
1Scientific RepoRts | 7: 5802  | DOI:10.1038/s41598-017-06265-1

www.nature.com/scientificreports

All-printed highly sensitive 2D MoS2 
based multi-reagent immunosensor 
for smartphone based point-of-care 
diagnosis
Memoon Sajid1, Ahmed Osman2,3, Ghayas Uddin Siddiqui1, Hyun Bum Kim1, Soo Wan Kim1, 
Jeong Bum Ko1, Yoon Kyu Lim4 & Kyung Hyun Choi1

Immunosensors are used to detect the presence of certain bio-reagents mostly targeted at the 
diagnosis of a condition or a disease. Here, a general purpose electrical immunosensor has been 
fabricated for the quantitative detection of multiple bio-reagents through the formation of an 
antibody-antigen pair. The sensors were fabricated using all printing approaches. 2D transition metal 
dichalcogenide (TMDC) MoS2 thin film was deposited using Electrohydrodynamic atomization (EHDA) 
on top of an interdigitated transducer (IDT) electrode fabricated by reverse offset printing. The sensors 
were then treated with three different types of antibodies that were immobilized by physisorption 
into the highly porous multi-layered structure of MoS2 active layer. BSA was used as blocking agent to 
prevent non-specific absorption (NSA). The sensors were then employed for the targeted detection of 
the specific antigens including prostate specific antigen (PSA), mouse immunoglobulin-G (IgG), and 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). IgG was then selected to test 
the sensors for point of care (POC) diagnosis through a specially designed electronic readout system 
for sensors and interfacing it with a smartphone using Bluetooth connection. The sensors showed 
promising performance in terms of stability, specificity, repeatability, sensitivity, limit of detection 
(LoD), and range of detection (RoD).

Immunosensors are compact analytical devices that are used to detect the formation of a complex resulting from 
an antigen-antibody interaction using transduction techniques to generate an interpretable and process able out-
put signal. The different types of transducing mechanisms are based on difference in generated signals or changes 
in properties when a complex is formed1. Immunosensors are well recognized standard bio detection devices 
employed in laboratories for disease diagnosis, food industry for safety testing, and for general environmental 
contamination monitoring. The essential foundation of all the immunosensors is to specifically recognize anti-
gens by antibodies to form a stable complex2. Immunosensors have been successfully fabricated and tested to 
reliably sense various bioactive elements like DNA3, viruses4, 5, enzymes and cell receptors6, glucose and other 
chemicals, proteins, and hormones7, 8, etc.

There are a number of working principles on which the immunosensors can be fabricated. They can be based 
on chromatography, fluorescence, electrochemical variation, mass spectrometry, surface plasmon resonance, lat-
eral flow, etc. refs 9–11. Electrochemical immunosensors have received considerable attention owing to their ease 
of use, reasonable limit of detection (LoD) with a small sample volume, and being a simple analytical platform12. 
The most promising applications of electrical biosensors include situations where low cost, small setup size, and 
speedy results are crucial but high end and high accuracy results are not a priority for example, in point of care 
diagnosis for house hold personal use, emergency situations like in an ambulance, routine clinical checkups, 
water quality check, and screening13. There are further different categories in the electrochemical immunosen-
sors based on their working principles that include coated paper based chemristors14, potentiometric sensors15, 
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amperometric sensors16, sandwich type structures17, IDT based sensors18, and most commonly, field effect tran-
sistors (FETs)19.

FET based biosensors have attracted much attention owing to their rapid, inexpensive, and label-free detec-
tion. They have lower sensitivity as compared to other non-electrical methods but that problem is being addressed 
by using 1D and 2D structures like nanowires and 2D transition metal dichalcogenides (TMDCs) instead of bulk 
materials20, 21. TMDCs have multiple layers with strong in-plane bonds and weak out-of-plane interactions ena-
bling easy exfoliation into 2D sheets having scalable bandgaps making them ideal for using in electronic sensing 
devices. The examples of these materials used for bio sensing include MoS2, MoSe2, WS2, and WSe2

20, 22, 23. The 
most common among these TMDCs is MoS2 that has been employed in various sensing applications like gas sens-
ing, chemical vapor sensing, and bio sensing, etc. based on its excellent electrical properties and comparatively 
easier synthesis and processing24, 25. Yet, the biggest limitations with using lower dimensional materials in FET 
based bio sensors are the severe fabrication challenges, impairing their practical applications21.

In this research work, we have fabricated an impedance based immunosensor using an interdigitated trans-
ducer (IDT) electrodes with MoS2 as the electrically active sensing layer. This design compensates for the lower 
sensitivity issues associated with general FET based sensors by offering a large surface area for detection and 
combines the advantages of TMDCs by implying a few-layered TMDC material as the active layer26. It further 
solves the commercialization problem as the fabrication techniques used are all printed, cheap, simple, highly 
accurate, and mass production compatible. The fabricated sensor is aimed for clinical commercialization to detect 
general antibody-antigen based bioactive elements. Three different biomarkers have been tested to analyze the bio 
sensing performance of the fabricated sensors. The results show promising performance making them suitable 
for applications to detect general bioactive elements for point-of-care (POC) diagnosis well within the required 
clinical ranges.

Results
Antibody immobilization and antigen detection protocol. A standard protocol with few modifica-
tions was adopted for immobilization of the antibodies. The antibodies were first diluted in saline/PBS to make 
solutions of 1 µg/ml protein concentration. 3% BSA was added to the antibody solutions for blocking and mini-
mize the non-specific absorption (NSA)27. The fabricated sensors were then submerged into these solutions and 
were left for 1 hour on mechanical shaker for incubation. As a result, the antibodies/receptors were thoroughly 
physisorbed into the MoS2 sensing layer with the blank regions blocked by the BSA. The functionalized surface 
enables covalent bonding of the antibodies in addition to just flat dispersion on surface that is significant to 
improve the specificity. Further details about functionalization are presented in supplementary data. The sensors 
were rinsed with DI water to remove any traces of non-immobilized molecules.

The immobilization and specific binding was investigated by laser fluorescence microscopy. The as used 
NF-κB and IgG give red colored fluorescence for the antigens and green for antibodies. Glass slabs without elec-
trodes coated with MoS2 were incubated in 1 µg/ml antibody solution for NF-κB and 10 µg/ml for IgG. Similar 
treatment was used for blocking and immobilization. The samples were then treated with three different concen-
trations of IgG antigen and a single concentration of NF-κB antigen. The results from the laser confocal micros-
copy were used to explain immobilization and specificity.

For electrical characterizations, a 100 µl control solvent was added to the active portion of the fabricated 
sensor and the impedance and AC effective series resistance (ESR) were recorded at 0% antigen concentration 
as the reference/control value. The followed protocol is similar to the water gated FET based sensors21 but the 
third (reference) electrode is not required in this scheme as CV is not used here but the net change in resistance 
between the two electrodes is recorded. A small sinusoidal voltage of a particular frequency was applied and the 
change in resulting AC current output was measured similar to chronoamperometry. The ratio of input voltage 
and output current gives the effective impedance. This method is also referred to as electrical impedance spectros-
copy by some researchers13. The principle of impedance change is majorly dependent on dielectric charge transfer 
and electrolyte conductivity rather than the redox reactions. The advantage of using this scheme is that even if 
there is a redox reaction occurring in the faradic zone, the direct electron transfer will also result in the change 
in impedance of the sensor, thus improving the sensitivity by a great extent. Small amounts of specific antigens 
were added to the solvent that were selectively bound to the antibodies immobilized on MoS2 thin film resulting 
in impedance change. The real time data was automatically logged in and plotted on a computer with a sampling 
rate of 1 s. The complete process of detection and characterization is presented in the last figure in materials and 
methods portion. The concentration of the antigens were kept being increased to a point until the readings start 
to saturate and there was no significant change in response upon further increase in concentration.

Point of care diagnosis. Point of care (POC) diagnosis is the real time sensing of the target analytes or 
bio-reagents. POC devices currently available for clinical tests include detectors of bacterial infections, viral 
infections, non-communicable diseases (PSA for prostate cancer, proteins for inflammation), and parasitic infec-
tions28. In this research work, we selected IgG as the target analyte to be detected using the POC setup. The same 
system can be used with other bio-reagents after individual calibration. The system was first optimized using 
known concentrations of IgG and the trends were calculated. The POC system and step by step detection process 
is presented in Supplementary Figure S2. After calibration, the system was used for the quantitative detection 
of the IgG antigen. A smartphone application was designed for a guided seamless diagnosis. The readings are 
displayed after an average of 40 seconds when the system calculations are finished. The Supplementary Video-S1 
shows the real-time measurement for a 400 ng/ml IgG sample.

Physical and chemical properties. Figure 1(a,b) presents the SEM images of MoS2 thin film at different 
magnifications showing clear 2D sheets of the material and a highly porous active layer ideal for physisorption 
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and bonding of antibodies on to the film. This facilitates direct electron transfer from the antibody-antigen com-
plex to the electrodes for higher sensitivity29. The higher surface roughness also reduces the non-specific absorp-
tion of proteins30. Figure 1(c,d) shows the AFM images of the MoS2 flakes indicating few nanometer thick flakes 
ascertaining the exfoliation of the bulk into few layered sheets.

Figure 2(a) shows the PL emission spectrum of MoS2 flakes with a broad peak at 440 nm. Usually this broad 
peak appears at 652 nm in case of large monolayer sheets exfoliated by scotch tape method but in this case, the 
shift in peak is due to direct and indirect bandgap in monolayer and few layer flakes respectively. This also might 
be due to mechanical grinding resulting in smaller flakes and possibly few quantum dots giving rise to quantum 
confinement effects31. The Raman spectrum results presented in Fig. 2(b) shows that the phonon modes of exfoli-
ated MoS2 flakes lie at 381.23 nm and 402.17 nm ascertaining the attributes of Raman analysis for exfoliated MoS2 
flakes32. The XPS results presented in Fig. 2(c–e) confirm the presence of only MoS2 as the active layer material 
with no contamination as such except the Carbon and Oxygen from the atmosphere. The atomic ratio of the thin 
film was 1:2 for Mo:S that ascertains the presence of MoS2 flakes.

The laser confocal microscopy gives fluorescence only at the locations of immobilization for both antibodies 
and antigens. This process makes sure that only immobilized antibodies and bound antigens play their role in 
sensing behavior of the devices. No green fluorescence should be observed on the areas that are blocked and do 
not have immobilized antibodies. Similarly, no red fluorescence should be visible outside that area to confirm 
specific binding and selectivity of the sensor. The results presented in Fig. 3 show no antigen (red) fluorescence for 
control sample while both red and green colors are observable for different concentrations of antigens.

Figure 1. SEM and AFM of the active layer showing. (a) MoS2 active layer with highly porous surface, (b) 2D 
MoS2 flakes, (c) 2D surface profile and AFM line profile, and (d) 3D surface profile by AFM.
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The color intensity for higher antigen concentrations is higher and the overlapping orange color intensities 
also increase in this case representing successful complex formation. Also, there is no fluorescence observable at 
surrounding areas of the immobilized antibody-antigen complex confirming the selective binding and specificity 
of the sensors.

Detection of PSA. PSA is a widely used clinical tumor biomarker for prostate cancer detection33. PSA sen-
sors have a wide range of reported limits and ranges of detection including33–35. The minimum required detectable 
amount of PSA in human blood serum is 2 ng/ml for clinical diagnosi13, 36 while the normal range is 0 to 4 ng/ml. 
Figure 4 presents the response of the fabricated sensors for quantitative detection of PSA. The results indicate that 
the immunosensors are highly responsive towards PSA detection.

In Fig. 4(a), the effect of target specific detection through antibody immobilization is investigated. The sensors 
coated with MoS2 thin film with and without immobilized antibodies were used for PSA detection. It can be seen 
that the resistance of the sensor still drops a little bit for a 400 ng/ml PSA solution due to the general conductiv-
ity of the protein and sudden distortion in the electric field of the IDT but as there are no antibody attachment 
sites available on the surface, the effect slowly dies off and the resistance slowly climbs back up. It is important to 
note that the maximum change is only ~8% in this case that further reduces to ~3% after few minutes. The same 
concentration of PSA for the sensor with immobilized antibodies shows a ~78% change in impedance and the 
readings remain stable even after 6 minutes indicating the successful antibody-antigen complex formation. This 
shows a signal to noise ratio (SNR) of >10 that has a high significance value37. These results confirm high selectiv-
ity of the sensors for the specific type of antigen detection with negligible response towards unwanted compounds 
present in the test sample.

Figure 4(b) shows the step response of the sensors at increasing concentration of PSA in the solution. The 
time based response indicates quick detection of varying concentrations of antigen in the solution and show 
that the readings remain stable. The concentration vs percentage change for three trials is presented in Fig. 4(c) 
that indicates the response curve shape of the sensor output towards different PSA concentrations. If the sensor 
is aimed for quantitative detection of the analyte, the range of detection (RoD) is very important. RoD is the 
ratio of the largest measurable target concentration and the limit of detection where the upper limit is set by the 
saturation of electrode/probe. The RoD for PSA for the fabricated sensor is 1 ng/ml to 800 ng/ml while the limit 
of detection is 0.1 ng/ml Fig. 4(b) inset. Both these values lie well within the required clinical ranges for prostate 
cancer diagnosis.

Detection of IgG. Serum immunoglobulin level measurement is a routine clinical practice as it gives impor-
tant information about humoral immune status38. Various sensors for the detection of IgG have been fabricated 
using a variety of sensing techniques and different ranges of LoD and RoD17, 39–44. Figure 5 presents the response 
of the fabricated sensors for quantitative detection of mouse IgG.

The results for 400 ng/ml IgG show a high significant SNR of >11 proving the high specificity of the sensors 
similar as in case of PSA. The LoD for IgG was found to be 1 ng/ml while the RoD of 9000 (1 ng/ml to 9 µg/ml) 
was achieved. The readings become quickly saturated for higher concentrations of IgG that was found to be the 
result of lower concentration of immobilized antibodies. For a better detection range, comparable amount of 
antibodies to the targeted amount of antigen have to be immobilized. In this case, the immobilized antibodies 

Figure 2. Chemical characterizations including. (a)PL emission spectrum, (b) Raman spectrum, (c–e) XPS 
spectra of MoS2 active layer.
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are in concentration of 1 µg/ml while the targeted detection is for 9 µg/ml of antigen. The results would have been 
much better if a 10 µg/ml solution was used for antibody immobilization as presented in case of POC diagnosis.

Detection of NF-κB. Transcription factor of the nuclear factor κB (NF-κB) is involved in large number of 
genes regulation and is associated with diseases like inflammation, asthma, atherosclerosis, septic shock, arthritis, 
and even cancer45, 46. The antibody used here, NF-κB p65 recognizes endogenous levels of total NF-κB p65/RelA 

Figure 3. Confocal microscopic images showing antibody-antigen complex formation (a–c) zero IgG antigen 
concentration with only antibody visible (green), (d–f) 3 µg/ml IgG antigen (red) and IgG antibody (green), 
complex (orange), (g–i) 6 µg/ml IgG antigen (red), antibody (green), complex (orange), (j–l) NF-κB 400 ng/ml 
antigen (red), NF-κB antibody (green), complex (orange).
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protein and does not cross react with other NF-κB/Rel family members. One of the few reported ones use bio-
markers and optical methods and their LoD and RoD are not clearly defined47. The literature suggests that there 
is not enough work done on direct NF-κB quantitative detection. Figure 6 presents the response of the fabricated 
sensors for quantitative detection of NF-κB.

The results show that the SNR for NF-κB is ~5, the LoD is 1 ng/ml, while the RoD is 1000 (1 ng/ml to 1000 ng/ml).

Repeatability and point of care diagnosis. The general purpose immunosensors were tested for POC 
diagnosis using IgG as the target bio-reagent. Four different concentrations of IgG were used for calibration of 
the test setup. Intensive programming routines were used for minimizing the error and improve repeatability. 
The system was optimized to detect the IgG in range of 0 ng/ml to 600 ng/ml where it shows almost linear behav-
ior. The results of percentage sensitivity from the calibration readings for known solutions of 0 ng/ml (control), 
100 ng/ml, 300 ng/ml, and 600 ng/ml having 3 sets of samples for each concentration are presented in Fig. 7. The 
results show stable behavior of the fabricated test setup with an average error of approximately ±5.8%.

For the final device evaluation, two different concentrations that were not used in calibration were detected 
using the setup. For 400 ng/ml solution, the output given by the system was 421 ng/ml that has an error of approx-
imately +5.4%. For 200 ng/ml known concentration, the recorded output was 213 ng/ml showing +6.9% error. 
Further calibration and fine optimization can be done to make the results more consistent and further reduce 
the error percentage. For initial stages, the stability and repeatability of the presented diagnostic setup is very 
acceptable.

Discussion
A general purpose immunosensor has been fabricated for quantitative detection of multiple bio-reagents with 
excellent stability and high sensitivity. A point of care diagnosis setup linked to smart phone through Bluetooth 
was also fabricated and an Android application was developed for end user interface. The detection protocol uses 
antibody-antigen complex formation and records the resulting change in impedance. Interdigitated type truly 
identical silver electrodes were fabricated using reverse offset printing technique and the active layer of exfoliated 
MoS2 flakes was deposited on top using Electrohydrodynamic atomization technique. The specific antibodies 
were immobilized into the porous semiconducting active layer through physisorption with BSA was used as 
blocking agent to avoid NSA. The use of 2D TMD material as the active layer enhances the sensitivity of the 
device by enabling operation in both faradic region (direct electron transfer for faradic current) and dielectric and 
ionic currents for impedance change. The detection limits of 0.1 ng/ml, 1 ng/ml, and 1 ng/ml were achieved for 

Figure 4. Output characteristics of PSA immunosensor (a) response for 400 ng/ml PSA with and without 
immobilized anti-PSA antibodies, (b) step response curve showing stable readings with time for increasing 
concentrations of PSA with inset showing LoD curve for 0.1 ng/ml PSA, and (c) response curve representing the 
behavior of the sensors for the full tested range of PSA concentrations.
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PSA, IgG, and NF-κB respectively. The detection ranges of 1 ng/ml to 800 ng/ml, 10 ng/ml to 9 µg/ml, and 10 ng/
ml to 1 µg/ml were achieved for PSA, IgG, and NF-κB respectively. SNR values of 10, 11, and 5 were achieved for 
PSA, IgG, and NF-κB respectively showing high significance of the results. The POC diagnosis setup successfully 
detected the test samples of different concentrations of IgG with an average error of ±5.8%. The developed setup 
is ideal for commercialization as a general purpose household self-diagnostic kit after further refining using 
microfluidic chambers, higher resolution reference sensors, rigorous calibration using large number of samples 
and testing on various bio-reagents.

Methods
Materials and reagents. The anti-Prostate-specific Antigen antibody and the antigen were purchased from 
Sigma. The antibody had a protein concentration of ~1 mg/ml while the antigen solution had ~0.2–0.6 mg/ml 
protein content. Anti-Mouse IgG antibody buffered aqueous solution with concentration of 10–20 mg/ml and 
normal mouse IgG antigen with a concentration of 1 mg/ml were purchased from Sigma. NF-κB p65 rabbit mAb 
antibody with 100 µg/ml BSA solution was purchased from Cell Signaling Technology. NF-κB (p65) control pep-
tide human antigen with ~1 mg/ml protein concentration was purchased from Sigma.

MoS2 ultrafine crystalline powder (average particle size: ~90 nm, Mol. Wt. 160.07, purity 99.0%) was pur-
chased from Graphene Supermarket. N-Methyl-2-pyrrolidone (NMP) solvent to prepare MoS2 ink was purchased 
from Sigma. 30% Bovine serum albumin (BSA) solution in sodium chloride for blocking NSA was purchased 
from Sigma. 96% Butyltrichlorosilane (BTS) surfactant for functionalization was purchased form Sigma. For the 
fabrication of electrodes, silver conductive ink was used by Silverjet DGH ink for reverse offset (viscosity: 1.5 cps, 
surface tension: 24.4 mN/m, dispersion matrix: octane based).

Electrode fabrication. The step by step process flow diagram for the sensor fabrication is presented in 
Fig. 8. Glass was used as sensor substrate that was first cleaned and dried at room temperature. UV ozone plasma 
treatment for 5 minutes was used for the removal of any surface impurities and improving the hydrophilicity to 
facilitate the printing of electrodes48. Exactly identical IDT electrodes having 20 and 40 finger pairs with width 
of 50 µm were printed using reverse-offset printing system. The schematic of reverse offset printing is presented 
in Fig. 8(b).

Figure 5. Electrical characteristics of the IgG immunosensor (a) response towards 400 ng/ml IgG with and 
without immobilized anti-IgG antibodies, (b) step response for increasing concentrations of IgG with inset 
showing LoD curve for 1 ng/ml IgG, and (c) response curve for the full tested range of IgG with insets showing 
the separated curves for low (0–800 ng/ml) and high (800–9000 ng/ml) concentration ranges.
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MoS2 exfoliation and deposition. Bulk MoS2 powder was dispersed in NMP solvent and was ground 
for 1 hour in a mortar to mechanically exfoliate the bigger chunks into smaller flakes. The resultant dispersion 
was then probe sonicated for 1 hour for further fine exfoliation of the MoS2 flakes. Liquid exfoliation was chosen 
instead of sticker based exfoliation to achieve few layered MoS2 flakes owing to the simpler process that can be 
used to achieve large quantities aiming at mass production. The remaining un-exfoliated bulk MoS2 flakes were 
separated from the solution using centrifugation at 4000 rpm for 20 minutes31. The resultant clear MoS2 solu-
tion ready for deposition has been shown in Fig. 8(c). MoS2 ink was then deposited on to the active area using 

Figure 6. NF-κB immunosensor response (a) addition of 200 ng/ml NF-κB to sensors with and without 
immobilized antibodies, (b) step response showing stable readings with time for increasing concentrations of 
NF-κB with inset showing LoD curve for 1 ng/ml NF-κB, and (c) response curve for the full tested range.

Figure 7. Results of IgG detection using POC setup (a) calibration readings for known concentrations, (b) 
difference between calculated and known values, and (c) presenting the table with all actual recorded readings 
from POC diagnosis setup.
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Electrohydrodynamic Atomization (EHDA) process. EHDA was used owing to its high accuracy, excellent thin 
film fabrication characteristics, and compatibility with mass production. A schematic diagram for EHDA has 
been presented in Fig. 8(c). The major parameters for EHDA deposition include applied voltage, ink flow rate, 
and nozzle to substrate distance. The parameters were optimized for MoS2 film fabrication following the method 
presented in our previous work49. The images of stable jet and the table of optimized parameters are presented in 
Supplementary Figure S1 and Table S1 respectively. After MoS2 deposition, the sensors were cured at 120 °C for 
2 hours to evaporate any traces of solvent left in the active layer of MoS2. The surface of the few layered 2D sheets 
were then functionalized through silane based method using 2 vol% butyl-trichlorosilanes BTS50–55. This step is 
eminent to improve the specificity and reduce the non-specific absorption56.

Equipment. The sensors were characterized for their chemical and physical properties using field emis-
sion scanning electron microscopy (FE-SEM), Atomic Force Microscopy (AFM), Raman spectroscopy, X-ray 
photoelectron spectroscopy (XPS), photoluminescence (PL) emission spectra, and laser confocal fluorescent 
microscopy. Raman spectra was recorded on (LabRAM HR Raman) spectrometer with a solid state laser at room 
temperature with the excitation laser wavelength of 514 nm. Photoluminescence (PL) spectra were recorded by 
a (LS-55 Perkin Elmer Fluorescence Spectrometer) ranging from 350 nm to 700 nm. Carl Zeiss Supra 55VP was 
used for SEM. PHI Quantera II VG X-ray photoelectron spectroscopy was used for XPS. Olympus FV500 con-
focal microscope was used for laser fluorescent microscopy. Electrical characterizations were carried out using 
Applent AT-826 LCR meter with 0.6Vrms sinusoidal output.
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