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Abstract

Taking advantage of the property of high surface-area-to-volume ratio of microfluidic droplets, we 

developed an innovative interfacial nanosensing strategy based on aptamer-functionalized 

graphene oxide nanosensors in microfluidic droplets for high-sensitivity one-step detection of 

17β-estradiol and other low-solubility molecules, with detection sensitivity improved by about 3 

orders of magnitude than conventional systems.

17β-estradiol, a sex hormone, is the most potent and ubiquitous member of the mammalian 

estrogenic steroids. However, 17β-estradiol is also an endocrine disrupting compound 

(EDC), and becomes one of the most potential environmental endogenous estrogens, due to 

its detrimental effects on endocrine function of human and aquatic organisms.1 Estradiol has 

a critical impact on reproductive and sexual functions,2 and affects the functions of other 

organs as well.3 Estradiol has been widely used in animal fattening because of its anabolic 

effects.4 But it is harmful to aquatic organisms and drastic problems can be caused through 

the food chain to human being.5 Therefore, the rapid and sensitive detection of estradiol is of 

significance for environmental and food safety monitoring.

However, a broad range of molecules such as 17β-estradiol and a number of drugs, fats, 

proteins, vitamins and hormones have limited solubility in aqueous solutions,6 which often 

affect their detection in many widely-used detection systems. Current methods for estradiol 

detection include high-performance liquid chromatography (HPLC),7 gas chromatography-

mass spectrometry (GC-MS),8 and liquid chromatography-mass spectrometry (LC-MS).9 
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Despite the high sensitivity, these methods rely on sophisticated and expensive instruments, 

complicated sample preparation procedures, long assay time and intensive labour. Recently, 

aptamer-based electrochemical biosensors1b, 10 and aptamer-based optical biosensor1a, 11 

have been developed for simple estradiol detection. However, because 17β-estradiol is 

almost insoluble in water,6a water miscible organic solvents are required in these methods to 

dissolve estradiol, and the distribution ratio of each component needs to be carefully 

optimized to ensure that estradiol is completely dissolved. Thus, these assays usually require 

multi-step complicated procedures. These limitations compromise the advantages of 

detection simplicity from aptamers, and hinder the extensive application of such detection 

approaches. More importantly, because of insolubility of estradiol, the detection sensitivity 

of most methods are not high. Most limits of detection (LOD) for estradiol are in the range 

of nanomolar to subnanomolar (e.g. 2.1 nM1a), making them incapable of detecting trace 

contaminant of estradiol.

Recently, microfluidic lab-on-a-chip provides a versatile platform for rapid biosensing and 

environmental monitoring, because of various advantages associated with its integration, 

miniaturization, portability and automation.12 Along with the advantage of high throughput, 

droplet microfluidic systems enable rapid mixing of fluids in the droplet microreactors with 

high reaction efficiency.13 In addition, the high surface-area-to-volume ratio from 

microfluidic droplets makes it promising in developing high-sensitivity interfacial 

biosensing between two different phases, thus overcoming the insolubility issues of many 

organic compounds like 17β-estradiol in various aqueous phase-based detection systems. 

Therefore, taking advantage of high surface-to-volume property of microfluidic droplets, we 

have developed a simple interfacial nano-biosensing strategy for high-sensitivity detection of 

low-solubility compounds like 17β-estradiol.

We previously developed a paper/polymer hybrid microfluidic device for simple one-step 

pathogen detection, using aptamer-functionalized graphene oxide (GO) nanosensors.14 

Because of the quenching property of graphene oxide and simplicity offered by aptamers, 

this nanosensing system provides a simple method for one-step pathogen detection. However 

it is not feasible to use this nanosensing system to detect estradiol due to the insolubility 

issue of estradiol. Combination of droplet microfluidics with aptamer-functionalized GO 

nanosensors enables a new interfacial nano-biosensing method for detection of low-

insolubility organic compounds, with high simplicity and high sensitivity.

The microfluidic chip design and the detection principle of interfacial nano-biosensing 

strategy are shown in Figure 1. The chip has two layers. The top layer is a 

polydimethylsiloxane (PDMS) layer consisting of three inlets for the delivery of estradiol, 

ethyl acetate and the aptamer-GO complex, microchannels, and an outlet for droplet 

collection. The outlet region is also used as the detection zone. A glass layer at the bottom is 

used for structure support. We used the T-junction method for microfluidic droplet 

generation, as shown in the inset (a) of Figure 1. Estradiol is dissolved in ethyl acetate as the 

oil phase, whereas an aqueous solution of aptamer-functionalized graphene-oxide 

nanosensors are used as the aqueous phase. Because of the extraordinary distance-dependent 

fluorescence quenching property of GO,14–15 fluorescence of the Cy3-labeled aptamer will 

be pre-quenched in the aptamer-GO aqueous phase (fluorescence ‘off’; see inset (b) in 
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Figure 1). By changing different flow rates of ethyl acetate and estradiol, different 

concentrations of estradiol solutions can readily detected by this droplet microfluidic 

system. When the water phase and the oil phase introduced at different flow rates meet at the 

T-junction, water-in-oil emulsion droplets will be generated due to the shear stress from the 

continuous oil flow which is set at a higher flow rate (2.4 µL/min) than the water phase (0.6 

µL/min). Figure 2 shows a series of images during and after the droplet generation process. 

After water-in-oil droplet generation, aptamer-functionalized GO nanosensors in aqueous 

droplets will start to react with the target of estradiol from the oil phase at the droplet 

interface between these two immiscible phases. The large surface from millions of droplets 

significantly enhances the interaction possibilities between aptamer-GO nanosensors with 

the target. In the presence of the target, the aptamer will bind specifically to the 

corresponding target estradiol. The competitive binding of the aptamer and target estradiol 

lowers affinity of the adsorption with GO and spontaneously liberates the aptamer from the 

GO surface, thus resulting in the fluorescence recovery (fluorescence ‘turn-on’; see inset (b) 

in Figure 1). After 30-min incubation at room temperature, recovered fluorescence will be 

detected by a fluorescence microscope at the outlet region. No fluorescence restoration is 

observed in the absence of the target. Hence, the aptamer-functionalized GO nanosensors in 

droplets enables a simple one-step “turn-on” mechanism for high-sensitivity estradiol 

detection. To the best of our knowledge, this is the first time to use the large effective area of 

microfluidic droplets to develop high-sensitivity nano-biosensing system based on enhanced 

interfacial reactions.

Optimization of the aptamer concentration is critical for high-sensitivity detection of 

estradiol. Therefore, four different concentrations of the aptamer ranging from 62.5 to 500.0 

nM were tested to optimize the aptamer concentration for the droplet microfluidic system by 

using 1000.0 pM estradiol. The corresponding fluorescent intensities at different aptamer 

concentrations after quenching and recovery are shown in Figure 3. Two important factors, 

both the recovered fluorescent intensity and the net fluorescence increase (i.e. the difference 

between the recovered and quenched fluorescent intensity) need to be considered since they 

can directly affect the detection sensitivity. From Figure 3 we can see that the fluorescence 

of the aptamer were significantly quenched by GO for all aptamer concentrations, without 

significant differences between different concentrations. However, the restored fluorescence 

varied a lot at different aptamer concentrations, ranging from 3700 to 12300 a.u. 

corresponding to the aptamer concentrations from 62.5 nM to 500.0 nM. 500.0 nM of the 

aptamer exhibited the maximal net fluorescence recovery (~7 folds increase). At lower 

aptamer concentrations, the recovered fluorescent intensities were much lower. Given the 

highest recovered fluorescence intensity and maximal difference between the recovered and 

quenched fluorescent intensity, we chose 500.0 nM as the optimal aptamer concentration for 

the subsequent experiments.

Under the optimized conditions, different concentrations of the standard estradiol were 

tested with their corresponding recovered fluorescence intensities recorded. Figure 4 shows 

the recovered fluorescent images and the calibration curve plotted by using recovered 

fluorescence intensities versus various concentrations of estradiol ranging from 0.1 pM to 

1000 pM. Compared to the negative control (0 pM of estradiol), even 0.1 pM of estradiol 

showed well distinguishable fluorescence signal. With the increase of estradiol 
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concentration, stronger recovered fluorescence intensity was observed. As can be seen in 

Figure 4b, a linear calibration curve was established between the recovered fluorescence and 

the estradiol concentration, with the square of the correlation coefficient (i.e. R2) of 0.997. 

The limit of detection (LOD) of estradiol was calculated to be as low as 0.07 pM on the 

basis of the 3-fold standard deviations of the negative control signal, whereas the LODs of 

most aptamer-based biosensors were in the range of nM (e.g. 2.1 nM1a) or above the pM 

range (e.g. 100 pM10a and 2.0 pM1b). It is noteworthy to mention that the reported LODs 

from two previous conventional methods using the same aptamer and the same optical 

detection method of fluorescence are 0.22 nM and 2.1 nM. Hence, our LOD is 2000 and 

20000 folds lower than those two methods,1a, 11 respectively, indicating the high sensitivity 

of our interfacial nano-biosensing method using microfluidic droplets. As far as we know, 

this LOD from our droplet microfluidics is the lowest one reported one for estradiol 

detection.

We further compared the sensitivity of our droplet microfluidic nanosensing system with 

conventional off-chip methods by testing various concentrations of estradiol. During the off-

chip detection, the mixed aptamer-GO and estradiol solutions were incubated at room 

temperature for 30 min in different microtubes with continuous shaking and without 

shaking, respectively. The fluorescent intensities generated by our droplet microfluidic 

method and these two conventional off-chip methods were recorded. Their comparison is 

shown in Figure 5. For the off-chip detection method without shaking, there were no obvious 

enhanced fluorescent intensities after incubation at all estradiol concentrations; for the off-

chip detection method with shaking, slightly enhanced fluorescent intensities were observed 

at only higher estradiol concentrations (>100 pM), indicating the low performance of the 

off-chip detection methods. It is estimated that the LODs of estradiol from these two 

conventional methods with and without shaking are about 150.0 and 20.0 pM, respectively. 

The LOD of 150.0 pM is consistent with previously published value of 0.22 nM.11 Although 

shaking can lower the LOD down to 20.0 pM, its LOD is still about 200 folds higher than 

that of our interfacial nano-biosensing system. In addition, we found the LOD of estradiol 

using commercial ELISA kits is above 18.3 pM (5.0 pg/mL) with longer assay time (~3 h) 

(see Supplementary Table S-1), which is also about 200 folds higher than that of our 

interfacial nano-biosensing system. Compared with the off-chip detection methods, the on-

chip detection method showed high performance with much higher sensitivity. This is 

mainly because the droplet system greatly enhances the reaction kinetics and efficiency 

between the two phase interfaces due to a tremendous increase in effective contact areas 

from a number of droplets. In addition, when millions of droplets are uniformly distributed 

in the analyte solution, which creates millions of bioreactors in various locations in the 

analyte solution. This miniaturized droplet microfluidic system allows the analyte to quickly 

diffuse and access to nanosensors in droplets, resulting in faster fluorescence recovery in a 

given time. Compartmentalization of droplets enhances assay sensitivity by an enormous 

increase in their reaction rate due to shortened access distances.16

Taking advantage of large effective surface area from microfluidic droplets, we have 

developed an interfacial nano-biosensing strategy based on aptamer-functionalized GO 

nanosensors in droplets for high-sensitivity one-step 17β-estradiol detection. The LOD was 

calculated to be as low as 0.07 pM. This study should have great potential for high-
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sensitivity food safety and environmental monitoring. This interfacial nano-biosening system 

can also be used to solve the detection problems of many low-solubility compounds (e.g. a 

number of hormones, proteins, drugs, vitamins, fats, polymers and other organic 

compounds) in numerous aqueous solutions-based detection systems. It is estimated 40% of 

approved drugs are poorly water soluble.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of the droplet microfluidic system for one-step estradiol detection using aptamer-

functionalized GO nanosensors. The high surface-to-volume ratio from droplet microfluidics 

enables high-sensitivity interfacial nano-biosensing. Sections (a) and (b) of the chip channel 

were zoomed in inset (a) and (b) to show the detection principle, respectively.
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Figure 2. 
Droplet generation. (a) Captured images during the droplet generation process by using the 

T-junction method. Food dye was add to distinguish droplets from the continuous flow. (b) A 

fluorescence image after droplet generation with Cy3-labeled aptamer in droplets.
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Figure 3. 
Estradiol aptamer concentration optimization. Estradiol concentration, 1000.0 pM.
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Figure 4. 
Fluorescence images (a) and calibration curve (b) of the detection of different concentrations 

of estradiol by using droplet microfluidic nanosensing system. Estradiol aptamer 

concentration, 500.0 nM.
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Figure 5. 
Comparison of estradiol detection results between on-chip and off-chip detection methods. 

Estradiol aptamer concentration, 500 nM.
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