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ABSTRACT: Field-effect transistors made from MoS2 and other emerging layered semiconductors have been demonstrated to be 

able to serve as ultrasensitive biosensors. However, such nanoelectronic sensors still suffer seriously from a series of challenges 

associated with the poor compatibility between electronic structures and liquid analytes. These challenges hinder the practical 

biosensing applications that demand rapid, low-noise, highly specific biomolecule quantification at femtomolar levels. To address 

such challenges, we study a cycle-wise process for operating MoS2 transistor biosensors, in which a series of reagent fluids are 

delivered to the sensor in a time-sequenced manner and periodically set the sensor into four assay-cycle stages, including 

incubation, flushing, drying, and electrical measurement. Running multiple cycles of such an assay can acquire a time-dependent 

sensor response signal quantifying the reaction kinetics of analyte-receptor binding. This cycle-wise detection approach can avoid 

the liquid-solution-induced electrochemical damage, screening, and nonspecific adsorption to the sensor and therefore improves the 

transistor sensor’s durability, sensitivity, specificity, and signal-to-noise ratio. These advantages in combination with the inherent 

high sensitivity of MoS2 biosensors allow for rapid biomolecule quantification at femtomolar levels. We have demonstrated the 

cycle-wise quantification of Interleukin-1β in pure and complex solutions (e.g., serum and saliva) with a detection limit of ~1 fM 

and a total detection time ~23 min. This work leverages the superior properties of layered semiconductors for biosensing 

applications and advances the techniques toward realizing fast real-time immunoassay for low-abundance biomolecule detection.   

Field-effect transistor (FET) biosensors made from 

emerging layered transition metal dichalcogenides (TMDCs), 

such as MoS2 and WSe2, have exhibited attractive 

characteristics, such as high biodetection sensitivity, low limit-

of-detection (LOD), and good compatibility with planar 

nanofabrication processes, potentially enabling multiplexing 

sensor arrays. Specifically, Wang et al. and Sarkar et. al. 

demonstrated MoS2 FET biosensors with femtomolar (fM)-

level detection limits.
1,2

 Nam et al. established the device 

physics for calibrating the sensor response signals measured 

from MoS2 FET sensors with insulating layers and 

preliminarily demonstrated the fabrication of MoS2 FET 

arrays.
3,4

 Lee et al. demonstrated that antibody receptors can 

be directly grafted on MoS2 FET channels without using 

insulating layers, which is due to the hydrophobicity of the 

MoS2 surface.
5
 Such an insulating-layer-free sensor structure 

can significantly lower the fabrication complexity and cost of 

MoS2 biosensors. Nam et al. further found that insulating-

layer-free MoS2 sensors exhibit a higher sensitivity than 

insulating-layer-coated ones.
6
 This was attributed to the fact 

that two mechanisms, target-molecule-induced electrostatic 

doping and target-molecule-induced surface scattering of 

carriers, synergistically affect the response signal of an 

insulating-layer-free sensor, but only target-molecule-induced 

electrostatic doping contributes to the response signal of an 

insulating-layer-coated sensor.
6,7

 Nam et al. also demonstrated 

that WSe2 FET sensors exhibit a higher sensitivity than MoS2 

FET sensors, which is attributed to the ambipolar transfer 

characteristics of WSe2 FETs.
7
 

In spite of the progress mentioned above, MoS2 and other 

TMDC-based FET biosensors still suffer seriously from a 

series of challenges that hinder their practical biosensing 

applications. Especially, a FET sensor needs to be 

continuously exposed to a liquid reagent environment for 

quantifying the time-dependent reaction kinetics of analyte-

receptor binding. Such a time-dependent detection capability 

is a key to realize rapid biomolecule quantification based on 

sensor response readings at the non-equilibrium states of 

binding reactions, which could result in very short lapsed 

times and enable fast real-time immunoassay for quantifying 
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extreme low-abundance biomolecules (e.g., fM-level 

biomarkers).
8
 However, the electrical signal acquisition 

process is not generally compatible with such a liquid 

environment in the sensor. During a typical time-dependent 

detection process for quantifying the binding reaction kinetics, 

the sensing FET is electrically biased and constantly exposed 

to the analyte solution. The process applies a gate voltage (VG) 

to bias the FET to the linear regime of the transfer 

characteristic to obtain a high sensitivity as well as a 

consistent sensor response behavior,
4,7

 and a drain-source 

voltage (VDS) for driving the sensing channel current (IDS). 

Such continuous electrical stresses in the liquid reagent 

environment can result in undesirable leakage currents flowing 

to electrodes, generate high-level electronic noises and false 

sensor responses, and even electrochemically damage the 

sensor. It should be noted that even the FET sensor coated 

with an insulating layer (e.g., TiO2, SiO2, or Al2O3 layers) can 

hardly survive in a long continuous time-dependent detection 

process (e.g., several hours for fM-level quantification) 

because of the electric-field-enhanced permeation of reactive 

ions into the insulating layer.
9,10

 The analyte solutions with 

different ionic strengths also cause different degrees of the 

screening effect to the electrostatic interaction between target 

molecules and the sensing channel, resulting in inconsistent 

sensor response signals. Such a screening effect also degrades 

the biodetection sensitivity of the sensor.
11-14

 Another serious 

issue associated with TMDC-based FET sensors is the 

hysteretic behavior of the transfer characteristics of such 

sensors, which is attributed to the gate-modulated charges 

trapped at TMDC/dielectric interfaces.
15

 Such a hysteretic 

behavior makes the IDS value measured under a given VG 

highly dependent on the sweep range, sweep direction, sweep 

time and loading history of VG biases, therefore resulting in 

inconsistent sensor readings. To rule out such uncertainty of 

sensor readings due to the hysteresis effect, ones need to 

measure the whole transfer characteristic curves (i.e., IDS-VG 

curves) by sweeping VG along both positive and negative 

directions, which is similar to the way for characterizing a 

charge-controlled FET memory.
16-18

 However, this electrical 

measurement process is not applicable during a continuous 

time-dependent detection process. Another expedient solution 

is to constantly bias the FET sensor to the linear (or highly 

conductive) transport regime, where the hysteresis-induced 

indeterminacy of IDS values is much smaller than that in the 

subthreshold regime. However, as discussed above, such a 

constantly applied gate bias can easily damage the sensor. In 

addition, during a continuous time-dependent detection 

process, the nonspecific adsorption of untargeted molecules on 

the FET sensing channel can also generate false signals. All of 

these issues seriously limit the applicability of TMDC-based 

FET biosensors for realizing rapid, highly specific 

biomolecule quantification based on time-dependent sensor 

response signals or non-equilibrium-state sensor responses. 

In this paper, we present a cycle-wise time-dependent 

biodetection method for operating MoS2-based FET 

biosensors. Such a cycle-wise process alternatingly sets the 

FET sensor into incubation, flushing, and electrical 

measurement steps and therefore avoids the liquid-solution-

induced electrochemical damage, screening, and nonspecific 

adsorption to the sensor. This method can also rule out the 

indeterminacy of sensor readings due to the hysteretic 

behaviors of TMDC FETs. This cycle-wise detection method 

in combination with the superior sensitivity and limit-of-

detection (LOD) of TMDC-based biosensors enables rapid, 

low-noise, and highly specific biomolecule quantification with 

fM-level LODs even in complex analyte solutions. In this 

work, we have experimentally characterized time-dependent 

sensor responses associated with the reaction kinetics of 

streptavidin-biotin and Interleukin 1-beta (IL-1β)-antibody 

bindings and demonstrated fM-level streptavidin and IL-1β 

quantifications in pure as well as complex solutions (e.g., 

serum and saliva) with detection limit of ~1 fM and total 

detection time less than 23 min. 

 

EXPERIMENTAL SECTION 

Fabrication of MoS2 FET biosensors: The MoS2 FETs 

are constructed onto p
+
-Si substrates with 300 nm thermally 

grown SiO2 layers using our previously published 

nanoprinting method.
3
 The 300 nm-thick SiO2 layers serve as 

back-gate dielectrics and also enable a simple color coding 

method to quickly identify and locate the few-layer MoS2 

flakes with suitable thicknesses.
19

 The thicknesses of printed 

Few-layer-MoS2 FET channels are specifically controlled to 

be 5-10 nm. Such MoS2 channel thicknesses can result in the 

optimal field-effect mobility and On/Off ratio values for the 

FETs.
20-22

 The p
+
-Si substrates serve as the back gates (G). Ti 

(10 nm)/Au (50 nm) drain (D) and source (S) contacts to the 

MoS2 channels are fabricated using photolithography. The 

channel length and width of as-fabricated MoS2 FETs are ~5 

µm and ~15 µm, respectively. Electrical measurements are 

performed using an HP-4145B semiconductor parameter 

analyzer, connected to a Lakeshore
TM

 probe station. Each of 

the MoS2 FETs biosensors is attached with a 

polydimethylsiloxane (PDMS) block bearing a microfluidic 

channel (10 mm in length, 200 µm in width, 50µm in height), 

as illustrated in Fig. 1 (a). A motorized syringe pump is used 

to drive the reagent flows into and out of the microfluidic 

structure through an tubing kit (diameter: 0.75 mm). 

Functionalization of MoS2 FET biosensors and 

biodetection processes: Before functionalization, the as-

fabricated MoS2 FET biosensor is incubated in 5% (3-

Aminopropyl) triethoxysilane (APTES) in ethanol for 1 hour. 

In case of IL-1β antibody functionalization, additional 5% 

glutaldehyde in Phosphate-buffered saline (PBS) is used to 

incubate the FET sensor for another 2 hours. After the 

incubation process, the sensor is rinsed with deionized (DI) 

water and blown dry by using an air gun. 50µg/ml NHS-biotin 

(for detecting streptavidin) or 50µg/ml IL-1β antibody (for 

detecting IL-1β) in PBS is subsequently incubated on the 

MoS2 FET channel area for 30 min. Before a biodetection 

process, a PDMS microfluidic structure is attached on top of 

the FET sensor. A pair of inlet/outlet tubes are connected with 

this microfluidic structure and used to deliver a time-

sequenced series of reagent fluids, including analyte solutions 

of streptavidin or IL-1β, pure buffers, DI water flows, and air 

flows. Specifically, liquid solution flows, i.e., analyte and 

buffer solution flows, are driven into the sensor by using a 

syringe pump; the air flow for drying the sensor is generated 

by connecting the outlet tube with a vacuum supply nozzle and 

letting the inlet tube open to air. During a biodetection cycle, 

the time durations for incubation in the analyte solution, 
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flushing using pure buffer and DI water, drying using air flow, 

and electrical measurement are set to 10 min (or 5 min), ~5 

sec, ~20 sec, and ~20 sec, respectively.  

 

RESULT AND DISCUSSION 

Figure 1 (a) illustrates the MoS2-based FET biosensor, 

which is integrated with a polydimethylsiloxane (PDMS)-

based microfluidic channel. The sensing FET channel made 

from a few-layer MoS2 flake is functionalized with specific 

antibody receptors for detecting the target molecules in the 

analyte solution. In this work, MoS2 FET channels are 

functionalized with either biotin or IL-1β antibody receptors 

for detecting streptavidin or IL-1β molecules presented in pure 

and complex solutions, as illustrated in Figs. 1 (b) and (c). The 

fabrication and functionalization of such integrated biosensors 

are described in the Experimental Section. 

 

 

Figure 1. Experimental method: (a) illustration of a MoS2-based 

FET sensor, which is integrated with a PDMS microfluidic 

structure, (b) and (c) illustrations of the TMDC channels 

functionalized with biotin and IL-1β receptors, respectively. 

 

Figure S-1 in the supporting information illustrates the 

cycle-wise biodetection process for operating a MoS2 FET 

sensor. During this process, the microfluidic structure is 

operated to deliver a series of time-sequenced reagent fluids to 

the sensing FET channel and periodically set the sensor into 

four assay-cycle stages, including (i) incubation of the sensing 

channel in the analyte solution containing target molecules for 

a short but deterministic duration (typically 5-10 min), (ii) 

flushing the sensing channel using pure buffer and DI water to 

eliminate unreacted target molecules and untargeted 

background molecules, (iii) drying the sensing channel using 

an air flow, and (iv) electrically measuring, under such a dry 

condition, the transfer characteristics (i.e., IDS-VG characteristic 

curves) of the sensing FET by sweeping VG along both 

positive and negative directions. Repetitive operation with 

multiple such incubation-flushing-drying-measurement 

(IFDM) cycles can acquire a time-dependent sensor response 

signal associated with the reaction kinetics of analyte-receptor 

binding. More details about this IFDM cycle-wise method are 

described in the Experimental Section. 

Figure S-2 (a) shows the scanning electron micrograph 

(SEM) of as-printed few-layer-MoS2 FET channels. Each of 

the printed channels is associated with a pair of Ti/Au align-

marks, which are used for locating the FET channel 

specifically selected for making a working biosensor. Figure 

S-2 (b) displays the optical micrograph of a representative 

FET biosensor consisting of a few-layer MoS2 channel 

(thickness ~ 5 nm), and a pair of metallic drain/source (D/S) 

contacts (10 nm Ti/50 nm Au). The FET channel length and 

width are 5 and 15 µm, respectively. Figure S-2 (c) shows the 

photograph of a MoS2 FET sensor integrated with a PDMS 

microfluidic structure. This microfluidic structure is connected 

with a syringe pump. We can operate this pump/tubing system 

to deliver a time-sequenced series of reagent fluids to the FET 

sensing channel for performing IFDM detection cycles. 

Figure S-3 in the supporting information shows the time-

dependent transfer characteristics (i.e., IDS – VG characteristics) 

measured from a set of MoS2 FET sensors using the cycle-

wise method discussed above. Each of these sensors was 

subjected to a different concentration of streptavidin (Figs. S-3 

(a)-(f) show the results for different streptavidin 

concentrations nstreptavidin = 0, 1, 4, 20, 100, and 300 fM, 

respectively). Specifically, this set of MoS2 sensors were 

fabricated in the same batch using our previously published 

nanoprinting method that can enable production of multiple 

few-layer MoS2 FETs with a high device-to-device 

consistency in their transport characteristics.
3
 Here, for each 

IFDM cycle, the incubation time (Ti) was set to 10 min. In the 

following discussion, the sensor responses are analyzed as a 

function of accumulative incubation time (t), which is defined 

as t = nTi (here, n is the number of already performed IFDM 

cycles). In this experiment, the transfer curves of each MoS2 

sensor were acquired at a series of IFDM cycles with t values 

ranging from 0 to 110 min (i.e., 11 IFDM cycles for a 

detection course). As shown in Fig. S-3, for each FET sensor 

in response to a specific streptavidin concentration, the linear 

regime of its transfer curve exhibits an evolutionary reduction 

of the FET transconductance (i.e., �� �
����

��	
 in the linear 

regime of the transfer curve) or the IDS measured at given VG 

and VDS with increasing the accumulative incubation time t. 

Such a reduction behavior of gm and IDS values is attributed to 

the net effect of target-molecule-induced electrostatic doping 

and target-molecule-induced surface scattering of carriers.
6,7

 In 

addition, the reduction rate and range of the gm and IDS values 

in the linear regime of the transfer curve become larger with 

enhancing the streptavidin concentration, as displayed by Figs. 

S-3 (a)-(f). This is attributed to the fact that the binding rate of 

biotin-streptavidin pairs increases with increasing streptavidin 

concentration, and the final occupancy of biotin receptors at 

the equilibrium state of the biotin-streptavidin binding reaction 

becomes larger at the higher streptavidin concentration.
23

 

Although the nstreptavidin = 0 case (Fig. S-3 (a)) is not expected 

to result in any specific binding reaction, the t-dependent IDS-

VG curves of the FET sensor still exhibit an observable 

reduction of the gm (or IDS) in the linear regime with increasing 

t. This indicates that the pure buffer solution still results in 

moderate nonspecific absorption of ions or molecules on the 
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MoS2 channel. Currently, we have not fully understood the 

mechanism of such nonspecific absorption, but temporarily 

attributed it to the slow reaction between the crystal defects on 

the MoS2 channel and the ions in the buffered solution.
24

 

Figure S-3 (b) specifically shows the t-dependent IDS-VG 

curves measured at nstreptavidin = 1 fM. For this sensor, at each 

IFDM cycle (i.e., at each t point), two IDS-VG curves were 

acquired with different VG sweep directions. One was 

measured with positive VG sweep direction (i.e., from -100 to 

100 V, “positively-scanned curve”), and the other was 

measured with negative VG sweep direction (i.e., from 100 to -

100 V, “negatively-scanned curve”). Figure S-3 (b) shows that 

the MoS2 sensor exhibits a prominent hysteretic behavior in its 

transfer characteristics. Such a hysteretic behavior is attributed 

to the VG-modulated charge trapped at MoS2/dielectric 

interfaces or moisture molecules.
15,25

 Although both sets of the 

positively and negatively-scanned IDS-VG curves exhibit 

similar gm/IDS-reduced response behaviors with increasing t, 

the observed hysteresis of IDS-VG curves could result in 

undesirable indeterminacy of sensor readings. Specifically, to 

quantify the time-dependent reaction kinetics of an analyte-

receptor binding reaction, the IDS values measured at given VG 

or the gm values in the linear regime of the IDS-VG curves are 

captured and plotted as a function of accumulative incubation 

time t. The hysteretic effect makes the acquired IDS-t or gm-t 

response curves highly dependent on the loading history of VG 

biases, resulting in serious inaccuracy of sensor readings for 

real-time biomolecule quantification. As implied by Fig. S-3 

(b), a solution to minimize the hysteresis-induced 

indeterminacy of sensor readings is to use the IDS data 

measured in the highly conductive regime of IDS-VG curves 

(e.g., VG = 100 V for our n-type MoS2 FETs) as the sensor 

response signals. The IDS – t response signals captured at VG = 

100 V is expected to enable reliable quantification of the time-

dependent kinetics of analyte-receptor binding reactions with 

the minimal hysteresis-induced sensor inaccuracy. Here, it 

should be noted that the IFDM cycle-wise method is highly 

compatible with the acquisition of IDS – t response signals at 

VG = 100 V, because in an IFDM cycle, the electrical 

measurement of IDS-VG curves in the VG range of -100-to-100 

V is separated from the incubation in the liquid solution, 

which can effectively avoid the large-bias-induced 

electrochemical damage to the FET. This is an advantage of 

the IFDM cycle-wise method in minimizing or eliminating 

hysteresis-induced inaccuracy of sensor readings. 

As discussed for Fig. S-3, IDS – t response signals can be 

captured from the highly-conductive n-type branches of the IDS 

– VG curves of MoS2 FET sensors. To further minimize the 

device-to-device variation in captured IDS values, we use the 

relative percentage change in IDS (i.e., 
 � 100%�
������� � ����� � 0��/����� � 0� ) with respect to the 

accumulative incubation time (t) as a calibrated time-

dependent sensor response signal. Here, S can also serve as the 

biodetection sensitivity. Figure 2 (a) plots the S – t response 

curves corresponding to different streptavidin concentrations 

(nstreptavidin = 0, 1, 4, 20, 100, and 300 fM), which were 

captured from the corresponding t-dependent IDS-VG curves 

displayed in Fig. S-3. The nonflat S-t curve at nstreptavidin = 0 

serves as the biodetection baseline. The S-t curve measured at 

nstreptavidin = 1 fM can be well resolved from this baseline. This 

demonstrates that the MoS2 FET sensors operated by the 

IFDM cycle-wise method can enable a LOD of at least 1 fM 

for streptavidin detection. In Fig. 2 (a), the S – t response 

curves labelled with “1 fM (+)” and “1 fM (-)” are captured 

from the positively and negatively-scanned t-dependent IDS-VG 

curves shown in Fig. S-3 (b) (captured at VG = 100 V), 

respectively. These two S – t response curves are highly 

consistent with each other regardless of the scanning direction 

(or the loading history of VG-modulated charges). This further 

demonstrates that the IFDM cycle-wise method can generate 

unambiguous time-dependent sensor response signals for 

biomolecule quantification and rule out the indeterminacy of 

sensor readings due to the hysteresis of the transfer 

characteristics of TMDC-based FETs. 

 

 

Figure 2. (a) S – t response curves measured at different 

streptavidin concentrations (nstreptavidin = 0, 1, 4, 20, 100, and 300 

fM), which are captured from the t-dependent IDS – VG curves of a 

set of MoS2 sensors; (b) plots the dS/dt - nstreptavidin curve extracted 

from the S – t response curves. 

 

We further extracted derived sensor response parameters 

from the measured S – t response curves to obtain a standard 

curve (i.e., calibrated sensor response (R) versus analyte 

concentration (n) curve) for enabling rapid biomolecule 

quantification. Figure 2 (a) shows that within an accumulative 

incubation time (t) of ~2 hr, the S-t response curves measured 

at nstreptavidin < 300 fM do not fully saturate to the S values 

corresponding to the equilibrium states of the binding reaction 

processes. This means that the sensor response quantities 

measured at the equilibrium states are not suitable for rapid 

femtomolar-level biomolecule quantification, because even for 

the analyte-receptor pair with a strong affinity (e.g., 
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streptavidin-biotin pair), it still takes several hours for the 

binding reaction to reach to the equilibrium state. Figure 2 (a) 

also shows that the initial slopes of S – t response curves 

exhibit a strong dependence on streptavidin concentrations and 

can be exploited for rapid streptavidin quantification. The 

determination of such initial slopes of S – t curves does not 

need a long accumulative incubation time until the binding 

reaction reaches to the equilibrium state. Therefore, the initial 

slope of an S – t curve (i.e., dS/dt at t ~ 0) can serve as a 

derived sensor response quantity for enabling rapid 

biomolecule quantification. Here, the specific dS/dt value is 

extracted from the S – t response curve through linearly fitting 

the S data measured within the first three IFDM cycles 

(typically, the accumulative incubation time is ~20 min, and 

the total assay time is less than 23 min). Figure 2 (b) plots the 

dS/dt - nstreptavidin curve extracted from the S – t response curves 

shown in Fig. 2 (a). Such a dS/dt - nstreptavidin curve can serve as 

a standard curve for rapid streptavidin quantification at 

femtomolar levels. It should be noted that the dS/dt value for n 

= 0 (i.e., -0.31+0.01 %/fM) is not shown in semilogarithmic 

Fig. 2 (b). The dS/dt value for n = 1 fM (i.e., -0.65+0.03 

%/fM) is well distinct from this baseline value. 

To evaluate the repeatability of biomolecule 

quantification based on initial slopes of S – t response curves, 

another two MoS2 FET sensors were used to repeat the cycle-

wise detection course at nstreptavidin = 300 fM and generate 

another two S – t response curves, which are also plotted in 

Fig. 2 (a). The corresponding t-dependent IDS-VG curves of 

these two sensors are shown in Fig. S-4 in the supporting 

information. All three S – t response curves for nstreptavidin = 

300fM are consistent with each other. Especially, their initial 

slopes are very close (the relative standard deviation is ~16%) 

and can be unambiguously associated with 300fM 

streptavidin. In addition, for these two repeated courses, the 

incubation time (Ti) in an IFDM cycle is 5 min. As shown in 

Fig. 2 (a), the S-t response curves measured by these two 

sensors at Ti = 5 min are consistent with that measured at Ti = 

10 min. This result also shows that the variation of the IFDM 

cycle period in the range of 5-10 min does not significantly 

affect the resulted t-dependent sensor response signals. 

We further used our MoS2 FET sensors and the cycle-

wise method for investigating the quantification of other 

clinical biomarkers, which usually exhibit a much weaker 

affinity to their receptors in comparison with streptavidin. 

Here, we demonstrated Interleukin 1beta (IL-1β) 

quantification. IL-1β is a cytokine protein and serves as an 

important mediator of the inflammatory response.
26-29

  It is 

associated with many cellular activities, including 

proliferation, differentiation, and apoptosis.
30-32

 IL-1β has a 

relatively weak affinity to its antibody in comparison with 

streptavidin (i.e., the affinity constant for the streptavidin-

biotin pair KD, Streptavidin ~ 10
-14

 M, and that of the IL-1β-

antibody KD, IL-1β ~ 10
-9

 M (or 1 nM)). Therefore, rapid fM-

level IL-1β quantification is still a challenge (note that IL-1β 

quantification with LOD of ~10 fM can be realized by using 

advanced enzyme-linked immunosorbent assays (ELISAs), but 

such assays still need very long processing times).
33-35

 

Figure S-5 displays the t-dependent IDS-VG characteristic 

curves measured from a set of six MoS2 FET sensors, which 

were subjected to a set of IL-1β solutions with different IL-1β 

concentrations (i.e., nIL-1β = 0 fM, 1 fM, 4 fM, 20 fM, 100 fM, 

and 500 fM), respectively. From these IDS-VG curves, the 

corresponding S-t response curves were extracted at VG = 100 

V and plotted in Fig. 3 (a). The method for processing the 

sensing data for IL-1β quantification is the same as that for 

streptavidin quantification. Here, the S-t response curve for nIL-

1β = 0 is still not flat but is highly consistent with that for 

nstreptavidin = 0. This further indicates that such a zero-

concentration S-t response curve can serve as a generic 

baseline for quantification of different target molecules in the 

same solvent. Figure 3 (a) shows that the S-t response curve 

measured at nIL-1β = 1 fM is clearly resolvable from the nonflat 

baseline measured at nIL-1β = 0. This indicates that our MoS2 

FET biosensors in combination with the IFDM cycle-wise 

method can result in a LOD of ~1 fM for IL-1β quantification. 

As discussed for streptavidin quantification, the initial slopes 

of the S-t response curves shown in Fig. 3 (a) can be also used 

as a derived response quantity for enabling rapid IL-1β 

quantification. Figure 3 (b) shows the extracted dS/dt data 

plotted as a function of the IL-1β concentrations (nIL-1β). Here, 

the dS/dt value for n = 1 fM (i.e., -0.37+0.03 %/fM) is well 

distinct from that for n = 0 (i.e., -0.26+0.02 %/fM). Similar to 

the case for streptavidin quantification, to unambiguously 

determine the dS/dt values for IL-1β quantification, the 

minimum incubation time is about 20 min, and the 

corresponding total assay time is about 23 min. Therefore, this 

work has further demonstrated that the MoS2 FET biosensors 

operated using the IFDM cycle-wise method can enable rapid 

femtomolar-level quantification of IL-1β and other 

biomolecules with relatively weak affinities (i.e., nM-level KD 

values) to their receptors. Here, IL-1β and streptavidin 

molecules have very close isoelectric point values (~7) in a 

PBS solution.
36,37

 Therefore, the effect of their charges on their 

resulted sensor responses is not expected to be significant. The 

difference between their resulted sensor responses is attributed 

to their different affinities to the receptors. Furthermore, the 

current IFDM cycle period is 5-10 min, which is limited by 

our current microfluidic pumping system. Therefore, we set 

the total incubation time to be ~20 min to ensure that at least 

three data points could be obtained to determine the slope 

values of S – t curves. Therefore, the total incubation time is 

currently not limited by analyte-receptor pairs but temporarily 

limited by the flow rate of our current microfluidic system. 

In another experiment, we characterized two MoS2 FET 

sensors for a direct comparison of the time-dependent 

response signals measured using the IFDM cycle-wise method 

and the regular continuous detection method. Figure 4 shows 

these two sensors’ responses to the same pure 30 fM 

streptavidin solution. Specifically, one of the sensors was 

operated by using the IFDM cycle-wise method (Ti = 10 min). 

The solid circles in Fig. 4 represent the calibrated S – t 

response signal measured by this sensor. Another sensor was 

used to continuously measure the electrical signal associated 

with the time-dependent reaction kinetics of biotin-

streptavidin binding. In particular, this sensor was 

continuously biased with a back-gate voltage (VG) of 100 V 

and a drain-source voltage (VDS) of 1 V. Since the 30 fM 

streptavidin solution was introduced into the sensor, the 

instant IDS signal had been being continuously recorded as a 

function of t. This continuous IDS – t signal was also calibrated 

into the signal of t-dependent relative change in IDS (i.e., the S 
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– t signal), which was also plotted in Fig. 4. In comparison 

with this S – t signal obtained using the continuous detection 

method, the S – t signal obtained using the IFDM cycle-wise 

method exhibits the larger signal magnitude (i.e., the higher 

sensitivity) and the smaller relative error of the signal 

magnitude (i.e., the higher signal-to-noise ratio) at a given 

accumulative incubation time. The relatively weaker 

magnitude of the S – t signal obtained using the continuous 

method is attributed to the Debye screening effect of the liquid 

solution, which can weaken the electrostatic coupling between 

the charges of target molecules and the FET channel, resulting 

in the lower sensitivity.
11-14

 The IFDM cycle-wise method can 

address this issue through physically isolating the incubation 

and measurement stages during an IFDM cycle. This cycle-

wise method can also eliminate the electrical noise from the 

liquid solution and therefore result in the lower LOD. 

Additionally, as shown in Fig. 4, the MoS2 sensor operated 

using the continuous method failed at t ~ 50 min. 

 

 

Figure 3. (a) S – t response curves measured at different IL-1β 

concentrations (nIL-1β = 0, 1, 4, 20, 100, and 500 fM), which are 

captured from the t-dependent IDS – VG curves; (b) plots the dS/dt 

- nIL-1β curve extracted from the S – t response curves. 

  

Our other TMDC FET sensors, when operated using the 

continuous method, also usually fail within one hour of the 

operation. Here, the failure of a MoS2 sensor means that the 

MoS2 channel is electrochemically broken into isolated pieces 

and the IDS signal drops to undetectable levels. This is 

attributed to the long-time exposure of the MoS2 channel to 

electrical stress and liquid environment, which can result in an 

electrochemical corrosion in MoS2 layers. However, the 

similar TMDC sensors, if operated using the cycle-wise 

method, can properly work for several hours without damage. 

Therefore, this comparison work indicates that the TMDC 

FET sensors operated using the IFDM cycle-wise method 

exhibit the better durability, the higher sensitivity, and the 

higher signal-to-noise ratio than those operated using the 

continuous detection method. 

To evaluate the detection specificity of the MoS2 

biosensors operated by the cycle-wise method and the effect of 

complex solutions on the detection results, we further 

performed two experiments to study the time-dependent 

sensor responses to biotin-streptavidin and IL-1β-antibody 

binding reactions in various solution backgrounds. In the first 

experiment, we fabricated three MoS2 FET biosensors in the 

same batch. One of them (sensors #1) was used to quantify 20 

fM streptavidin in a pure solution. The other two sensors 

(sensors #2 and #3) were used to quantify 20 fM streptavidin 

in a solution that also contained 60 fM tumor necrosis factor 

alpha (TNF-α). Figure S-6 in the supporting information 

shows the t-dependent IDS – VG curves of these three MoS2 

FET sensors. Figure S-7 plots three S – t response curves 

extracted from the t-dependent IDS – VG curves of these three 

MoS2 sensors. These three S – t response curves are highly 

consistent with each other. This indicates that the presence of 

60 fM TNF-α in the analyte solution does not noticeably affect 

the t-dependent sensor responses to 20 fM streptavidin. 

In the second experiment, four MoS2 FET biosensors 

were used to quantify 20 fM IL-1β in a pure solution (sensor 

#1), a solution also containing 100 fM TNF-α (sensor #2), 

serum (sensor #3), and saliva (sensor #4), respectively. The 

serum matrix used here was purchased from Merck KGaA, Inc. 

and diluted by 20 times in DI water. It contains 0.08% Sodium 

Azide. The saliva used here was collected from healthy human 

donors using reported drooling method.
38

 The as-pooled saliva 

was diluted in DI water by 10 times. Figure S-8 in the 

supporting information shows the t-dependent IDS – VG curves 

of these four MoS2 FET sensors, which were measured using 

IFDM cycles (Ti = 10 min). Figure S-9 in the supporting 

information plots the S – t response curves extracted from the 

t-dependent IDS – VG curves of these four MoS2 sensors. All of 

these S-t signals in response to 20 fM IL-1β in different 

solution backgrounds are consistent with each other. This 

good consistency further demonstrates that the reliable t-

dependent sensor responses to target analyte molecules can be 

acquired regardless of the different solution backgrounds, and 

the complex protein backgrounds in serum and saliva do not 

significantly affect the t-dependent sensor readings associated 

with the specific concentrations of target molecules. The slight 

difference among these S – t curves in Figs. S-7 and S-9 is 

attributed to the slight sensor-to-sensor variation in transport 

characteristics. These two comparison experiments have 

demonstrated that the MoS2 FET biosensors operated using the 

IFDM cycle-wise method exhibit a high biodetection 

specificity. This is attributed to the flushing step in an IFDM 

cycle, which can effectively remove non-specifically adsorbed 

molecules from the FET sensing channel, therefore 

minimizing the false sensor responses. Furthermore, two-

dimensional MoS2 or other TMDC surfaces usually have a 

very low friction coefficient and exhibit very low adhesion to 

other materials, which is expected to make the flushing of 

non-specifically adsorbed molecules on TMDC FET channels 
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much easier than that on the FET channels made from 

conventional semiconductors.
39

 

 

 

Figure 4. Comparison between the S – t response signals obtained 

using the IFDM cycle-wise method (solid circles) and the regular 

continuous detection method (solid line). 

 

We also measured the S – t responses to different IL-1β 

concentrations presented in serum. Figures S-10 and S-11 (a) 

in the supporting information display t-dependent IDS – VG 

characteristic curves and derived S – t response curves, 

respectively. Figure S-11 (b) plots the dS/dt - nIL-1β standard 

curve extracted from the S – t curves in Fig. S-11 (a), which is 

compared to the standard curve measured from the IL-1β 

molecules presented in the pure solvent. Figure S-11 (b) 

further shows that the standard curve obtained from a complex 

solution is basically consistent with that obtained from the 

pure solution. The slight difference between them is attributed 

to the slight sensor-to-sensor variation in their transport 

characteristics or the slightly different baselines caused by the 

different solution backgrounds. As a comparison, we also 

obtained a correlation curve for IL-1β quantification in serum 

using standard ELISA. Figures S-12 (a) and (b) in the 

supporting information plot such an ELISA-measured 

correlation curve in linear and semilogarithmic scales, 

respectively. Figure S-12 (c) displays a photograph of the ELISA 

wells used for obtaining the correlation curve. Figure S-12 (b) 

shows that for IL-1β concentrations less than 1 pM, the ELISA 

signals can be hardly resolved from the zero concentration 

baseline, and the LOD of the standard ELISA for IL-1β 

quantification in serum is estimated to be ~1 pM. Therefore, our 

cycle-wise detection method using MoS2 FETs results in a much 

lower LOD in comparison with the standard ELISA.  

Finally, we provide a comparison of the LOD and 

incubation time parameters obtained by the presented IFDM 

cycle-wise method based on MoS2 sensors, other 

representative FET biosensors, and advanced ELISA, as 

shown in Table S-1 in the supporting information. In 

comparison with previously reported FET biosensors made 

from graphene layers,
40

 Si nanowires,
23,41

 and MoS2 layers,
1,2

 

our MoS2 sensors operated by the cycle-wise detection method 

enable a lower LOD for quantifying low-abundant 

biomolecules. For femtomolar-level IL-1β quantification, our 

IFDM cycle-wise method can result in a much shorter required 

incubation time in comparison with advanced ELISA.
33-35

         

 

CONCLUSION 

We established a cycle-wise approach for operating MoS2 

FET biosensors. This approach enabled rapid, low-noise, 

highly specific biomolecule quantification and analyte-

receptor binding kinetics analysis. Combined with the high 

sensitivity and low detection limit of MoS2 biosensors, this 

cycle-wise detection method can realize rapid biomolecule 

quantification at femtomolar levels. In this work, we have 

demonstrated the quantification of streptavidin and IL-1β 

suspended in pure and complex solutions with a detection 

limit of ~1 fM and a total assay time less than 23 min. This 

work leverages the superior electronic properties of emerging 

layered materials for biosensing applications and advances the 

sensor operation technology toward realizing fast biomolecule 

quantification at femtomolar levels. 
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