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Abstract: Heavy metal contaminants have serious consequences for the environment and human 

health. Consequently, effective methods for detecting their presence, particularly in water and food, 

are urgently required. Accordingly, the present study proposes a sensor for the detection of mercury 

Hg(II) and lead Pb(II) ions using graphene oxide (GO) as a quenching agent and aptamer solution 

as a reagent. In the proposed device, the aptamer sequences are labeled by FAM and HEX fluores-

cent dyes, respectively, and are mixed with 500 ppm GO solution in a microfluidic device. The pres-

ence of Hg(II) and Pb(II) ions is then detected by measuring the change in the fluorescence intensity 

of the GO/aptamer suspension as the aptamer molecules undergo fluorescence resonance energy 

transfer (FRET). The experimental results show that the aptamer sensors have a linear range of 

10~250 nM (i.e., 2.0~50 ppb) for Hg(II) ions and 10~100 nM (i.e., 2.1~20.7 ppb) for Pb(II) ions. Fur-

thermore, the limit of detection is around 2 ppb for both metals, which is significantly lower than 

the maximum limits of 6 ppb and 10 ppb prescribed by the World Health Organization (WHO) for 

Hg(II) and Pb(II) in drinking water, respectively.  
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1. Introduction 

Pollution caused by human activity is a serious worldwide problem nowadays; with 

massive environmental, financial and health ramifications. Among the many different 

types of contaminants found in water, land and the air, heavy metal ions pose a particu-

larly significant risk to both the environment and human health. Consequently, effective 

methods for detecting trace amounts of heavy metal ions with high sensitivity and good 

selectivity are urgently required [1]. Mercury (Hg) is one of the most toxic heavy metals 

in common use and can cause a wide variety of unpleasant and dangerous disorders, in-

cluding lung damage, diarrhea, nausea, and permanent organ damage [2]. Lead (Pb) is 

also an extremely common heavy metal, and is used extensively throughout the construc-

tion, water, electrical and battery industries. However, the presence of lead in water is 

harmful to human health even at low exposure levels and can result in delays in physical 

and mental development, together with serious attention and learning deficits [3].  

During the past few years, many methods have been reported for heavy metal ion 

detection. Among the various techniques which have been proposed, aptasensors are par-

ticularly attractive due to their high affinity, high specificity and wide versatility as a bio-

logical receptor for many different binding targets [4,5]. Furthermore, aptamers can be 

easily mass-produced, purified, and tailored to the capture of particular targets through 

the design of specific sequences [5]. For example, aptamers with a thymine (T)-rich se-

quence can be used to form a mismatched complex (T-Hg2+-T) with Hg2+ ions by changing 
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the configuration to a hairpin-shape [6]. Similarly, aptamers with a guanine (G)-rich se-

quence can be made to readily bond with Pb2+ ions to form a G-quadruplex structure [7]. 

Aptasensors are compatible with many standard detection methods, including colorimet-

ric, fluorescent and electrochemical signals. Among these methods, electrochemical sig-

nals are particularly sensitive to the resistance change caused by the combination of the 

aptamer molecules with the target analytes. However, the pre-treatment process required 

for the electrode is complicated and time-consuming [8,9]. Accordingly, recent studies 

have focused increasingly on the use of attenuated total reflection surface enhanced infra-

red absorption spectroscopy (ATR-SEIRAS) as an alternative sensing technique [10]. Flu-

orescent sensors have many practical advantages as a sensing tool, including a facile op-

eration, a high sensitivity and easily detectable signals. Most fluorescent sensors are based 

on the fluorescence resonance energy transfer (FRET) effect, in which energy transfer oc-

curs between an excited donor fluorophore and an acceptor via a non-radiative mecha-

nism without the absorption or emission of photons [11]. Graphene and graphene oxide 

(GO) have attracted growing interest in the sensing field in recent years since aromatic 

ring structures based on graphene and GO surfaces readily adsorb and combine with 

many biological molecules (including aptamers) through a π-π stacking mechanism and 

electron transfer. The resulting aromatic ring structures thus provide an outstanding plat-

form for fluorescence-based sensing [12-15]. Notably, graphene and its derivatives are 

beneficial not only in preventing the aptamers from changing their configuration before 

binding to the target, but also serve as excellent quenchers with minimal background in-

terference. Thus, GO/aptamer sensors have unparalleled advantages for FRET-based sens-

ing in many clinical, environmental and food testing applications nowadays. 

Many methods are available for the detection of trace amounts of metal ions, includ-

ing inductively coupled plasma mass spectrometry (ICP-MS), cold-vapor atomic fluores-

cence spectroscopy (CV-AFS), and high performance liquid chromatography (HPLC). 

However, while such techniques offer an excellent sensing performance, they are expen-

sive, bulky, and require professional and technical support. Furthermore, they lack the 

ability to perform detection in real time. Consequently, the problem of developing simpler 

and low-cost portable detection systems has attracted great interest in recent years. Lab-

on-a-chip (LOC) devices offer many advantages in this regard, including the ability to 

perform a wide range of on-chip functions, such as sample preparation and preconcentra-

tion [16-18], species mixing [19-23], cell sorting and counting [24-28], polymerase chain 

reaction (PCR), and so on. Many manufacturing materials and techniques have been pro-

posed for the fabrication of microfluidic devices, including photolithography, laser en-

graving [29,30] and paper-based devices [31-35]. However, even though lithography has 

excellent precision and a good miniaturization ability, its production cost is extremely 

high [13]. Furthermore, while laser engraving has a greatly reduced cost, it induces a high 

surface roughness and therefore increases the risk of sample blockage in the channels [30]. 

Similarly, using paper-based devices as a detection platform can also effectively reduce 

costs and production complexity, but the fibers in the paper may block the sample circu-

lation [15].  

Accordingly, the present study employs micro-machining technology (a form of 

CNC machining process) to fabricate a microfluidic platform for Hg(II) and lead Pb(II) ion 

detection due to its advantages of speed, a low cost, a simple operation interface, and the 

ability to manufacture complex structures [36]. The fabricated device has the form of a T-

type micro-mixer incorporating a tortuous flow channel to reduce the distance between 

the inlet and the outlet and enhance the mixing efficiency. Furthermore, the device is fab-

ricated on PDMS substrates to avoid the presence of residues after cleaning and improve 

the repeatability of the experimental results accordingly. In the sensing process, a mixed 

GO/fluorescent-labeled aptamer solution is injected into the lower inlet (inlet 2) of the de-

vice, while a solution containing Hg2+ or Pb2+ ions is injected into the upper inlet (inlet 1) 

shown in Fig.1. During the subsequent mixing process, the aptamers bond with the Hg2+ 

or Pb2+ ions to form thymine (T) or guanine(G) complexes, respectively, and the concen-

tration of the ions is detected by observing the corresponding FRET-induced change in 
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the fluorescence intensity [12-15,37]. Finally, the detection results are compared with those 

obtained from a commercial instrument - inductively coupled plasma mass spectrometry 

(ICP-MS). 

 

2. Materials and Methods 

2.1 Materials and instruments  

Graphene oxide (GO) was purchased from Graphenea Inc. (Spain). Nitric acid 

(HNO3), mercury(II) nitrate (Hg(NO3)2) and lead(II) nitrate (Pb(NO3)2) were purchased 

from Japan Pharmaceutical Industry Co., Ltd. (Japan). The other chemicals used in the 

study: MgCl2, Na2HPO4, KH2PO4, HCL, NaOH were obtained from Sigma-Aldrich Co 

(USA), NaCl, KCl and CuSO4 were obtained from J.T. Baker Chemical Co (USA), CaCl2 

and CoCl2 were obtained from Panreac (Spain). Poly-dimethylsiloxane (PDMS) was pur-

chased from Sil-More Industrial Ltd. (Taiwan). The solvents were prepared using ul-

trapure water (18.2 MΩ). All of the chemicals were of an analytical grade and were used 

as-received without further purification. Two DNA probes modified with FAM and HEX 

fluorescent dye at the 3’ end, respectively, were purchased from Protech Technology En-

terprise Co., Ltd. (Taiwan). Aptamer solutions were prepared by dissolving the DNA 

probes in 100 mM of PBS (pH 7.4). The sequences of the two aptamer probes were as fol-

lows: 

Probe for Hg2+: 5′-TTCTTTCTTCGCGTTGTTTGTT-FAM-3′ 

Probe for Pb2+ : 5′-GGAAGGTGTGGAAGG-HEX-3′ 

The microfluidic device was fabricated using an EGX-400 Professional Rotary Engraver 

(Roland, Japan) and a PDMS replication process. The mixing efficiency was evaluated us-

ing an ECLIPSE Ti Inverted research microscope (Nikon, Japan). In addition, the fluores-

cence measurements were obtained using a LSM780 scanning laser confocal microscope 

(Zeiss, Germany). 

2.2 Evaluation of mixing efficiency 

Mixing between two fluids is an essential step in microfluidic devices for enhancing 

different species mixed and their subsequent reaction. There are many techniques availa-

ble to achieve such purpose proposed in the literature [19-23]. We design a simple passive 

mixer with cured flow path in this study. Figure 1(a) illustrates the geometry of the mi-

crofluidic channel in the proposed sensing device. A mold was first fabricated in PMMA 

using the EGX-400 engraver and a replication process was then performed to transfer the 

microchannel to a PDMS substrate. Finally, the substrate was bonded to a glass slide using 

oxygen plasma treatment to form the final microfluidic assembly (see Fig. 1(b)). The mi-

crochannel has two inlets, each one has 10 mm length, and the distance of the tortuous 

microchannel from location #1 to the outlet is 87 mm. The channel width and height are 

0.6 mm and 0.15 mm, respectively. 

The mixing performance of the device was illustrated by injecting blue ink and DI 

water into the upper and lower inlets, respectively, and then calculating the mixing effi-

ciency at each of the seven locations marked in Fig. 1(b) in accordance with 

Mixing Index (MI) = 1 − √
1

N
∑ (

Ii−Imean

Imean
)2N

i=1 , (1) 

where Ii is the intensity value of pixel i, Imean is the mean intensity of the initial images 

prior to mixing and N is the total number of pixels within the captured image [19,37,38]. 

The value of Ii was analyzed by an ImageJ software [39]. 

The flow field and the associated concentration of the two fluids in the 3D microchannel 

were also simulated by solving the Navier-Stokes equations coupled with the Nernst-

Planck equations a using a commercial software COMSOL Multiphysics [40]. The mixing 

index (MI) is calculated numerically by the following integration: 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 September 2021                   doi:10.20944/preprints202109.0056.v1

https://doi.org/10.20944/preprints202109.0056.v1


 

 

0

1

i

A

i

A

C C dA

MI
C C dA

−

= −
−




  ,                       (2) 

where C is the concentration at a point on a cross-section plane A, Ci is the concentration 

under completed mixing state (i.e., Ci = (1+0)/2= 0.5, value 1 and 0 is the concentration at 

upper and lower inlet, respectively), C0 is the concentration at inlet (we choose C0 =1 in 

the calculation).  

 

 

Figure 1. (a) Schematic illustration showing microfluidic device design, and (b) Photograph of 

actual microfluidic device. 

2.3 Evaluation of quenching efficiency 

 The fluorescence quenching efficiency of the GO/aptamer solutions is strongly de-

pendent on the relative concentration of GO. Thus, a series of experiments was performed 

to measure the fluorescence intensity change of fluorescent-labeled aptamer solutions (100 

nM) with different concentrations of GO in a glass-bottom dish. For each sample, the 

quenching efficiency was computed as (f0 – f)/f0, where f0 is the original aptamer fluores-

cence intensity and f is the measured fluorescence intensity in the presence of both ap-

tamer and GO. 

2.4 Experimental setup 

Figure 2 presents a photograph of the experimental setup. The metal ion solutions 

and GO/aptamer suspensions were injected into the upper and lower inlet channels of the 

microfluidic device, respectively, by dedicated syringe pumps and underwent mixing in 

the tortuous microchannel. The resulting change in the fluorescence intensity of the 

GO/aptamer suspension was observed at Point #7 in the microfluidic channel (see Fig. 

1(b)) and the quenching effect was then evaluated by image-analysis software installed on 

an interfaced PC in accordance with (F - F0) / F, where F is the measured fluorescence 

intensities at the observed point [41]. F0 is the fluorescence intensity under fully quenched 

by GO and its ideal value is 0. 
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Figure 2. (a) Experimental setup used for Hg2+and Pb2+ ion detection. (b) Schematic integration of 

the measurement system. 

 

3. Results 

3.1 Mixing performance of microfluidic device and quenching efficiency of GO/ap-

tamer suspensions 

Figure 3(a) shows a top-view of the simulated concentration contour along the mi-

crochannel. Figure 3(b) shows the mixing index (MI) at different locations of microchannel 

as function of flow rate (Q: μL/min). Each experimental data is repeatedly measured three 

times (N=3). The numerical results are shown to be well consistent with the experimental 

results. The results show that the lower flow rates (i.e. below 5 μL/min) has better mixing 

indices at location #7, where the MI are over 95%. The reason is the fluid spends more 

time to travel through the microchannel for a lower flow rate and the contact/diffusion 

time between two fluids increase. Therefore, all subsequent experiments conducted in this 

study is adopting the flow rate at 3 μL/min to ensure the two fluids being well mixed. 

 

Figure 3. (a) Concentration contour distribution via numerical simulation. (b) Mixing Index (MI) at 

different locations along the microchannel as function of flow rate (Q: μL/min). Experimental and 

numerical simulation results mutually agree well. Over 95% mixing index can be obtained for the 

flow rated lower than 5 μL/min at the detection location #7. 

 The quenching efficiency of the Hg2+ and Pb2+ GO/aptamer suspensions was evalu-

ated in glass-bottom dishes using various GO concentrations in the range of 1~500 ppm. 

The results presented in Fig. 4(a) show that for both probes, the quenching efficiency re-

mains approximately constant as the GO concentration is increased beyond 100 ppm. 

Thus, to ensure the complete suppression of the GO concentration effect, an excess con-

centration of 500 ppm GO was used in all of the remaining experiments unless stated oth-

erwise [42]. The long-term quenching effect of the GO/aptamer suspensions was observed 
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in glass-bottom dishes over a period of 400 s. As shown in Fig. 4(b), the fluorescence in-

tensity of both probes gradually reduced over time as a result of the FRET GO quenching 

effect. From inspection, the quenching efficiencies of the FAM- and HEX-labeled probes 

stabilized at approximately 0.98 and 0.94 after 180 and 40 seconds, respectively.  

 

Figure 4. (a)Quenching efficiency for suspensions consisting of FAM- and HEX-labeled 100 nM 

aptamers and GO solution with concentration ranging from 1 to 500 ppm, and (b) Long-term 

quenching efficiency of suspensions of FAM- and HEX-labeled aptamers and GO solution with 

concentration of 500 ppm. 

3.2 Sensitivity of Hg2+ and Pb2+ detection 

 FAM- and HEX-labeled aptamer solutions with a concentration of 100 nM were 

mixed with 500 ppm GO solution and incubated for 10 minutes to ensure a complete 

quenching of the aptamers. The suspensions were then injected into the lower inlet of the 

microfluidic device. Meanwhile, Hg2+ samples with concentrations of 10, 25, 50, 100, 250, 

500, 1000 and 2000 nM (approximately 2.0, 5.0, 10.0, 20.1, 50.2, 100.3, 200.6 and 401.2 ppb) 

and Pb2+ samples with concentrations of 10, 25, 50, 100, 250, 500, 1000 and 2000 nM (ap-

proximately 2.1, 5.2, 10.4, 20.7, 51.8, 103.6, 207.2 and 414.4 ppb) were injected into the up-

per inlet of the device. For each injected sample, the resulting change (i.e., increase) in the 

fluorescence intensity was recorded at location #7 in the microfluidic channel after 180 s 

(FAM-labeled probe) or 40 s (HEX-labeled probe). The corresponding results are pre-

sented in Figs. 5(a) and 5(b) for the Hg2+ and Pb2+ probes, respectively. For both probes, 

the fluorescence intensity remains approximately constant as the metal ion content in-

creases beyond 500 nM. However, the fluorescence intensity increases linearly with the 

Hg2+ concentration from 10 to 250 nM (R2 = 0.95845) and with the Pb2+ concentration from 

10 to 100 nM (R2 = 0.95923). The corresponding correlation relationships have the form of 

Y=0.00092X+0.51459 and Y=0.00208X+0.57557, respectively.  
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Figure 5. (a)Fluorescence intensity recovery following mixing with Hg2+ solutions with concentra-

tions ranging from 10 to 2000 nM (500 ppm GO). Insert: calibration curve for Hg2+ solutions with 

concentrations ranging from 10 to 250 nM, and (b) Fluorescence intensity recovery following mix-

ing with Pb2+ solutions with concentrations ranging from 10 to 2000 nM (500 ppm GO). Insert: cali-

bration curve for Pb2+ solutions with concentrations ranging from 10 to 100 nM. 

The results show that the fluorescence intensity increases linearly with an increasing Hg2+ 

and Pb2+ concentration over the ranges of 10~250 nM (i.e., 2.0~50 ppb) and 10~100 nM (i.e., 

2.1~20.7 ppb), respectively. Moreover, the limits of detection (LoDs) for Hg2+and Pb2+ are 

equal to 2.01 ppb and 2.07 ppb, respectively. The results show that the sensing platform 

provides a feasible solution for enforcing the WHO recommendation of no more than 6 

ppb Hg2+and 10 ppb Pb2+ in drinking water. Finally, the detection results are compared 

well with those obtained from a commercial instrument by inductively coupled plasma 

mass spectrometry (ICP-MS) as shown in Fig.6. Excellent agreement between the results 

obtained by the present microfluidic device and the ICP-MS is demonstrated. 

 

Figure 6. Comparison of results obtained by the ICP-MS and the present microfluidic device.  

3.3 Selectivity of Hg2+ and Pb2+ detection 

To test the selectivity of the proposed device, GO/aptamer solutions were injected 

into the lower inlet of the microfluidic device, while mixed Hg2+ and Pb2+ samples with 

concentration 10, 100 and 1000 nM, respectively, were injected into the upper inlet. The 

corresponding fluorescence intensity measurements are shown in Fig. 7(a). For both 
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probes, the fluorescence intensity shows a good recovery performance for all values of the 

concentration (i.e., low, medium and high). In other words, even though the fluorescence 

recovery reduces as the concentration of the competing metal ions increases, the device 

still retains the ability to discriminate the target ions. In addition, control experiments 

were performed using several other bivalent metal ions, namely Co2+, Ca2+, Mg2+ and Cu2+ 

ions. Figure 7(b) shows the detection results obtained for mixed 10 nM Hg2+ and Pb2+ so-

lutions containing an additional 10 μM of Co2+, Ca2+, Mg2+ and Cu2+ ions, respectively. It is 

seen that the competing ions have only a minor effect on the measured fluorescence 

change despite their relatively high concentration. In other words, the selectivity of the 

proposed sensor for Hg2+ and Pb2+ ion detection is further confirmed. 

 

Figure 7. Fluorescence intensity recovery for competitive assays involving: (a) different concentra-

tion of Hg2+and Pb2+, and (b) 10 μM Co2+, Ca2+, Mg2+ and Cu2+, respectively (500 ppm GO). 

4. Conclusions 

This study has proposed two FRET-based GO/aptamer sensors for the detection of 

Hg2+ and Pb2+ ions, respectively, in a PDMS microfluidic device. In the proposed approach, 

two specifically-chosen aptamer sequences are labeled with FAM and HEX fluorescent 

dye for visualization purposes and are then quenched by GO. Following interaction be-

tween the labeled aptamers and the Hg2+ and Pb2+ ions, respectively, a discernable resto-

ration of the fluorescent intensity occurs as a result of the FRET effect. The change in the 

fluorescent intensity is then used to inversely derive the corresponding Hg2+ and Pb2+ con-

centration. Sensing experiments have been performed using Hg2+ and Pb2+ solutions with 

concentrations of 10, 25, 50, 100, 250, 500, 1000 and 2000 nM (i.e., 2~400 ppb), respectively. 

The results have shown that the fluorescence intensity increases linearly with an increas-

ing Hg2+and Pb2+ concentration over the ranges of 10~250 nM (i.e., 2.0~50 ppb) and 10~100 

nM (i.e., 2.1~20.7 ppb), respectively. Moreover, the limits of detection (LoDs) for Hg2+and 

Pb2+ are equal to 2.01 ppb and 2.07 ppb, respectively. Finally, the experimental results ob-

tained for competitive assays involving Hg2+ and Pb2+ ions and other metal ions (Co2+, Ca2+, 

Mg2+ and Cu2+) have shown that the proposed device has good selectively. Overall, the 

results show that the proposed sensing device and platform provides a feasible solution 

for enforcing the WHO recommendation of no more than 6 ppb Hg2+and 10 ppb Pb2+ in 

drinking water. 
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