEG at 1 and 5 mM. The other modification
parameters remained unchanged.

To control the density of PEG immobilized on the graphene surfaces, the surfaces
were treated with PEG solutions of different concentrations. The surfaces were then im-
mersed in aptamer solution with a constant concentration (500 nM), attaining different
aptamer surface densities based on different PEG surface densities. Energy-dispersive
X-ray spectroscopy (EDS) was employed to examine the aptamer density on the graphene
surfaces, which can reflect the corresponding PEG surface density (Figure 6a). Phospho-
rus was observed on the graphene surfaces with different PEG densities, as reflected by
pink-colored dots in the elemental maps given in the form of EDS images. As phospho-
rus is contained only in the aptamer but not in other surface-attached components, the
phosphorus-representing, pink-colored dots in the EDS images allowed for visualization
of the density of aptamer–PEG complexes immobilized on the graphene surfaces. There-
fore, in the EDS elemental maps, the PEG surface density can be characterized by the
phosphorus–coverage ratio, i.e., the ratio of the area covered with pink dots to the overall
area of the graphene surface [24]. The ratio was calculated to be 2.5%, 7.5%, and 15%,
respectively, as the concentration of PEG attached to the graphene surface was 1, 5, and
15 mM, respectively. The PEG density on the graphene surface increased with the concen-
tration of PEG attached to the surface, which provided more available aptamer recognition
sites, thereby increasing the possibility of binding between the aptamer and biomarker.
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Figure 6. Effects of PEG density on the graphene surfaces. (a) EDS characterization of the graphene
surfaces modified with PEG at the concentrations of (i) 1, (ii) 5, and (iii) 15 mM, respectively. Pink dots
represent the distribution of phosphorus on the graphene surfaces. The Dirac point shift of nanosensors
with different PEG surface densities in response to CRP in (b) PBS and (c) human serum, respectively.

The PEGylated nanosensors with different PEG surface densities were then tested for
CRP in PBS (Figure 6b), and the transfer characteristic curves were measured (Figure S4a,b).
As the concentration of CRP increased from 0.1 to 100 nM, the Dirac point shift of the
devices modified with PEG at the concentrations of 1 and 5 mM changed by 30 and 32 mV,
respectively. These were, respectively, 79% and 84% of that of the device modified with PEG
at the concentration of 15 mM PEG, reflecting that the denser, well-solvated brushes formed
by PEG with high density can effectively prevent nonspecific binding. The nanosensor
modified with a higher PEG at a concentration of 20 mM was further used for the CRP
measurement (Figure S4c). In a CRP concentration range of 0.1 to 100 nM, the Dirac point
shift exhibited a change of 38 mV, which agreed with that of the device modified with PEG
at a concentration of 15 mM, suggesting saturation of the surface modified with PEG at a
concentration of 15 mM.

We then compared the behavior of the PEGylated nanosensor with the non-PEGylated
nanosensor. The PEGylated device outperformed the non-PEGylated device at any given
CRP concentration. As the concentration of CRP increased from 0.1 to 100 nM, the changes
in the Dirac point shifts of the non-PEGylated devices were 70%, 66%, and 55% of those of
the devices modified with PEG at the concentrations of 1, 5, and 15 mM, respectively. This
was attributed to the well-solvated brushes formed by PEG molecules, resulting in a high
activation barrier on the graphene surface to prevent nonspecific binding.

The nanosensors with different PEG surface densities were then used to detect CRP in
undiluted human serum (Figure 6c), and the corresponding transfer characteristic curves were
measured (Figure S4d,e). As the CRP concentration changed from 0.1 to 100 nM, the Dirac point
shift of the devices modified with PEG at the concentrations of 1 and 5 mM changed by 21
and 27 mV, which were, respectively, 72% and 93% of that of the device modified with PEG
at the concentration of 15 mM. These results illustrated that devices with a high PEG surface
density responded more strongly to CRP in undiluted human serum. In comparison with the
non-PEGylated device, the PEGylated device, regardless of the PEG surface density, succeeded
in the CRP detection in undiluted human serum, reflecting the capability of PEG to suppress
nonspecific binding and expand the Debye length.

2.3.5. Effects of the Aptamer Surface Density

The effects of the aptamer surface density on nanosensor behavior in PBS and undi-
luted human serum, respectively, were finally investigated. With reference to the standard
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surface modification parameters (2000 Da PEG at 15 mM and aptamer at 500 nM), the
graphene surfaces were additionally modified with the aptamer at concentrations of 50 and
150 nM. The other modification parameters remained unchanged.

To control the density of aptamer molecules immobilized on the graphene surfaces, the
surfaces were treated with aptamer solutions of different concentrations, and EDS was employed
to examine the aptamer density on the graphene surfaces (Figure 7a). The ratio of the area
covered with pink dots to the overall area of the graphene was calculated to be 1.9%, 6.5%,
and 15% when the graphene surfaces were modified with the aptamer at 50, 150, and 500 nM,
respectively. The aptamer surface density increased with the concentration of the aptamer
molecule, thereby providing more available CRP recognition sites for CRP recognition.

Figure 7. Effects of aptamer density on the graphene surfaces. (a) EDS elemental maps are shown
of the graphene surfaces modified with CRP aptamer at the concentrations of (i) 50, (ii) 150, and
(iii) 500 nM, respectively. Pink dots represent the distribution of phosphorus on the graphene surfaces.
Dirac point shifts of the nanosensors with different aptamer surface densities for CRP measurements
in (b) PBS and (c) human serum, respectively.

The PEGylated nanosensors functionalized with different concentrations of the ap-
tamer were then used for the CRP measurement in PBS (Figure 7b), and the transfer
characteristic curves were measured (Figure S5a,b). When the surfaces were coated with
PEG and functionalized with the aptamer molecule at varying densities, the behavior of the
devices was different. As the CRP concentration increased from 0.1 to 100 nM, the Dirac
point shift of the devices modified with the aptamer at the concentrations of 50 and 150 nM
experienced a change of 28 and 31 mV, respectively. These were, respectively, 74% and 82%
of the shift of the device modified with the aptamer at a concentration of 500 nM. That is,
a stronger response of the nanosensor was observed at a higher aptamer surface density,
which was attributed to the increased availability of CRP recognition sites for CRP on the
graphene surface. The nanosensor modified with the aptamer at a higher concentration of
1000 nM was further used for the CRP measurement (Figure S5c). When the concentration
of CRP changed from 0.1 to 100 nM, the Dirac point shift experienced a change of 38 mV,
comparable to that of the aptamer at the concentration of 500 nM, suggesting saturation of
the aptamer at 500 nM.

Next, we compared the behavior of the PEGylated nanosensor with the non-PEGylated
nanosensor. In a CRP concentration range of 0.1 to 100 nM, the change in the Dirac point
shift of the PEGylated devices modified with the aptamer at the concentrations of 50, 150,
and 500 nM was 1.3, 1.5, and 1.8 times that of the non-PEGylated device, which could
be attributed to the previously reported finding that PEG modification may effectively
increase the Debye screening length on the graphene surface.
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The nanosensors with different aptamer surface densities were next tested in undiluted
human serum (Figure 7c). The transfer characteristic curves were measured (Figure S5d,e).
When the concentration of CRP ranged from 0.1 to 100 nM, the Dirac point shift of the de-
vices modified with the aptamer at the concentrations of 50 and 150 nM exhibited a change
of 14 and 21 mV, respectively, which were 48% and 72% of that of the device modified
with the aptamer at the concentration of 500 nM. This confirmed that the nanosensor with
high aptamer surface density can achieve a stronger output for the CRP measurement in
undiluted human serum. In comparison with the non-PEGylated nanosensor, CRP can be
successfully measured with the PEGylated nanosensors, reflecting that PEG can suppress
nonspecific adsorption in undiluted human serum.

2.4. Discussion: Optimal Surface Functionalization for the Nanosensor

The results above indicated that surface modification with PEG rejected nonspecific
binding in physiological media. This was attributed to the formation of a protective layer on
the graphene surface by PEG, which reduced nonspecific adsorption of nontarget molecules
to the surface [51]. The extent to which nonspecific binding was reduced depended on
surface modification scheme [52], PEG molecular weight, PEG surface density, and aptamer
surface density, which were key parameters for the surface modification. Nanosensors with
a serial surface modification scheme outperformed nanosensors with a parallel surface
modification scheme. Compared to the parallel surface modification scheme, the serial
surface modification scheme can provide more exposure of aptamer recognition sites and
cover more sites on the graphene surface to prevent nonspecific binding [35,53]. More
possibilities for CRP to bind with the aptamer molecule and less nonspecific binding
induced by background molecules allowed a stronger measurable signal for the CRP
measurement. Indeed, as the concentration of CRP ranged from 0.1 to 100 nM, the Dirac
point shift of the devices with a parallel surface modification scheme changed by 27 mV in
PBS and 23 mV in human serum, respectively (Figure 4a,b), or 71% and 79% of the shifts of
the devices with a serial surface modification scheme in PBS and human serum.

Nanosensors modified with PEG of a higher molecular weight outperformed the
nanosensors modified with PEG of a lower molecular weight. PEG with a higher molecular
weight can more effectively protect the graphene surface for enhanced inhibition of nonspe-
cific binding. As the CRP concentration changed from 0.1 to 100 nM, the Dirac point shift
of the devices modified with PEG at the molecule weight of 5000 Da exhibited a change of
43 and 34 mV in PBS and human serum, which were 1.3 and 1.1 times those of the devices
modified with PEG at the molecular weight of 1000 Da PEG (Figure 5b,c).

As nanosensors with a higher PEG surface density yielded a larger output, this
investigation allowed us to identify an ideal PEG concentration for surface modification,
beyond which the increase in the PEG surface density would be diminished. Higher
PEG surface densities created a denser hydrated layer that helped to reduce nonspecific
binding and improve the availability of aptamer recognition sites, and sequentially, CRP
was attached. The devices modified with PEG at the concentration of 15 mM outperformed
the devices modified with PEG at concentrations of 1 and 5 mM for the CRP measurements
in both PBS and human serum (Figure 6b,c). For example, at a CRP concentration of 10 nM,
the Dirac point shifts of the devices modified with PEG at the concentration of 15 mM were
1.2 and 1.4 times those for the devices modified with PEG at the concentration of 1 mM for
the CRP measurements in PBS and human serum, respectively.

As higher aptamer surface densities would generally result in higher responses, this
investigation allowed us to identify an ideal aptamer concentration for surface modification,
beyond which the increase in the aptamer surface density would be diminished. The high
aptamer surface density can provide a larger number of CRP recognition sites, increasing
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the probability of capturing the biomarker. As the CRP concentration increased from 0.1 to
100 nM, the Dirac point shift of the devices modified with the aptamer at the concentration
of 50 nM exhibited a change of 28 and 14 mV in PBS and human serum, respectively, which
were 74% and 48% of that of the devices modified with the aptamer at the concentration of
500 nM (Figure 7b,c).

In summary, nanosensors serially functionalized with PEG at a high molecular weight
(5000 Da in our experiments) and a high surface density (15 mM) and with the aptamer
at a high surface density (500 nM) provided highly effective minimization of nonspecific
binding and strongly enhanced responsivity for biomarker measurements in human serum.
These devices allowed sensitive and repeatable measurements of CRP in undiluted human
serum with an LOD down to 27 pM. This LOD was a factor of ~70 to 1000 lower than the
CRP measurement LODs of the previously reported sensors that used electrochemical [54],
guided-mode optical resonance [55], fluorescence [56], and SPR [57] methods. While these
results were obtained for CRP, it is expected that the surface modification scheme, PEG
molecular weight, PEG surface density, and aptamer surface density can be similarly
optimized to enable aptameric graphene nanosensors to measure other biomarkers in
human serum and other physiological fluids.

3. Conclusions
In this study, we have investigated the impact of aptamer molecules and PEG attach-

ment parameters on reducing nonspecific binding in the pursuit of optimizing graphene
surface modifications for sensitive and specific biomarker detection in undiluted physiolog-
ical media. The attachment parameters investigated include the modification scheme, PEG
molecular weight, PEG surface density, and aptamer surface density. The nanosensor itself
was configured as a graphene-based field-effect transistor with the graphene surface subject
to modification with PEG and aptamers. Insights from our parametric study were used
to optimize the modification of the graphene nanosensor to enable sensitive and specific
biomarker measurements in undiluted physiological media.

Firstly, we systematically studied the impact of aptamer and PEG attachment methods
and parameters on nonspecific binding suppression. Devices with and without PEG
protection were tested for their biomarker response in both PBS and undiluted human
serum alongside devices with varying surface modification schemes. The PEGylated
devices with a serial surface modification scheme outperformed those with a parallel
surface modification scheme as well as non-PEGylated devices for biomarker measurements
in PBS and undiluted human serum, suggesting enhanced biomarker binding and reduced
nonspecific interactions due to PEGylation.

We then investigated the impact of PEG molecule weight on the behavior of the
nanosensors. AFM analysis of PEG-modified surfaces with different molecular weights
revealed that graphene layer thickness increased from 4 to 8.3, 9.6, and 12 nm for PEG
of 1000, 2000, and 5000 Da, respectively, extending Debye screening length to reduce
nonspecific binding. The devices modified with PEG at high molecular weight (5000 Da)
showed greater Dirac point shifts in the biomarker measurement in both PBS and undiluted
human serum when compared to lower molecular weights and to non-PEGylated devices.
These results demonstrate the capability of PEG in preventing nonspecific binding and
extending Debye screening length.

The impact of PEG surface density on the behavior of nanosensors was next investi-
gated. EDS analysis of aptamer surface density, mirroring PEG density, showed a maximum
phosphorus coverage of 15% on the graphene surface modified with PEG at a high con-
centration (15 mM), increasing aptamer recognition sites for biomarker interactions. The
PEGylated devices with the high PEG surface density yielded large Dirac point shifts in
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PBS and undiluted human serum, reflecting denser PEG brushes effectively preventing
nonspecific binding while outperforming the non-PEGylated devices.

Finally, the impact of aptamer surface density on the behavior of the nanosensors
was investigated. EDS analysis revealed that the phosphorus–coverage ratio (representing
aptamer surface densities) increased with the concentration of the aptamer (1.9%, 6.5%,
and 15% for 50, 150, and 500 nM aptamer concentrations) attached on the graphene surface,
suggesting that higher concentrations of attached aptamers provide an increased number
of biomarker recognition sites. PEG protection, along with high aptamer surface density,
resulted in the best observed performance, consistently outperforming the devices with
no PEG protection. This could be attributed to enhanced biomarker recognition sites and
increased Debye screening length on the graphene surface by PEG modification.

The studies above have shown that nanosensors modified with PEG of suitably high
molecular weight (e.g., 5000 Da) at a sufficiently high surface density (e.g., 15 mM), and with
the aptamer at a sufficiently high surface density (e.g., 500 nM) through a serial modification
scheme, can effectively suppress nonspecific binding and enhance the responsivity of the
biomarker measurement. The measurement of CRP in undiluted human serum achieved
a limit of detection as low as 27 pM, which was a factor of ~70 to 1000 lower than the
previously reported LODs for CRP.

These results demonstrate that the optimized PEGylated nanosensor offers enhanced
sensitivity and specificity and can be potentially used for the measurement and monitoring
of disease biomarkers in complex physiological solutions through optimizing sensor design.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/s26020744/s1, Figure S1. The sensing response of the PEGylated
nanosensor with parallel modification scheme to CRP and control protein (PTX 3) in (a) PBS and
(b) human serum, respectively. Figure S2. Responses of the nanosensors with different surface modi-
fication schemes. Transfer characteristic curves in response to CRP for the PEGylated nanosensors
with (a) serial and (b) parallel surface modification schemes in PBS. Transfer characteristics curves in
response to CRP for the PEGylated nanosensors with (c) serial and (d) parallel surface modification
schemes in human serum. Figure S3. Responses of the nanosensors modified with PEG of different
molecule weights. Transfer characteristic curves in response to CRP for the PEGylated nanosensors
modified with PEG of molecule weights (a) 1000 and (b) 5000 Da in PBS. Transfer characteristics
curves in response to CRP for the PEGylated devices modified with PEG of molecule weights (c) 1000
and (d) 5000 Da in undiluted human serum. Figure S4. Responses of the nanosensors with different
PEG surface densities. Transfer characteristic curves in response to CRP for the PEGylated devices
modified with PEG of concentrations at (a) 1, (b) 5 and (c) 20 mM in PBS. Transfer characteristics
curves in response to CRP for the PEGylated devices modified with PEG of concentrations at (d) 1 and
(e) 5 mM in undiluted human serum. Figure S5. Responses of the nanosensors with different aptamer
surface densities. Transfer characteristic curves in response to CRP for the PEGylated nanosensors
modified with the aptamer at the concentrations of (a) 50, (b) 150 and (c) 1000 nM in PBS. Transfer
characteristics curves in response to CRP for the PEGylated devices modified with the aptamer at the
concentrations of (d) 50 and (e) 150 nM in undiluted human serum.
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