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Polyclonal aptamer libraries as binding entities on
a graphene FET based biosensor for the
discrimination of apo- and holo-retinol binding
protein 4†
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Oligonucleotide DNA aptamers represent an emergently important

class of binding entities towards as different analytes as small

molecules or even whole cells. Without requiring the canonical

isolation of individual aptamers following the SELEX process, the

focused polyclonal libraries prepared by this in vitro evolution and

selection can directly be used to label their dedicated targets and to

serve as binding molecules on surfaces. Here we report the first

instance of a sensor able to discriminate between loaded and

unloaded retinol-binding protein 4 (RBP4), an important biomarker

for the prediction of diabetes and kidney disease. The sensor relies

on two aptamer libraries tuned such that they discriminate between

the protein isoforms, requiring no further sample labelling to detect

RBP4 in both states. The evolution, binding properties of the

libraries and the functionalization of graphene FET sensor chips

are presented as well as the functionality of the resulting biosensor.

Introduction

Retinol binding protein 4 (RBP4) is a serum protein, which
belongs to the lipocalin ligand binding protein family.1 It serves
as a transporter in the blood for all-trans-retinol (vitamin A
alcohol) and other retinoids like retinal or retinoid acid from
hepatic retinoid stores to peripheral tissues of the body.2 RBP4 is
expressed in the liver and circulates in blood serum,3 where
normal levels of the protein can range from 40 to 60 mg mL�1 in

humans.4 Under physiological conditions, mainly ligand-bound
RBP4 (holo-RBP4), approximately 90% of blood RBP4,5 circulates
in an 1 : 1 : 1 complex with transthyretin (TTR) (Scheme 1) and all-
trans-retinol as its stability is further enhanced and RBP4 is
prevented from extensive loss throughout glomerular filtration
and catabolism in the kidneys.6,7 Under healthy conditions, the
RBP4 expression is tightly regulated and after the transport of
retinol to its target cells the remaining unbound RBP4 (apo-
RBP4) is rapidly filtered out and the protein is cleared from the
serum.8 However, the amount of RBP4 can be increased in the
serum as a consequence of diseases like obesity,9 chronic
kidney disease,10 insulin resistance,11 and type 2 diabetes
mellitus.12 Depending on the level of elevation of the concen-
tration of a certain RBP4 isoform or disbalances of RBP4 to
retinol ratios, various reactions affecting the human health
state can be triggered.13 Recent studies showed, that especially
apo-RBP4 contributes in adipose tissue to the development of
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New concepts
Covalent surface modification of GFETs with nanoscale affinity entities
like aptamers has recently been demonstrated as advantageous over non-
covalent functionalization strategies. The stable and robust surfaces
resulting from covalent grafting of specific binding molecules are
expected to become versatile and cheap devices for biosensing
applications. In this work, we show that polyclonal aptamer libraries
against the two isoforms of retinol-binding protein 4 (RBP4) can be used
for GFET functionalization to discriminate retinol-loaded or empty RBP4.
Empty RBP4 can serve as a marker during diabetes development, which is
currently not yet used in clinical routine. Thus, a respective biosensor
represents not only an attractive tool for early diabetes diagnostics, but
also demonstrates the power of aptamers as highly sensitive sensing
interfaces of GFET-based sensors in future sensing (clinical) diagnostic
platforms. We believe that due to the simplicity of library evolution and
efficiency of covalent chemical grafting onto the graphene layers of GFETs
will open new avenues for these electronic devices to become standard
(bio-) sensors for a broad range of applications in medical diagnostics
and environmental health monitoring.
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an inflammatory state, which may result in insulin resistance.14,15

Likewise, patients suffering from type 2 diabetes mellitus may
exhibit moderate plasma RBP4 levels, but their level of free
RBP4 in proportion to retinol is increased indicating an imbal-
ance in ratios as a crucial factor.16 Nowadays, several enzyme-
linked immunosorbent assays (ELISAs) are commercially avail-
able the for detection of RBP4 in human serum, but they lack
accuracy and are insufficient for the quantification of high
concentrations of RBP4.17 Hence, quantitative western blotting
is used as the standard procedure for the detection of serum
RBP4, especially in insulin-resistant states.12 Typically only the
amount of total RBP4 is measured and no further differentiation
in isoforms is made. In order to overcome these restrictions and
to create a methodology allowing to discriminate between apo-
and holo-RBP4 the development of specific binding molecules
with distinct affinities either for the apo- or the holo-protein
would be an attractive amendment of the current existing RBP4
specific diagnostic technologies.

Since their introduction more than 20 years ago, nucleic acid
aptamers have become serious alternatives, which offer consid-
erable additional technical options making them increasingly
attractive for different applications compared to antibodies or
antibody derivatives, as they can serve as promising binding

molecules in techniques requiring highly specific detection and
quantification of target molecules.18 Aptamers are single-
stranded oligonucleotides like RNA or single-stranded DNA
(ssDNA) with surprising physical and chemical stability, high
specificity and affinity in combination with low overall immu-
nogenicity, they can acquire different secondary and tertiary
structures and are capable to bind defined targets.19 High-
affinity aptamers can be evolved and isolated from large random
sequence libraries. In this selection process, performed com-
pletely in vitro, called systematic evolution of ligands by expo-
nential enrichment (SELEX), repeated rounds of target binding

Scheme 1 RBP4-mediated transport of all-trans-retinol in blood serum
from stores in the liver to extrahepatic peripheral tissue. (A) Secretion of
RBP4 from the rough endoplasmatic reticulum of hepatocytes to the
blood serum. Binding of apo-RBP4 with retinol and subsequent com-
plexation of holo-RBP4 with transthyretin (TTR) forms a 1 : 1 : 1 holo-RBP4/
TTR complex. Release into the serum is mediated by retinol availability, the
conformational change upon retinol-binding is supposed to trigger the
release. (B) Delivery of retinol from hepatic retinoid stores to peripheral
extrahepatic tissues during periods of inadequate vitamin A intake. Trans-
port of the holo-RBP4/TTR complex in blood serum to target cells, there
the complex is cleaved to release holo-RBP4. (C) RBP4-associated retinol
uptake by peripheral tissue due to specific interactions of holo-RBP4 with
RBP4-receptors on the surface of target cells. Free RBP4 is either cleared
by glomerular filtration or returned to hepatic stores afterwards.

Scheme 2 SELEX based evolution of focused aptamer libraries for specific
detection of apo- or holo-RBP4. (A) Initial counter selection by incubation
of an initial aptamer library (B6 � 1014 individual aptamers), containing 40
randomized nucleotides flanked by two primer binding sites, with naked
Dynabeadss M-280 tosyl-activated resulting in an aptamer ‘counter library’
with reduced amounts of aptamers with specificity against the naked beads.
(B) Selection of specific polyclonal aptamer libraries by SELEX against apo-
or holo-RBP4. Reduction of sequence diversity by incubating the counter
selected aptamer library first with naked beads and subsequent with the
target proteins (bound to Dynabeadss M-280 tosyl-activated (indicated as
‘R’)) and aptamers exhibiting an adequate three-dimensional structure bind
to the targets. The remaining unbound aptamers are subsequently
removed, the bound aptamers are then eluted from the target proteins,
amplified by ePCR and the undesired complementary strands are removed
prior to the next SELEX round. (C) Specific target detection by binding of
focused aptamer libraries. Exclusive binding of polyclonal apo-RBP4 apta-
mers to apo-RBP4 and of holo-RBP4 aptamers to holo-RBP4.

Communication Nanoscale Horizons

Pu
bl

is
he

d 
on

 2
9 

ap
ri

le
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

6/
07

/2
02

5 
16

:2
5:

56
. 

View Article Online

https://doi.org/10.1039/d1nh00605c


772 |  Nanoscale Horiz., 2022, 7, 770–778 This journal is © The Royal Society of Chemistry 2022

and PCR mediated amplification aptamers with binding affinity
are successively enriched (Scheme 2).20 Additionally, to reduce the
sequence space of the random nucleotide library, an initial
elimination of nonspecific oligonucleotides by a counter selection
using only the target carrier material prior to the selection process
leads to a so called ‘counter library’ with enhanced selectivity.
Counter-selections against the carrier material before each round
of selection also enable increased specificity towards the target
protein, since otherwise in the selection step aptamers would not
only be selected against the immobilized target, but also against its
carrier material. Aptamers can be selected against a wide range
of target structures including proteins,21 whole cells, and
microorganisms,22,23 small molecules and chemical compounds
like metal ions.24 They can not only be used in diverse fields such
as diagnostics,25 biomarker discovery,26 imaging agents,27 drug
delivery,28 and as pharmaceutical compounds in molecular
therapy,29,30 but they are also attractive molecules for the con-
struction of binding entities in technical devices like electronic
biosensors31 on which predominantly antibodies or antibody
derivatives have been used.32–34

Recently, we have shown that as a significant simplification
of the aptamer textbook procedures, where the overall aim is to
isolate and characterize individual aptamer sequences before
they are used for applications, already focused polyclonal
libraries can not only be used directly after sufficient enrich-
ment, but can even outperform single aptamers.23 Thus, the use
of focused polyclonal aptamer libraries can be expected to be
advantageous due to higher precision based on the larger
sequence space available for productive target recognition and
increased performance in sensor technologies and diagnostics.

In order to specifically detect and quantify serum RBP4 such
focused polyclonal aptamer libraries were evolved in an iterative
SELEX process with recombinant purified target RBP4 proteins
immobilized on magnetic particles (Scheme 2) in combination
with fluorescence monitoring of the success of this molecular
evolution process (‘‘FluMag-SELEX’’).35 Therefore, each round of
aptamer evolution started by a counter-selection step using naked
magnetic beads prior to selection steps using apo- or holo-RBP4
coated magnetic beads. The aim was to create the possibility to
differentiate between RBP4 isoforms (i.e. the apo- and holo-RBP4)
and therefore two independent focused aptamer libraries were
successfully evolved simultaneously against both apo- and holo-
RBP4. The selective and precise quantification of RBP4 isoforms
plays an important role in early diagnostics and in the reduction
of either the level of serum apo- or holo-RBP4, as well as
balancing impairments in RBP4 to retinol ratios. Exclusive
specific binding of both polyclonal aptamer libraries to their
dedicated targets was used for the subsequent development of
aptamer-based apo-RBP4 and holo-RBP4 biosensors based on
electrolyte-gated field effect transistors (EG-FETs).

EG-FET devices have been used extensively in biosensing
applications, for example, to detect microRNA,36 DNA37 bio-
markers for heart failure,38 cancer,39 biotin in the pM range,40

and urea.41 We have also recently developed a highly sensitive
method of detecting the E7-protein for human papillomavirus
implicated in carcinogenesis.31

One of the primary benefits of EG-FET sensing devices is
that they do not require target labelling with fluorescent or
redox probes. Both the sensor chips and the read-out equip-
ment are low cost and therefore highly suitable for use in point-
of-care settings and in low socioeconomic areas where expertise
and laboratory environments are not readily available.

An EG-FET is based on the same principle as a metal oxide
FET: a source and drain electrode are separated by a semicon-
ducting channel (Scheme 3). By applying a voltage at the gate
electrode, channel conductivity is changed, modulating the
current flowing between the source and drain electrodes.
Biorecognition elements (antibodies, antigens, proteins or
aptamers) can be deposited on the channel and when the target
analyte binds, the change in dielectric layers at the interface
between the channel and the electrolyte changes. As a result,
the mobility of charge carriers in the channel is also changed.42

At a constant gate voltage, binding events on the channel can
therefore be observed as a change in the source–drain current
(IDS), therefore changing the gate voltage coupling to the
channel will alter the source–drain current. We deposited the
previously developed aptamer libraries on reduced graphene
oxide field-effect transistors (rGO-FETs, a sub-class of EG-FET
devices) using a previously developed methods.31

This platform also allows simultaneous optical and electro-
nic sensing when the platinum wire gate electrode is replaced
with a planar gold surface, achieving additional insight.43

Results and discussion
Recombinant RBP4 production in E. coli and purification from
cell extracts

Competent cells of the expression strain E. coli BL21 (DE3) were
transformed freshly prior to RBP4 over-expression and grown
for 5 h after induction with IPTG, and the cell growth was
monitored photometrically. After its biotechnological produc-
tion, cell harvest, and cell lysis almost no RBP4 was isolated
from lysate supernatants but remained in the insoluble fraction
(Fig. S1A, ESI†). This recombinant protein expressed in E. coli
requires a denaturation and refolding process to be active and
ready for retinol/retinal binding, as the formation of inclusion
bodies was described for recombinant RBP4 previously.44 It is
not unusual that foreign proteins aggregate as inclusion bodies

Scheme 3 (A) Typical configuration of an EG-FET. (B) Response of the
device when there is no target analyte (green) and when the target analyte
is present (red).
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after high level over-expression in E. coli.45 Several factors like a
strong promotor system or a high target gene copy number
favour a higher rate of recombinant protein expression leading
to inclusion bodies formation.46 Those can typically be dis-
solved under strongly denaturing conditions (e.g. urea) followed
by incubation with the diluted denaturant in excess to enable
protein refolding.47,48 Therefore, RBP4 was recovered according
to Wang et al. from inclusion bodies as a soluble protein by
dissolving the cell pellets in a denaturation buffer containing
8 M urea and subsequent refolding steps. It could be observed
as a band with an apparent molecular mass of 21 kDa (Fig. S1A,
ESI†). After all refolding steps, the resulting protein solution
was submitted to size exclusion chromatography (SEC) for
further purification. The collected fractions, assumed to contain
purified RBP4, were analyzed by SDS-PAGE in Fig. S1C (ESI†),
there single bands at a molecular mass of B21 kDa represented
RBP4. The corresponding protein concentrations (Fig. S1B,
ESI†) were calculated by the ChromLab Software and a total
yield of B12 mg RBP4 was gained after urea extraction and
purification from inclusion bodies harvested from 1 L culture.

Ligand binding properties and functionality of apo-RBP4

The functionality of the purified RBP4 was further confirmed by
determining its capacity to specifically bind increasing amounts
of all-trans-retinal. Varying concentrations of retinal were added
to a constant amount of the recombinant apo-RBP4. This
mixture was incubated under exclusion of light and the quench-
ing of intrinsic tryptophan fluorescence was monitored. The
amount of apo-RBP4 in the reaction mixture decreased until
only ligand-bound RBP4 was present after complexation with
all-trans-retinal (Fig. S1D, ESI†). Interaction between RBP4 and
retinal was confirmed, as the retinal quenched the intrinsic
RBP4 tryptophan fluorescence due to energy transfer to the
bound ligand. After binding, retinal is known to be incorporated
into the binding cavity of the b-barrel of RBP4, where the polar
groups remain solvent exposed.2 High affinity binding of all-
trans-retinal to E. coli-derived RBP4 was confirmed previously by
spectral analysis. There, fluorescence quenching by binding
increasing concentrations of retinal was monitored demonstrat-
ing the specific interaction at a single binding site.49 In order to
select aptamer libraries against apo- or holo-RBP4, first immo-
bilization of proteins on magnetic Dynabeads M-280 tosyl-
activated was performed. Covalent coupling of the tosyl-
groups on the surface of the magnetic beads with primary
amino groups of apo-RBP4 was performed as described by the
manufacturer. To verify the coating with apo-RBP4 or holo-
RBP4, the intrinsic tryptophan fluorescence emission was mon-
itored at 340 nm with an excitation at 280 nm. Fluorescence was
measured of apo-RBP4, apo- or holo-RBP4 coated beads, retinal,
and naked magnetic beads (Fig. S1E, ESI†). Afterwards, to
confirm retinal binding of holo-RBP4, emission was monitored
at 490 nm with an excitation at 350 nm. The immobilization could
be verified, as apo-RBP4 coated beads showed similar tryptophan
fluorescence as single apo-RBP4 and intrinsic holo-RBP4 fluores-
cence was quenched after complexing apo-RBP4 immobilized on
magnetic tosyl-beads with retinal. In comparison, signals gained

by holo-RBP4 coated beads and by unbound retinal were similar.
Uncoated naked magnetic beads exhibited no signals after fluores-
cence measurements, as buffers were used purely in the coating
process.

Evolution of aptamer libraries specific for RBP4 isoform and
verification of their specificities

With the aim to develop a methodological tool for the specific
quantification of serum apo- and holo-RBP4, polyclonal ssDNA
aptamer libraries were evolved during an iterative FluMag-SELEX
over a total of eight selection rounds. In order to differentiate
between the RBP4 forms, two independent focused ssDNA
aptamer libraries were selected in a simultaneous SELEX process
against both RBP4 isoforms. These polyclonal aptamer libraries
that bind to either apo-RBP4 or holo-RBP4 were successfully
selected from a random ssDNA library containing B6 � 1014

individual aptamers with 40 randomized nucleotides flanked by
two primer binding sites (23 nt each). The specificity was
increased by early counter selection measures in which non-
specific oligonucleotides were eliminated by using empty (or
‘‘naked’’) magnetic beads prior to each selection round. During
the individual rounds of the FluMag-SELEX, the aptamers were
Cy5-labelled via labelled PCR primers and analyzed fluorescently
afterwards. To verify the evolution progress, defined amounts of
aptamers (10 pmol) from each SELEX round were incubated with
apo- or holo-RBP4-coated magnetic beads after the selection
process. The libraries against apo-RBP4 were incubated for 30
min at 25 1C with apo-RBP4-coated magnetic beads and the holo-
RBP4 libraries with holo-RBP4-coated beads and analyzed fluor-
escently after elution. The amount of eluted aptamers increased
with each selection round indicating the progress of the enrich-
ment process (Fig. 1A). The resulting two focused polyclonal
aptamer libraries were further analyzed after the final selection
round for specific target binding. The affinity binding character-
istics of both final aptamer libraries were examined by analysis
using apo- or holo-RBP4 coated magnetic beads as well as naked
beads. Therefore, 10 pmol of round eight aptamer libraries were
used for each of the RBP4 binding assays. The binding assays
were performed using the apo-RBP4 library to specifically dis-
tinguish apo-RBP4 immobilized on magnetic beads from holo-
RBP4 and the naked beads negative control. Then, the final
polyclonal holo-RBP4 library was analyzed similar in order to
specifically detect holo-RBP4.

As expected, both aptamer libraries were confirmed to
specifically and efficiently bind their dedicated targets. Only
marginal signals were exhibited by the apo-RBP4 library for
holo-RBP4 and magnetic beads (Fig. 1B), but high specificity
was observed for the holo-RBP4 aptamer library (Fig. 1B).

In addition, the highly selective target binding of both
aptamer libraries was visualized using fluorescence micro-
scopy. Therefore, 30 pmol of each aptamer library were incu-
bated for 30 min with RBP4-coated magnetic beads as well as
with naked beads as negative controls. Afterwards, images were
taken under transmitted light to visualize the magnetic beads
and to detect target binding. Exclusive target binding of apo-
RBP4 aptamers was observed visually, as only fluorescence
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signals were observed after the binding to apo-RBP4 coated
magnetic beads (Fig. 2A).

As expected, beads coated with holo-RBP4 did not show any
red fluorescence (Fig. 2B), indicating the differentiation
between both RBP4 forms by the apo-RBP4 library. Likewise,
highly specific target recognition was observed for the holo-
RBP4 aptamer library. Red fluorescence signals could be
observed after the binding of these aptamers to their dedicated
target holo-RBP4 (Fig. 2D) and, as predicted, no signals were
obtained after the incubation with apo-RBP4-coated beads
(Fig. 2E). Moreover, both aptamer libraries exhibited no bind-
ing to the magnetic beads indicated by no fluorescence signals
(Fig. 2C and F). These visual fluorescence signals additionally
show the rapid and efficient labelling properties of both poly-
clonal aptamer libraries and furthermore the discriminating
ability of them both between apo- and holo-RBP4.

Specific electrical sensing of apo- and holo-RBP4 using rGO-
FETs

To assess the performance of aptamer libraries in biosensing
applications, they were used as biorecognition element on an
electrolyte-gated reduced graphene oxide field effect transistor
(EG-rGO-FET). Chips were fabricated using a previously opti-
mized protocol.50 Measurements were made in a Micrux all-in-
one flow cell using an Ag/AgCl electrode as gate. Special
aptamer libraries were prepared with primers bearing an amine
functional group at the 50-end. This aptamer library was then
immobilized via EDC–NHS coupling on a pyrene-carboxylic
acid functionalized reduced graphene oxide surface using pre-
viously published protocols (see Scheme 4).31 Analyte binding
alters the charge transfer characteristics of the device which
can be measured via ‘IDVG-curves’ in which the gate voltage (VG)
is swept from �0.5 to 0.5 V and the source–drain current IDS is
recorded. Higher voltages were not tested to avoid damaging
biological components. Shifts in IDVG characteristics are caused
by differences in charge carrier mobility originating from
changes in the charge distribution at the channel-electrolyte
interface.51 The charge distribution is altered during binding
events, for example of charged analytes such as proteins and
due to structural changes in the negatively charged aptamer
backbone upon analyte binding.

Analyte binding can be observed in real time by monitoring
IDS at a fixed gate potential during analyte addition38,39,52 or
IDVG curves can be recorded after analyte addition.36,53–55

Measuring IDS in real time during analyte addition was not
reliable (see Fig. S5, ESI†). We suspect that when a constant
gate voltage is applied during analyte binding, a subset of the

Fig. 2 Fluorescence microscopic analysis of specific RBP4 binding to
Cy5-labelled aptamer libraries. (A) Binding of apo-RBP4 aptamers to
apo- and (B) holo-RBP4 as well as to (C) naked Dynabeadss M-280
tosyl-activated. (D) Binding of holo-RBP4 aptamers to apo- and (E)
holo-RBP4 as well as to (F) naked Dynabeadss M-280 tosyl-activated.
All experiments were performed using 30 pmol aptamers, 13.6 mg apo- or
holo-RBP4 and 0.68 mg magnetic beads. Images were monitored using a
Leica DMi8 coded (Leica Microsystems CMS GmbH, Wetzlar, Germany) at
�40 magnitude under transmitted light and using the Y5 filter (excitation:
590–650 nm and emission: 662–738 nm) for fluorescence imaging.

Fig. 1 Characterization of specific RBP4 binding to Cy5-labelled aptamer
libraries. (A) RBP4 ssDNA aptamer libraries enrichment. Black bars,
increased binding of selected aptamers to apo-RBP4 during SELEX. Grey
bars, increased binding of aptamers to holo-RBP4 during SELEX. The
evolution progress was monitored using fluorescence measurement at
an excitation of 635 nm with an emission at 670 nm. (B) Specificity analysis
of the final polyclonal aptamer libraries. Binding of aptamers against apo-
RBP4 or holo-RBP4 to both apo- and holo-RBP4 as well as to naked
Dynabeadss M-280 tosyl-activated. All experiments were performed
using 10 pmol aptamers, 13.6 mg apo- or holo-RBP4 and 0.68 mg
magnetic beads, fluorescence was monitored at an excitation of 635 nm
with an emission at 670 nm. Error bars symbolize standard deviations of
measurements conducted in triplicates. P values o0.05 were considered
significant. * denotes P o 0.05, ** o0.01, n.s. not significant.
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aptamer library might be misfolded and lose some or all
affinity for RBP4. Instead, we recorded full IDVG curves after
incubation of the chip with each analyte concentration, which
allowed excellent reproducibility between devices. As the time
required for either sensing method is relatively similar, IDVG –
based sensing is acceptable for diagnostic purposes.

An IDVG-shift can occur both in the Dirac point (the potential
at which IDS is at its minimum) and the slope of the curves, with
specific interactions causing a significantly more pronounced
change than non-specific interactions. IDVG curves were
recorded first in 1� PBS solution as a background and after
the addition of each analyte concentration (3–300 nM) with
both target and non-target analyte (either apo- or holo-RBP4).

Fig. 3 shows typical device responses to specific and non-
specific binding events. Additional data can be found in the
ESI.†

Slight changes in the shape and slope of the IDVG curve
occurred after adding the non-target analyte (see Fig. 4), but
there was no Dirac point shift. This change can be attributed to
non-specific binding events of the analyte to the aptamers or
PEG groups on the surface. Addition of the target analyte
resulted in a more pronounced shift in the IDVG curve, with
changes in both the slope and the Dirac point, indicating of
stronger, specific binding events.

The most pronounced shifts in IDVG curves upon analyte
binding occurred around �0.4 V (see Fig. 3). To quantify sensor
response, IDS shifts at this potential upon analyte addition were
used to compare the signal change for specific and non-specific
binding events. Fig. 4 shows the device response to specific
and non-specific analyte binding. Both for the apo- and

holo- aptamer libraries, addition of the target analyte produced
a significantly stronger IDS – shift than the non-target analyte.

As the total concentration of RBP4 in human serum is
approximately 1–3 mM (estimates vary depending on the
method used to quantify RBP4 levels),17,56 we tested RBP4
concentrations from 0.3–300 nM to determine device perfor-
mance. At all concentrations, the specific response was signifi-
cantly stronger than the nonspecific signal. A small signal
could also be seen upon addition of 100 pM RBP4 (see
Fig. S5, ESI†), indicating a theoretical detection limit of 2 ng mL�1

RBP4, which is three orders of magnitude more sensitive than a
previously reported aptamer-based RBP4 sensing method.57

As the sample matrix for RBP4 detection would be human
blood plasma (HBP), we used blood plasma to test sensor
passivation. Due to the high viscosity of undiluted HBP, it
was impractical to test the sensor in this environment, and
device response was only tested in 10% HBP or less. There was
a change in device response in the presence of 10% and 1%
HBP, however, rinsing with buffer returned the signal to the
baseline. This could be observed both with an rGO-FET device
and in a surface plasmon resonance experiment (see Fig. S6,
ESI†). Thus, there was no unspecific binding potentially inter-
fering with RBP4 detection. To determine if the presence of
HBP interfered with RBP4 detection, we added 1% HBP spiked
with RBP4. After rinsing, the signal did not return to baseline,
indicating that while HBP was removed, RBP4 remained on the
surface.

Diluting the patient sample to 10% would also reduce the
concentration of RBP4 tenfold from 3 mM to 300 nM. This is
well within the sensitivity range of our device, which would

Scheme 4 Functionalization of rGO-FETs with polyclonal ssDNA aptamer libraries and specific apo- or holo-RBP4 detection. (A) The rGO-FET were
immersed into a mixture of PyPEG (PEG pre-conjugated with a PBSE) (500 mM) and 1-pyrenecarboxylic acid (PCA, 50 mM, linker) in DMSO for 12 h at room
temperature to obtain a 10 : 1 ratio of blocking and linking agents on the biosensor’s surface. (B and C) Apo- or holo-RBP4 aptamer library immobilization
by first activating the carboxyl groups by immersion into a solution of EDC (15 mM)/NHS (15 mM) in 150 mM PBS solution for 30 min, followed by covalent
coupling of the 50-NH2-modified aptamer (100 nM in milliQ grade water for 40 min at 25 1C). (D) Specific affinity recognition of either apo- or holo-RBP4
by the on rGO-FET immobilized polyclonal ssDNA aptamer libraries in electrical measurements.
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Fig. 4 Average difference in current at �0.4 V upon addition of increasing concentrations of RBP4. D-Values shown are averages of a minimum of three
independent experiments on different devices. Error bars show the standard deviation.

Fig. 3 Top: Detection of apo-RBP4. Bottom: Detection of holo-RBP4. IDVG curves are an average of a minimum of 3 individual curves with error bars
showing the standard deviation. Both devices showed significantly more pronounced shifts in their IDVG characteristics upon specific analyte binding.
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allow a dilution by a factor of up to 10 000. Using the device in a
clinical setting, a 100-fold dilution of a healthy patient sample
should produce a pronounced signal with the holo-RBP4 apta-
mer library and little to no response in the device functiona-
lized with the apo-library. Pathological states with increased
apo-RBP4 levels should produce a decreased response in the
former and an increased response in the latter. Future studies
will further optimize device performance in blood and with real
patient samples.

Conclusion

The evolution of focused polyclonal aptamer libraries instead of
single aptamers against target molecules serves as a promising
strategy in diagnostics and sensor technology. Larger sequence
spaces enable a distinct and specialized diversity of binding
aptamers. Multiple target recognition can be achieved generat-
ing enhanced versatility and thus increased performance in
sensing and quantification of target molecules. Moreover, the
great biotechnological availability of polyclonal aptamer
libraries contributes to the rapid, cost-effective and easy devel-
opment of novel, highly specific electronic sensors for use as
powerful tools in clinical diagnostics. By functionalizing the
channel of an rGO-FET device, we were able to selectively
discriminate between RBP4 isoforms at physiologically relevant
concentrations between 0.3 and 30 nM. We believe that these
results may open a route to develop biosensors for the fast and
reliable measurement of the RBP4 isoform concentrations as a
novel diagnostic marker.
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