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Supplementary Materials and Methods 

 
Fabrication of the graphene sensor of FET structure  

The Cr/Au electrode was thermally evaporated as 5/100 nm thickness and patterned to form 
the source and drain electrodes photolithographically. The distance between them is the 
length of the channel, i.e., 560 µm. After the source and drain were formed, graphene was 
water-transferred onto the source and drain. Chemical vapor deposited (CVD) graphene was 
purchased from Graphene square. The large-area graphene that was deposited on the Cu foil 
was cut to the desired size and spin-coated with the poly (methyl methacrylate) (MicroChem 
Corp., 950 PMMA C2). The PMMA that was coated on the underside of the graphene 
unintentionally was rinsed with acetone. Then, the graphene was floated on the Cu etchant 
(FeCl3:HCl:H2 = 1:1:20 vol%) to etch the Cu foil on the underside of the graphene. When 
the etching was finished, the etchant remained and the PMMA was removed by rinsing with 
DI water. After the rinsing, the graphene was transferred to the desired site, i.e., between 
the source and drain, and patterned to the sizes of 120 µm width and 560 µm length by 
photolithography and reactive ion etching (RIE) (50 W, 40 sccm, 120 s). 
 

Fabrication of the AgNF-AgNW hybrid antenna 
An AgNF-AgNW electrode was formed by electrospinning and subsequent electrospraying. 
The AgNFs were formed by electrospinning for 10 seconds using a suspension of Ag 
nanoparticles (NPK, Korea, average diameter: 40 ± 5 nm, solvent: ethylene glycol, 
concentration: 50 wt.%) on the substrate, at the following conditions. The inner and outer 
diameters of the nozzle were 0.34 and 0.64 mm, respectively. The distance and the DC bias 
between the nozzle and the substrates were set to 21 cm and 8 kV, respectively. The 
environmental conditions were a temperature of 14 °C and 3.6% relative humidity. The 
AgNFs were formed by coalescing the Ag nanoparticles by heating at 150 °C for 30 minutes. 
Subsequently, the AgNW (Flexio Co., Ltd.) had an average diameter of 30 ± 5 nm and an 
average length of 25 ± 5 μm, and it was electrosprayed for 1 minute on the substrate on 
which the AgNF was electrospun at the following conditions. The distance and the DC bias 
between the nozzle and the substrates were set to 13 cm and 9.5 kV, respectively. The 
diameter of the nozzle was 0.33 mm. The AgNF-AgNW electrodes were 
photolithographically patterned through a wet-etching process. 
 
Fabrication process of the smart contact lenses 

Parylene was deposited as a passivation layer on the Ni/Cu (10/800 nm) sacrificial layer. A 
Cr/Au (5/100 nm) electrode was deposited through e-beam evaporation and patterned as 
antenna pads and source and drain of the FET-type sensor. The AgNF-AgNW hybrid 
electrode was deposited by electrospinning and patterned to the antenna coil. Rigid material 
(Optical polymer) was patterned to a rigid region on the sensor. Soft material (Elastofilcone 
A) was coated on the entire sample area. The sacrificial layer was removed through wet 
etching. The sample was lifted-off from the substrate and attached in the reverse position to 
the handling layer. Parylene was patterned through RIE etching (100 W, 180 seconds) to 
open holes on the pads of the antenna and the sensor. Graphene was transferred onto the 
sensor to make the graphene channel. Graphene was patterned to make the channel of the 
sensor through RIE etching (50 W, 30 s). The NFC chip, a capacitor, and a resistor were 
bonded to the sample with lens material. All of the components were integrated through 3D 
printing. The sensor was protected with a PDMS stamp before molding the lens. Lens 
material and the fabricated device were casted together into the lens mold at a pressure of 
313 kPa and cured at 70 °C for 4 hours. The smart contact lens was completed after 



removing the PDMS stamp and functionalizing the cortisol sensor by dropping EDC, NHS  
and C-Mab solutions.  
  
Thermal characterization  
For the thermal characterization during the in-vivo test, the temperature was measured by  
an LWIR camera (T650sc, FLIR Systems, Wilsonville, OR, USA). The temperature  
distributions of the images and the video were analyzed using FLIR ResearchIR software  
(Research IR Max, FLIR Systems).   
  
Electrical characterization  
The four-point probe method was used for the measurement of the sheet resistance using a  
probe station with a Keithley 4200-SCS semiconductor parametric analyzer. The electrical  
characteristics of graphene and the real-time sensing of the cortisol sensor were conducted  
using a probe station (Keithley 4200-SCS).  
  
Optical characterization  
The optical transparency was measured by an UV/Vis spectrophotometer (Cary 5000 UV- 
vis-NIR, Agilent). SEM images were obtained by field emission scanning electron  
microscope (JEOL, IT-500HR).  
  
Fourier-transform infrared spectroscopy (FT-IR)  
The FT-IR spectra of the samples were obtained using an FT-IR spectrometer (Vertex 70,  
Bruker) at 25 °C, with an attenuated total reflectance (ATR) stage. All of the spectra in the  
256 scans were recorded between 4000 and 1000 cm-1 with a resolution of 4 cm-1.   
  
Microfluidic channel for real-time sensing of cortisol A negative photoresist (PR) was  
patterned to the structure of the inside of the microfluidic channel. Subsequently, the PDMS  
(Sylgard 184 silicone elastomer: curing agent = 10:1 wt%) was cured on the patterned  
negative PR. Separating the PDMS from the negative PR, the microfluidic channel was  
completed by drilling holes for the injection of the solution. The PDMS microfluidic  
channel was located on the sensor, and the diluted cortisol solution (Sigma-Aldrich., #C- 
106, various concentrations) and the buffer solution (Samchun Pure Chemical Co., pH7.00  
± 0.02) were injected to the microfluidic channel with a syringe pump (New Era Pump  
Systems, Inc., NE-300). The amount of biofluid can be calculated using the flow rate (1  
ml/h) and the response time of the sensor (3 seconds). The response time, i.e., the time  
required for the level of the current to reach 90% of the saturated level at a cortisol  
concentration of 1 ng/ml, was calculated from Fig. 2A. Therefore, the minimum volume of  
biofluid required to detect the cortisol was only 0.83 µl, i.e., 1 ml/hour × 3 sec × 1 hr/3600  
sec × 1000 µl/ml, which was less than the volume of a tear, i.e., 1 µl (1).  
  
Selectivity test  
For the selectivity test, the sensor is tested by the solutions of 1 – 40 ng/ml cortisol with 50  
μM ascorbic acid (Product #PHR1008, Sigma-Aldrich), 10 mM lactate (Product #PHR1113,  
Sigma-Aldrich), and 10 mM urea (Product #PHR1406, Sigma-Aldrich).  
  
Accelerated aging tests for the antenna  
In the accelerated aging test, the accelerated aging time can be determined by Equation (1),  

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒𝑑 𝑎𝑔𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 =
   𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑟𝑒𝑎𝑙 𝑡𝑖𝑚𝑒   

𝑄10
[(𝑇𝐴𝐴−𝑇𝐴𝑀𝐵)/10]

   
  (1)  



 

where Q10, TAA, and TAMB are the aging factor (~2), the accelerated aging temperature (70 °C),  
and the ambient temperature, respectively (2). For the storage period of 1 year, the TAMB was  
assumed to be room temperature (25 °C), and therefore the accelerated aging time was  
calculated to be 16 days. According to these calculations, our contact lens device was stored  
in air for up to 16 days.  
  
Specific absorption rate (SAR) simulation  
Finite element analysis was conducted to simulate the maximum SAR for a person. The  
simulations were performed using commercial software, i.e., Ansoft HFSS. In the  
simulation, the antenna was located under the model of the human head, and the transmitting  
power from the transmitter or the smartphone was set as 10 W for the extreme environment  
test.  
  
Embedding of the integrated wireless circuit into a soft contact lens  
The fully-integrated device, including the cortisol sensor, antenna coil, NFC chip, reference  
resistor, and capacitor, was embedded into the lens material. The fabricated device and lens  
material were put together on the lens mold and cured at 100 ºC for 1 hour at a pressure of  
313 kPa. Subsequently, the soft lens that was embedded with the device was separated from  
the mold.  
  
Slit lamp examination in a human study  
The protocol for this study was approved by the Institutional Review Board of UNIST  
(UNISTIRB-18-17-A), and the participant gave informed consent. The smart contact lens  
was rinsed using a commercially-available cleaning solution for contact lens (Frenz-pro B5  
solution, JK Pharmaceutical Inc., Korea), followed by additional rinsing using a PBS  
solution for one minute before wearing. This examination was performed after the lens had  
been worn for 12 hours. After the human trial, the ocular surface of the volunteer was  
evaluated using the slit lamp examination (SL-15, Kowa Optimed Inc., Japan).  
  
PDMS stamp to protect the sensor   
A negative photoresist (PR) was patterned to the structure of the inside of the stamp.  
Subsequently, the PDMS (Sylgard 184 silicone elastomer: curing agent = 10:1 wt%) was  
cured on the patterned negative PR. The PDMS stamp was formed by separating the PDMS  
from the negative PR.  
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Fig. S1. Characteristic change of the graphene surface. Contact angle between a 1-µl droplet  
of deionized water and the pristine and UVO exposed graphene. The contact angle was reduced  
by increasing the exposure time of the UVO.   



 

 
Fig. S2. C-Mab immobilization. (A) The process of immobilizing C-Mab through the 
EDC/NHS coupling reaction. Pristine graphene is carboxylated by UVO exposure. Then, 
Carboxlated graphene is covalently bonded with EDC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride) and becomes unstable. After N-
hydroxysulfosuccinimide (NHS) treatment, it is in a semi-stable state. C-Mab is immobilized to 
the semi-stable NHS and becomes stable. (B) FT-IR spectra of the deionized water after the 
immersion of the cortisol sensor (red), pristine deionized water without immersion (black), and 
the solution of 1 µg/ml cortisol monoclonal antibody (blue).   



                                                 
 

Fig. S3. Reproducibility tests. ID-VG (transfer) curves of all graphene transistor samples (A) at a 
cortisol concentration of 1 ng/ml, (B) at a cortisol concentration of 10 ng/ml, (C) at a cortisol 
concentration of 20 ng/ml, (D) at a cortisol concentration of 30 ng/ml, (E) at a cortisol concentration 
of 40 ng/ml. (F) Absolute drain current values according to the cortisol concentration. Each data 
point indicates the average for 10 samples, and the error bars represent the standard deviations.  



 

 

 

Fig. S4. Cortisol sensor characteristic tests. (A) Schematic illustration of the real-time cortisol 

 

sensing using a microfluidic channel. (B) Calibration curve of the cortisol sensor characteristic 

 

calculated with resistance change. (C) Relative changes in the resistance of the cortisol sensor 

 

according to the cortisol concentration in the buffer solution (black) and ALU solution (A: 50 μM 

 

ascorbic acid, L: 10 mM lactate, U: 10 mM urea) (red). Each data point indicates the average for 

 

10 samples, and the error bars represent the standard deviations.  

 



 

  

  
Fig. S5. Antenna characteristic tests. (A) Photograph of the AgNF-AgNW antenna of 71%  
transparency. Scale bar, 1 cm. (B) Resonance properties of the antenna for 16 days under the  
70 °C air condition. (C) Relative change in the resonance frequency (blue) and relative change  
in the reflection coefficient (red) of the antenna from Fig. S5B. Photo credit: (A) Minjae Ku,  
Yonsei University.  



 

Fig. S6. Fabrication process and materials of smart contact lenses. 



                                                 
 

  

  

 
Fig. S7. Rigid-soft hybrid substrate characteristic tests. (A) Photograph of the cortisol sensor  
on the rigid island. The scale bar is 200 μm. (B) Relative change in the resistance of the cortisol  
sensor as a function of tensile strain. (C) Photograph of the lens embedded with the rigid-soft hybrid  
substrate. The optical transparency and haze were measured as 93% and 1.2%, respectively (at 550  
nm). The scale bar is 1 cm. Photo credit: Minjae Ku, Yonsei University. (D) Optical properties of  
integrated contact lens. Transmittance (black) and haze (red) spectra of the smart contact lens.    



 

  

  
Fig. S8. In-vivo tests on a human. (A) Variation of the cortisol concentrations measured in both  
eyes of a human subject using the smart contact lens. (B) Slit lamp examination of a human eye:  
The slit lamp images were taken before, during, and after wearing the smart contact lens. Scale  
bars, 1 cm. Photo credits: Minjae Ku, Yonsei University.   



 

 

Fig. S9. In-vivo tests on a rabbit. (A) Smart contact lens on the eye of a live rabbit. (Inset: close-
up image of the rabbit’s eye.) Scale bars, 1 cm. (B, C) Thermal analyses of the radiation of the 
antenna against the transmitted power. Scale bars, 2 cm. Photo credits: (A to C) Minjae Ku, 
Yonsei University.  



 

 
Sample 1 

(UVO 1 min) 

Sample 2 

(UVO 2 min) 

Sample 4 

(UVO 10 min) 

Before 

UVO 

Resistance (Ω) 109 162 1200 

Contact angle (°) 70 71 70 

After 

UVO 

Resistance (Ω) 110 260 2000 

Contact angle(°) 53 38 22 

Table S1. Table of contact angle and resistance according to the UVO exposure time. 

  



 

Movie S1 (.avi format). Real-time measurement of cortisol level for a 24-year-old female 

using the smart contact lens sensor.  

 

Movie S2 (.avi format). Real-time monitoring of a rabbit using the smart contact lens sensor. 

 

Movie S3 (.avi format). In-vivo test conducted using a live rabbit for monitoring the 

generation of heat during the wireless operation of the smart lens. 
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