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Abstract: We discuss the development of aptamer functionalized, back-gated, graphene field effect 

transistor (GFET) biosensors for the targeted detection of Lead (Pb2+) ions. The widespread existence 

of the heavy metal Pb2+ in the environment is a severe threat to the health of humans. It is a neuro-

toxin that accumulates over time in the body restricting the cognitive, behavioral and psychological 

development of children along with causing irreversible harm to the human fetus. New biosensors 

which allow for the rapid, sensitive and low-cost detection of Pb2+ are required to monitor this tox-

icant in water sources worldwide. The GFET devices were fabricated using a scalable photolitho-

graphic patterning process with evaporated Cr and sputtered Au contacts over monolayer graphene 

on Si/SiO2. The single stranded Thrombin Binding Aptamer (TBA) was immobilized onto the gra-

phene channel either directly with a pyrene terminated 5’ end or indirectly using the 1-pyrenebu-

tanoic acid succinimidyl ester (PBASE) molecule to facilitate DNA crosslinking with an amine mod-

ified 5’ end. Herein provides an evaluation of these two immobilization strategies for the detection 

of Pb2+. Functionalized states were verified using Raman spectroscopy and electrically character-

ized using 4-probe electrical measurements to determine transfer curves allowing the calculation 

of field effect mobility and Dirac Point characteristics. 
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1. Introduction 

Research groups the world over have been fascinated with graphene based re-

search ever since its discovery in 2004 [1]. In particular it offers a plethora of advanta-

geous electronic properties over Si based devices for biosensing technologies including 

high mobility [2], sensitivity and biocompatibility [3]. Graphene is a two-dimensional 

allotrope of sp2 hybridized Carbon and therefore offers a large surface area to volume 

ratio making it particularly sensitive to its surroundings, a characteristic that has en-

gaged research groups keen to exploit this for biosensing technologies. One common 

application of this material as a biosensor is in graphene field effect transistors (GFETs) 

[4, 5]. GFETs are realized by connecting a conducting graphene channel between metal 

source and drain electrodes, achieved in either the top- [6] or back-gated [7] configura-

tion. These biosensors replace the doped Si channel in traditional FETs with graphene 

which is subsequently functionalized with bioreceptors to target specific analytes. 
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Graphene is either deposited directly onto pre-patterned devices [3, 8] or plasma 

etched from a bulk graphene-insulator-substrate stack [4, 7]. For both configurations, a 

current is passed through the conducting graphene channel when a voltage drop is cre-

ated across the source and drain electrodes. Sweeping the back-gate voltage modulates 

the charge carrier contributions in the graphene channel producing distinctive transfer 

curve characteristics [9]. Recombination events between the target analytes and the im-

mobilized bioreceptors on the graphene surface can be transduced to a measurable signals 

via changes in the graphene’s electronic properties. Graphene’s compatibility with exist-

ing planar CMOS manufacturing processes [9] combined with its ease of functionality [2] 

and high sensitivity will facilitate these low-cost devices as truly disruptive biosensing 

technologies in the future.   

The widespread existence of the heavy metal lead in the environment is a significant 

threat to the health of humans. Ever since the industrial revolution, lead’s proliferation 

into a variety of products has caused an epidemic in exposure. Moreover, combining its 

continuous use in a myriad of industrial settings with its non-biodegradability has re-

sulted in an ever-increasing accumulation of this chemical in the environment [10]. Lead 

is a neurotoxin that accumulates over time in the body restricting the cognitive, behavioral 

and psychological development of children [11]. Specifically, one way in which the lead 

ion (Pb2+) has shown to impede cognition is its action as an effective interfering agent 

against calcium ions which drive ion channels in animal cells [10]. Lead in drinking water 

is an issue that particularly harms children as not only do they absorb between four to 

five times more per oral dose than adults do [12] but both their internal and external tis-

sues being softer than adults make them more susceptible to damage [10]. Additionally, 

their under-developed blood-brain barriers allow for easier lead penetration into the 

brain [11]. Most of the current techniques for lead detection require highly skilled person-

nel using expensive, complex and centralized lab-based equipment for their work [13]. 

There is a need for the development of low-cost, sensitive and portable devices to facilitate 

the widespread testing of Pb2+, in order that exposure to this ion via common routes like 

drinking water sources is reduced.    

This work exploits aptamers as specific bioreceptors immobilized to the surface of 

the graphene channel for the detection of Pb2+. Aptamers are small chains of nucleotides 

(oligonucleotides) in the form of single stranded RNA or DNA which have folded and 

have the ability to interact with target analytes. These oligonucleotides are produced us-

ing the Systematic Evolution of Ligands by Exponential Enrichment (SELEX) technique. 

Briefly, this process starts when a large pool of random RNA/DNA chains are incubated 

with the desired target. The chains that bind often fold to form complexes with the target. 

Unbound oligonucleotides are removed from the pool before bound RNA/DNA chains 

are amplified by Polymerase Chain Reaction (PCR). Further RNA/DNA chains are pro-

duced from the outputs of the PCR process, with a higher affinity for the target, which are 

subsequently re-introduced into the selection pool. These stages are then repeated, usu-

ally between 5-15 times, before the oligonucleotides are sequenced, identified and charac-

terized. The resulting oligonucleotides are highly specific for the target analyte [14, 15].  

Aptamers offer several advantages over antibodies in their use as bioreceptors and 

have continued to attract significant interest in the bio-sensing field. Aptamers offer 

greater stability over antibodies as they are able to recover their structure after heating, 

unlike antibodies whose conformation is easily denatured at high temperatures. Batch to 

batch variation in performance from antibodies produced in mammalian cell cultures is 

avoided for Aptamers due to their repeatable manufacturing process, which also offers 

the possibility of chemical modifications which can aid down-stream conjugation proce-

dures [16].   

A popular bioreceptor for the detection of lead ions in modern techniques is the 

Thrombin Binding Aptamer (TBA) [17, 18]. TBA (5’-GGTTGG TGT GGTTGG-3’) is a 15 

base, single stranded, DNA oligonucleotide. TBA is rich in the guanine nucleotide base 

and therefore is susceptible to folding into G-quartet/G-quadruplex structures. These 



Eng. Proc. 2021, 3, x FOR PEER REVIEW 3 of 19 
 

 

structures are formed when a quartet of guanine nucleotide bases are assembled into a 

planar structure bonded together by specialist Hoogsteen hydrogen bonds [19]. Cations 

stabilize these structures when they position themselves within the plane or between 

planes of the G-quartets. It is conjectured that a contributing factor of lead’s toxicity and 

therefore damage to humans is caused by this stabilizing influence it has on genetic ma-

terial [20]. The selectivity of TBA towards Pb2+ over other interfering ions Li+, Na+, Mg2+, 

Ca2+, Cu2+, Co2+, Ni2+, Zn2+, Cd2+, Cr3+, Al3+, Fe3+ and Au3+ has been demonstrated by Liu’s 

group who exploited the phenomenon of fluorescence resonance energy transfer (FRET) 

in order to transduce Pb2+ binding [18]. 

Herein GFET biosensors have been developed which harness TBA aptamers for the 

sensitive detection of Pb2+ ions. The immobilization of the TBA is conducted in two ways 

to evaluate how the indirect and direct immobilization strategies impact the sensing met-

rics.   

2. Materials and Methods 

2.1 Materials 

Ultrapure de-ionized water (DIW) used throughout this work for buffer solutions 

and rinsing stages was obtained from a Purelab water purification systems with a resis-

tivity value of 18.2 MΩcm. 1-pyrenebutyric acid N-hydroxysuccinimide ester (PBASE) 

was purchased from Sigma-Aldrich. A 1 x PBS solution, with pH of 7.4 was created by 

combining 1 PBS tablet (Fisher Scientific) with 100 mL of ultrapure DIW. These two were 

mixed with a magnetic stirrer to ensure adequate mixing. Analytical grade dimethylfor-

mamide (DMF) was purchased from Sigma Aldrich.  

TBA oligonucleotides (hereafter oligos) with an amino-modified 5’ end were pur-

chased from Eurofins Genomics. TBA oligos with a pyrene-tagged 5’ end (PTBA) were 

purchased from Metabion. Both oligos were ordered with a synthesis scale of 1 µmol and 

HPLC purification. 

 Four inch wafers of monolayer graphene on SiO2/n++ type-Si were purchased from 

Graphenea. Lift-off resist 3B (LOR) was purchased from (Supplier-Micro Chem) The 

S1805 G2 positive photoresist (PR) and 1165 remover chemicals were purchased from 

(Supplier-Microposit). 

 

2.2 Sensor Fabrication 

2.2.1 Channel Shaping 

GFET fabrication followed the process detailed in [4]. Channel shaping begins with 

spin-coating square chips of the graphene/SiO2 wafer with LOR at 3000 rpm for 30 s fol-

lowed by a baking stage in an oven at 175 ⁰C for 15 min. The next step involved spin-

coating PR at 3000 rpm for 30 s before soft-baking on a hotplate at 100 ⁰C for 1 min. Stand-

ard photolithographic techniques were used to pattern the graphene channels (width 

80 µm and length 720 µm) before the wafer underwent deep UV (DUV) treatment. DUV 

has shown to not only harden the remaining PR but also remove additional chemical res-

idues on the wafer surface, which is discussed in more detail here [7]. Plasma etching was 

performed using Argon at 50 W for 2.5 min at a pressure of 10-6 torr. Three heat shrinks 

between the back of the wafer and the substrate holder were used along with the LOR in 

the first step to ensure that it was possible to remove all residue of PR after the plasma 

etching. This was performed by immersing the chips in remover heated to 60 ⁰C for 1 h 

followed by room temperature for 14 h. The remover is washed away in DIW and the 

chips were then dried using an N2 gun and stored in a vacuum chamber at 25-30 mmHg 

(33 mbar) for 1 hour. An overview of this process is given in Figure 1.   
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Figure 1. Shaping graphene channels overview A) Si (P++), SiO2, Graphene stack, B) LOR and PR deposited onto graphene 

surface, C) Shield mask used to prevent UV ray transmission, D) Exposed PR and LOR are denatured by exposure of UV, 

E) Stack is developed which removes denatured PR and LOR, F) Plasma etching removes all graphene that is not protected 

by a PR and LOR stack, G) PR and LOR stack is removed from graphene channels by use of remover leaving shaped 

graphene channels. 

2.2.2 Electrode Deposition 

Depositing contacts over the shaped graphene channels begins with a similar photo-

lithography process mentioned previously. The thermal evaporation of a Cr adhesive 

layer was performed at a current of 21 mA at a pressure of 10-6 torr for a total of 8 s to 

produce a layer ~5 nm thick onto the graphene and SiO2 stack. A layer of ~30 nm of Au 

was sputtered onto the Cr at 250 W for 30 min at a pressure of 10-7 torr before a final re-

moval stage is conducted. The shielding technique discussed in [21] was used to maximize 

device yield during the sputtering process. An overview of this process is given in Fig-

ure 2.   

 

 

 

Figure 2. Electrode deposition overview A) Si (P++), SiO2, Graphene stack after channel shaping, B) LOR and PR deposited 

on surface, C) Window mask used to allow UV ray transmission, D) Exposed PR and LOR are denatured by exposure of 

UV, E) Stack is developed which removes denatured PR and LOR leaving windows onto graphene surface, F) Cr is evap-

orated onto the surface, G) Au is sputtered onto the surface, H) PR and LOR coating is removed from surface by use of 

remover. 
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2.2 Conjugation Techniques  

2.2.2 PBASE immobilization  

Non-covalent functionalization of carbon nanotubes and graphene can be achieved 

by using the bi-functional molecule PBASE [22]. This form of functionalization is pre-

ferred for biosensing purposes for two primary reasons; firstly, the sp2 hybridization in 

the lattice is preserved which maintains graphene’s electronic characteristics and secondly 

it prevents the introduction of defects in the graphene lattice which are responsible for 

increasing the occurrence of non-specific detection at molecular adsorption sites [22, 23]. 

Figure 4A shows a schematic of PBASE which consists of two distinct ends, a highly aro-

matic pyrene group which binds to the Basal plane of graphene by π-π stacking and a 

highly reactive succinimidyl ester group which binds easily to amines via nucleophilic 

substitution [22]. 

The immobilization technique involved soaking the devices in a 10 mM PBASE solu-

tion (in DMF) for 4 h at room temperature. PBASE molecules which were not covalently 

bound to the graphene were removed by a rinse cycle in DMF and DIW before being dried 

using a N2 gun. 

2.2.3 Aptamer immobilization   

One possible secondary structure that TBA forms as a bioreceptor immobilized on 

the surface of graphene is illustrated in Figure 3B and is predicted using the Mfold server 

[24]. Aptamers were immobilized in one of two ways in this work; indirectly (two-stage) 

and directly (one-stage), an overview of these processes is depicted from Figure 3C 

through D. Prior to conjugating aptamers, the indirect method relies on the successful 

formation of the PBASE self-assembly layer onto the graphene surface. Once this is 

achieved amino-modified TBA (Figure 3C top panel), which has previously undergone 

phosphoramidate chemistry to tag an amino group to the end of the oligo via a carbon 6 

spacer, can then be used [25]. These aptamers are cross-linked to the NHS ester group via 

nucleophilic substitution to immobilize them to the surface of graphene (Figure 4D top 

panel).  

The direct method for aptamer immobilization requires the use of pyrene-tagged 

TBA. As illustrated in Figure 3C bottom panel, one simple way of achieving this is by 

incubating amino-modified aptamers with PBASE. This facile technique has been used by 

Khan’s group in their work on organic solvent-free aptamer functionalization of GFETs 

where they estimated 50%-90% binding efficiency using this method, based on details 

provided from their supplier [26]. Once the TBA have achieved conjugation with the py-

rene group they can be bound directly to the graphene surface via π-π stacking without 

requiring pre-treatment of channel.  

In practice, ~1 µL of 10 µM solution of amino-modified TBA/PTBA is drop-casted 

onto the GFET for the indirect and direct techniques. Both techniques relied on leaving 

their respective solutions to incubate on the surface of the GFET device at room tempera-

ture for 4 h in a humid environment to prevent solvent evaporation. Subsequently, a rinse 

cycle in the appropriate solvent and then DIW was conducted before a drying stage using 

N2.  

2.3 Characterization Techniques 

2.3.1 Electrical Measurements 

GFET devices were designed in an adapted Hall-bar configuration with multiple con-

tact electrodes across the channel allowing the characterization of multiple individual sen-

sors. The dimensions of the individual sensors are 80 µm wide by 95 µm long and are 

pictured in Figure 4A. This design allows four probe measurements to be conducted re-

moving the resistance of the test leads. 
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Figure 3. A) PBASE bi-functional molecule with pyrenyl, carbonyl and succinimidyl groups highlighted with the blue 

yellow and green boxes respectively. B) Mfold secondary structure prediction for TBA aptamers [24] C) Functional DNA 

preparation with Top Panel – Showing amino-modified (C6) 5’ end of TBA, Bottom Panel – Showing pyrene-tagged 5’ end 

of TBA. D) Conjugation pathways: Top Panel – Indirect, showing two stage process of conjugating PBASE to graphene 

initially followed by amino-modified DNA. Bottom Panel – Direct, showing pyrene-tagged TBA directly conjugated to 

graphene surface.  
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Electrical characterization consisted of both linear voltage (ISD-VSD) and back-gated 

voltage (ISD-VG) sweep measurements. During linear voltage sweep measurements the 

source-drain voltage (VSD) was swept from -5 mV to +5 mV in 1 mV steps with the current 

through the channel recorded. 

ISD-VG measurements were obtained by maintaining the VSD at a constant +5 mV and 

sweeping the back-gate voltage forward from -100 V to +100 V and back again. Hysteretic 

behavior, shown by the difference in voltage and current for VDPF, VDPR is observed for 

most sensors and is caused by trapped charges between the graphene and the SiO2 layer 

screening the influence of the applied electric field during each sweep direction [27]. A 

measurement schematic and typical ISD-VG measurement is pictured in Figure 4B and C 

respectively. The charge neutral points which correspond to the points of minimum con-

ductivity in the channel for the forward and reverse sweeps are referred to as Dirac Points 

(VDPF, VDPR respectively). The mobility of the GFET is described by hole and electron con-

duction, referring to which charge carrier is the majority contributor to the current 

through the graphene channel at a particular VG. At the Dirac point, the voltage of mini-

mum conductance, the Fermi level sits at the intercept between the valence (majority hole) 

and conduction (majority electron) bands. Conduction in regions below (above) the Dirac 

point voltage show majority hole (electron) charge carrier contributions [9]. All measure-

ments were taken using a Cascade Microtech (MPS150) Probe Station to facilitate four- 

probe measurements interfaced with a Keysight B1500A Semiconductor Device Analyzer 

(SDA) in the ambient lab environment. 

 

(A) 

  

(B) (C)  

Figure 4. A) Left Panel – Individual sensors between electrodes across GFET device, Centre Panel - Typical 7-electrode 

GFET device, Right Panel – Fabricated chip at the end of the electrode deposition phase which consists of 20 devices with 
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50 pence coin for scale B) ISD-VG measurement schematic showing four probe measurements with inset showing the con-

vention for describing the width and length of channel used when calculating the field effect mobility. C) Typical ISD-VG 

sweep measurement showing positions of VDPF, VDPR, IVg=0F, IVg=0R, IDPF and IDPR with inset showing arrows which indicate 

the forward and reverse sweep directions.  

Data analysis of the transfer curve characteristics of the GFETs was initially con-

ducted in the SCRAMBLE software package [28]. This open-source and customizable soft-

ware has been designed to facilitate the rapid processing of GFET transfer curves. For 

forward and reverse sweeps, SCRAMBLE automatically determines the Dirac points, po-

sitions of maximum transconductance and calculates the field effect mobilities for elec-

trons and holes. 

The field effect mobility is calculated in the SCRAMBLE software using the direct 

transconductance method (DTM) described in more detail in [29]. This method relates the 

mobility of the device (1) with the transconductance (2) and the back-gate capacitance (3).  

𝜇𝐷𝑇𝑀 = 𝑔𝑚
𝐿

𝑊𝑉𝑆𝐷𝐶𝐺
 (1) 

𝑔𝑚 =
𝜕𝐼𝑆𝐷
𝜕𝑉𝐺

 (2) 

𝐶𝐺 =
𝜀𝑟𝜀0
𝑡𝑜𝑥

 (3) 

where μ is the field effect mobility, gm is the transconductance, CG is the back-gate capac-

itance, L, W are the length and width of the device respectively, VDS is the source-drain 

voltage, εr is the relative permittivity (SiO2), ε0 is the permittivity of free space and tox is 

the thickness of the insulating SiO2 layer. 

2.3.2 Raman Measurements 

Raman spectra of the graphene channel was measured using a Horiba XPLORA sys-

tem with a 532 nm laser. A grating with 1200 gmm-1 groove density was chosen in order 

to reach a spectral resolution of roughly 2.8 cm-1 between 1000 cm-1 and 3000 cm-1 as rec-

ommended in [30]. For each functionalization stage, 25 individual Raman spectra were 

captured in a 5 x 5 grid to make a representative summary plot. This is necessary due to 

variations observed across Raman spectra within a graphene sample usually attributed 

with remnants of PMMA from the graphene transfer process [31]. All Raman measure-

ments were conducted in the ambient lab environment with a laser power of ~4 mW. 

2.3.3 Detection of Pb2+ 

GFET devices were firstly conjugated with either TBA or PTBA aptamers. Once this 

was complete GFETs were exposed to increasing concentrations of Pb2+ ions. Specific 

amounts of Pb2+ ions were dissolved in DIW at concentrations of 1 nM, 10 nM and 100 nM. 

A 0.5 µL drop of a specific concentration of Pb2+ ions was pipetted directly onto the device 

and left to incubate in an ambient environment for ~10 min. This time frame was sufficient 

to achieve solvent evaporation from the device surface allowing electrical characterization 

to take place in dry conditions. Once dry, every sensor on the GFET device was then elec-

trically characterized in order to improve the reliability of results.  

3. Results and Discussion 

3.1 Characterisation of PBASE treated graphene 

Figure 5A shows the Raman spectrum for fabricated graphene and graphene treated 

with 10 mM PBASE in DMF. Successful conjugation of the PBASE to the graphene surface 

is indicated by the additional peaks introduced after treatment. The new peaks at 

~1212 cm-1 and ~1402 cm-1 are associated with the presence of pyrene groups and have 

been observed in [32, 33] as evidence of binding. The hybridization of orbitals between 
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the pyrene base interacting with the graphene lattice is responsible for the ~1362 cm-1 peak  

whilst the additional shoulder at ~1611 cm-1 is a result of the pyrene group resonating due 

to the π-π stacking interaction [34]. 

 

 

(A) (B) 

Figure 5. A) Typical Raman spectra of fabricated graphene (black) and graphene treated with 10 mM PBASE (red). Addi-

tional peaks introduced as a result of conjugation are highlighted with the pink regions. B) Typical ISD-VG measurement 

with inset showing the mobility values across the transfer curve.  

The electrical characterization of fabricated graphene and graphene treated with 

10 mM PBASE in DMF is shown in Figure 5B. The conjugation of PBASE has increased 

the position of the VDF and VDR to greater than + 100 V. A right shifting in this position is 

well documented in the literature [3, 35-38] and infers an increase in the density of hole 

charge carriers. The existence of an electron acceptor, in the form of PBASE’s carbonyl 

group can be partially credited for this effect [31]. Interestingly, since the gradient of both 

transfer curves are similar throughout, the doping of the channel has not severely im-

pacted the mobility of the charge carriers as displayed by the histogram plot in the inset 

of Figure 5B. It can be inferred by the lack of change exhibited in this observation that the 

non-covalent π-π stacking has been successful and has not negatively impacted the gra-

phene’s conductive properties [37] 

3.2 Characterisation of aptamer functionalised graphene 

As part of the initial characterization of the TBA and PTBA, UV-Vis was captured 

and are displayed in Figure 6A and B respectively. A strong peak in the absorbance at 

260 nm for both complexes indicates the presence of DNA. Additional peaks shown in 

Figure 6B at ~280 nm, ~333 nm and ~345 nm are attributed to the pyrene group modifica-

tion [39] and have been observed by Wang in [40] in similar experimental circumstances. 

VSD = + 5 mV 



Eng. Proc. 2021, 3, x FOR PEER REVIEW 10 of 19 
 

 

  

(A) (B) 

Figure 6. UV-Vis spectra of A) TBA B) PTBA with the additional peaks associated with pyrene group modification indi-

cated in the pink shaded regions. 

3.2.1 Indirect immobilization of TBA 

Raman measurements were conducted on graphene after TBA was immobilised. As 

shown in Figure 7, there are no additional peaks caused by the immobilisation of TBA. 

This is supported by similar measurements conducted by Nekrasov’s group [6]. The ab-

sence of an increase in the D peak highlights that this process does not increase the disor-

der and density of defects in the channel. This result is expected since the amine-modified 

TBA binds only to the active succinimidyl ester group of the PBASE molecule and not 

directly to the graphene channel. 

The Raman measurements captured can still be used to infer the presence of TBA 

from the change in I(2D):I(G) ratio. Figure 7B plots the I(2D):I(G) against the I(2D):I(D) 

ratios for individual spectra captured at each of the functionalization stages. It has been 

shown that ratio between I(2D):I(G) can be used to describe the doping of the graphene 

channel, with a negative correlation observed between I(2D):I(G) and doping [41]. It is 

observed from Figure 7 that there is clear clustering between the functionalization stages. 

Since the metrics are bunched together in this manner it shows good repeatability in the 

data collected at each stage. Next, it is clear that as the functionalization has progressed 

the I(2D):I(G) ratio has decreased, firstly from fabricated to PBASE and then from PBASE 

to TBA treated graphene. This indicates an increase in the doping of the channel at each 

step caused by the immobilized structures. Finally the I(2D):I(D) ratio follows the same 

pattern. The initial reduction in this metric comes from an increase in the D peak caused 

by the increase in disorder that occurs due to the conjugation of PBASE. The reduction in 

this ratio during the TBA immobilization is caused by the reduction in the intensity of the 

2D peak which is clearly visible in Figure 7A. 
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(A) (B) 

  

(C) (D) 

Figure 7. A) Typical normalised Raman spectrum of graphene after 10 mM PBASE immobilisation (black line) and 10 µM 

TBA immobilisation (red line) with offset applied for clearer graphical visualisation B) Scatter plot showing evolution of 

I(2D):I(G) and I(2D):I(D) ratios for fabricated (black), 10 mM PBASE (red) and 10 µM TBA (green) functionalized graphene 

with average values indicated by square markers. C) Typical ISD-VG measurement of GFET sensor treated with 10 µM TBA 

(red) compared to PBASE treated graphene (black) with inset showing calculated mobility values. D) Surface topology of 

graphene channel examined by atomic force comparison (AFM). Top Panel - Fabricated graphene Bottom Panel – 

TBA/PBASE functionalized graphene. 

The transfer curve presented in Figure 7C shows a clear left shifting in VDPR, from 

+95 V to +81 V caused by the electron donation from the DNA. This left shifting effect is 

in agreement with the observations made by Chee et al who used a similar guanine rich 

aptamer for their work on Pb2+ ion detection [42]. The peak mobility values are similar 

between the two as depicted by the histogram plot in the inset of Figure 7C indicating that 

the graphene lattice remains unchanged and therefore its sensitive electronic structure 

remains intact after binding, as desired from the non-covalent functionalization using the 

PBASE layer. AFM measurements shown in Figure 7D were used to confirm TBA binding 

which can be inferred by the 420% and 662% increase in RMS and Mean roughness re-

spectively caused by the TBA/PBASE immobilization. 

3.2.2 Direct immobilization of TBA 

A comparison of the Raman measurements was conducted after completing the di-

rect immobilization of PTDA and are shown across Figure 8. The existence of the addi-

tional ~1616 cm-1 shoulder peak was present in some sample positions captured across the 

2 µm 
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25 point map. This peak, associated with pyrene group resonating with the graphene lat-

tice due to the π-π stacking interaction provides evidence of binding. However, caution 

should be applied against relying solely on this metric to confirm successful binding of 

the PTDA to the graphene since this peak is also associated with surface charges and im-

purities and can be present in untreated graphene as displayed in Figure 7A [43]. To fur-

ther strengthen the evidence supporting PTDA functionalization in this work, further 

analysis into the Raman spectra are presented. This analysis was derived from measure-

ments across 25 individual spots. Firstly, enhanced doping of the graphene channel is in-

dicated by the decrease in the I(2D):I(G) ratio shown in Figure 7B as previously discussed. 

Next, left shifting of the PP(2D) specifically infers the doping of graphene by electrons, 

donated by the conjugated electron rich aptamers [44, 45].  

AFM measurements shown in Figure 8D were used to confirm TBA binding which 

can be inferred by the 227% and 375% increase in RMS and Mean roughness respectively 

caused by the PTBA oligos.  

 

  

(A) (B) 

 
 

(C) (D) 

Figure 8. A) Single spot Raman spectra of fabricated graphene (black) and PTBA functionalised (red) with presence of the 

~1616 shoulder peak highlighted with pink region. Box and whisker plots for typical fabricated (black) and PTDA func-

tionalized (red) graphene for B) I(2D):I(G) and C) PP(2D) D) Surface topology of graphene channel examined by AFM. 

Top Panel - Fabricated graphene and Bottom Panel - PTBA functionalized graphene. 
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3.3 Sensing Characteristics of Pb2+ ions using GFET sensors  

In the work presented here GFET devices were functionalized using both the indirect 

and direct strategies for the detection of Pb2+ ions in order to produce a direct comparison 

between the two techniques at the same bioreceptor concentration of 10 µM. Multiple 

GFET devices, each with several individual sensors were measured at every functionali-

zation step in order to improve reliability of results. It was necessary to normalize the 

device responses in order that inter-device variations were eliminated. This was achieved 

by calculating a ratio of the response against that measured at the previous TBA/PTBA 

stages. An example of this calculation for IVg=0 is given in Equation 4 below.  

𝑹𝑽𝒈=𝟎 =
𝑰𝑽𝒈=𝟎
𝑷𝒃𝟐+

𝑰𝑽𝒈=𝟎
𝑻𝑩𝑨/𝑷𝑻𝑩𝑨

 (4) 

The standard error was subsequently calculated in order to plot error bars across the 

results which detail the spread in data across sensors.  

 

3.3.1 Indirect immobilization of TBA 

The detection of Pb2+ ions was initially conducted using the indirect immobilization 

of TBA. This detection method was applied to a total of 12 sensors across 3 GFET devices. 

Large variation was observed across these different sensors using this technique with no 

repeatable correlation in metrics against Pb2+ concentration. 

An example of two very different sensor responses are shown in Figure 8A and B and 

correspond to sensors D1 and D2 respectively. The transfer curves for D1 and D2 differ 

significantly across all the sensing stages. For D1 there are no clear Dirac points within the 

-/+ 100 V range when the Pb2+ ions are added as indicated by Figure 8A. On the other hand, 

when the Pb2+ ions were added to sensor D2, the Dirac points are clearly visible. Moreover, 

these Dirac points are observed as left shifting with increasing concentration of Pb2+ ions 

as indicated by the inset of Figure 8B. 

  



Eng. Proc. 2021, 3, x FOR PEER REVIEW 14 of 19 
 

 

 

  

(A) (B) 

  

(C) (D) 

Figure 9. Transfer curves of TBA functionalised GFET sensor on exposure to Pb2+ ions at increasing concentrations for A) 

D1 and B) D2 sensors with inset showing left shifting in the VDP with increasing Pb2+ concentration. Normalised values 

against logarithm of Pb2+ concentration showing current metrics across Pb2+ range of 1 nM to 100 nM for C) IVg=0F and IDPF 

D) IVg=0R and IDPR 
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Decreasing values of VDPF and VDPR with increasing Pb2+ concentrations can be ex-

plained with the following mechanism. As the Pb2+ ions bind to the TBA they cause the 

strands to undergo conformational changes into G-quadruplex structures. The impact of 

these structures is to bring the nucleotide bases closer to the graphene surface. This simu-

lates an increasing DNA concentration that is observed by the channel which has the re-

sult of n-doping the graphene caused by the interaction between the lattice and the elec-

tron-rich nucleotide bases as also observed by Chen et al [46]. With ever more G-quad-

raplex structures forming on the surface in line with an increasing in Pb2+ concentration 

this causes further n-doping and thus enhanced left shifting of the Dirac points. Although 

this negative shift aligns with the proposed sensing scheme this observation only occurred 

on 25% of the sensors tested. Clearly improved repeatability is required in order that a 

higher confidence can be made with these results. 

The shift in metrics relating to IVg=0F, IDPF, IVg=0R and IDPR are shown in Figure 8B and C. 

These metrics combine the results of the 12 sensors in order to improve reliability and 

have been normalized against the TBA stage in order to eliminate variations between sen-

sors. It is observed that there is no correlation in these metrics against Pb2+ concentration.  

 

3.3.1 Direct immobilization of TBA 

Unlike for the indirect method, the direct method showed improved repeatability 

across the sensors. This detection method was applied to a total of 6 sensors across 3 GFET 

devices. Transfer curves for a typical GFET sensor exposed to increasing Pb2+ concentra-

tion used in this work are shown in Figure 10A. The shift in metrics relating to IVg=0F, IDPF, 

IVg=0R and IDPR are shown in Figure 10B and C. These metrics combine the results of the 6 

sensors in order to improve reliability and have been normalized against the PTBA stage 

in order to eliminate variations between sensors. It is shown that IVg=0F, IDPF, IVg=0R and IDPR 

all decrease with increasing Pb2+ concentration. An exponential relationship between these 

metrics and the concentration of Pb2+ is indicated by the best fit line plotted in Figure 10B 

and C.  

The decrease in the metrics relating to current can be ascribed to the impact of dop-

ing. As shown in Figure 10A the PTBA functionalized sensors exhibit only p-type charge 

carrier conduction. Prior to any binding events with Pb2+ ions the PTDA aptamers are flex-

ible and take on a structural shape as proposed earlier in Figure 3B. When the Pb2+ ions 

combine with the PTBA, they form G-quadraplex structures causing the aptamers confor-

mation to change into a more closely folded shape [26]. This change in structure encour-

ages electron donation between the electron-rich nucleotide bases and lattice causing a 

decrease in the hole carrier density thus decreasing the current through the channel [46]. 

Since the positions of the VDPF and VDPR lie outside the detectable range for all sensors (as 

depicted in Figure 10A) it is not possible to confirm that this effect causes a negative shift 

in the Dirac points.   
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(B) (C) 

Figure 10. A) Typical transfer curves of PTBA functionalized GFET sensors on exposure to Pb2+ ions at increasing concen-

trations. Normalized values against logarithm of Pb2+ concentration showing decrease in metrics across Pb2+ range of 1 nM 

to 100 nM for B) IVg=0F and IDPF C) IVg=0R and IDPR. 

The initial results shown in Figure 10B and C show the response of the GFET devices 

(via the direct immobilisation of 10 µM PTBA oligos) to increasing Pb2+ ion concentrations 

in DIW. Although there is some evidence of an enhanced discrimination between these 

concentration levels, more experiments are required in order that the analytical perfor-

mance of these devices can be improved. Specifically, it would be advantageous to opti-

mise the signal differences between concentrations whilst decreasing the noise.  

It was not possible to confirm targeted Pb2+ ion detection using sensors immobilised 

with 10 µM TBA oligos using the indirect method as the response remains close to 1 across 

all current metrics for these initial results. One possible explanation for the difference ob-

served between the two techniques is the interplay between the PBASE layer, immobilised 

at a concentration of 10 mM and the TBA nucleotides, conjugated at a concentration of 

10 µM. Perhaps the higher density of PBASE molecules prevents the TBA nucleotides 

from forming the G-quadraplex structures consistently. Future work will focus on the op-

timisation of the PBASE and TBA concentration levels.     

Both techniques would benefit from the removal of atmospheric adsorbents prior to 

functionalization. It is well documented that graphene’s characteristics change on expo-

sure to the ambient environment [45, 47, 48]. Removing such contaminants on graphene’s 
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surface would bring the starting VDP closer to the VG = 0 value so that future shifts would 

remain within the detectable -/+100 V range. This would allow a more comprehensive 

study of the change in electronic characteristics by tracking the shift in VDP. Possible strat-

egies for achieving this involve vacuum desorption [47], rapid thermal annealing [49] and 

electrochemical cleaning [50] which have all shown to reduce doping and bring VDP closer 

to 0 V.  

Ongoing improvements to this work will involve testing the sensors’ response to in-

terfering agents, such as Cu2+and Fe3+which are commonly found ions found in DIW. One 

way this could be optimised is by exploiting surface passivation techniques such as the 

use of Ethanolamine and Bovine Serum Albumim.  

4. Conclusions 

GFET devices functionalized directly with PTBA oligos were demonstrated in this work to detect 

Pb2+ ions. Raman, electrical and AFM characterization was conducted throughout the functionaliza-

tion stages to confirm successful conjugation of the bioreceptors. The sensing mechanism detailed 

in this work relies on the conformational change of the immobilized TBA oligos on binding with 

individual Pb2+ ions into G-quadraplex structures. This compact form encourages electron donation 

to the graphene lattice from the electron rich nucleotides bases. This acted to decrease the density 

of majority hole charge carriers in the channel which is transduced as a reduction in measured cur-

rent. The direct immobilization strategy showed good repeatability and is completed in one step. 

Combined with a scalable fabrication process detailed herein, it is envisioned that this technique 

can provide low-cost and rapid sensors suitable for the detection of Pb2+ ions in drinking water 

sources thus limiting humans’ exposure to the toxin. Further investigations are required to optimize 

the sensing strategy when TBA is immobilized to the graphene surface via the PBASE linker.  
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