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Abstract: Nitrogen management through monitoring of crop nitrate status can improve agricultural 

productivity, profitability, and environmental performance. Current plant nitrate test methods require 

expensive instruments, time-intensive labor, and trained personnel. Frequent monitoring of in planta nitrate 

levels of the stalks in living plants can help to better understand the nitrogen cycle and the physiological 

responses to environmental variations. Although existing enzymatic electrochemical sensors provide high 

selectivity, they suffer from short shelf life, high cost, low-temperature storage requirement, and potential 

degradation over time. To overcome these issues, artificial enzyme (vitamin B12 or VB12) and two-

dimensional material (graphene oxide or GO) are introduced into conventional photoresist (SU8) to form a 

bio-resin SU8-GO-VB12 that can be patterned with photolithography and laser-pyrolyzed into a carbon-

based nanocomposite C-GO-VB12. The electrocatalytic activity of the Cobalt factor in VB12, the surface 

enhancement properties of GO, and the porous feature of pyrolytic carbon are synergized through design to 

provide C-GO-VB12 with a superior ability to detect nitrate ions through redox reactions. In addition, laser 

writing-based selective pyrolysis allows applying thermal energy to target only SU8-GO-VB12 for selective 

pyrolysis of the bio-resin into C-GO-VB12, thus reducing the total energy input and avoiding the thermal 

influence on the materials and structures in other areas of the substrate. The C-GO-VB12 nitrate sensor 

demonstrates a year-long shelf lifetime, high selectivity, and a wide dynamic range that enables a direct 

nitrate test for extracted sap of maize stalk. For in-situ monitoring of nitrate level and dynamic changes in 

living maize plants, a microelectromechanical systems-based needle sensor is formed with C-GO-VB12. 

The needle sensor allows direct insertion into the plant for in-situ measurement of nitrate ions under different 

growth environments over time. The needle sensor represents a new method for monitoring in planta nitrate 

dynamics with no need for sample preparation, thus making a significant impact in plant sciences. 
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1. Introduction 

The need for sustainable resource management in agriculture is increasingly urgent. As the most important 

macronutrient for crops, nitrogen is typically the greatest expense in crop fertilization, and nitrogen fertilizer 

management is crucial for the optimal productivity of crop production systems1. But, predicting optimum 

nitrogen fertilizer input is extremely difficult because the optimum input varies by more than 50% from year-

to-year and field-to-field owing to complex interactions among crop genetics, environment, and 

management2. Moreover, excessive nitrogen fertilizer inputs can severely impact the environment through 

nitrogen losses to surface and groundwater systems and emissions of the greenhouse gas nitrous oxide3,4.  

The precise and timely monitoring of nitrogen availability in plants and soils has great potential to 

improve nitrogen fertilizer management by maintaining productivity and profitability while minimizing 

environmental nitrogen losses. Methods to measure nitrogen uptake and fixation in plants would also 

enhance our fundamental understanding of biophysical nitrogen dynamics, which is required to better 

manage the nitrogen cycle. Current tools for probing nitrogen status in planta primarily rely on destructive 

and time-intensive measurement methods, with low information content on the temporal characteristics of 

nitrogen uptake5. Alternative sensing methods that mainly rely on optical properties of plants suffer from 

chlorophyll saturation, genetic variation, atmospheric and soil interference, bulkiness, and high cost6,7. As 

a well-known method to inform nitrogen management, plant nitrate concentration measurements performed 

on samples collected from the field and returned to the laboratory. These tests require relatively expensive 

instruments and laborious sample preparation (e.g., cutting plants, ion extraction, and sample dilution) in 

addition to transport and storage8. Although ion chromatography and spectrophotometry used in the 

conventional plant nitrate tests provide high sensitivity and selectivity, they are not suitable for field 

application due to high cost, poor portability, and considerable consumption of agent and reagent. Low-

cost portable sensors have recently been reported for monitoring of nitrate availability in soils based on 

various sensing mechanisms, including ion-selective electrode9,10, field-effect transistor11, microwave 

resonance12, reflectance spectrometer13, microfluidic electrophoresis chip14, and enzymatic electrochemical 
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sensor15. However, tools are unavailable for direct measurement of nitrate concentration in planta without 

complex sample preparations, which has limited our ability to evaluate the nitrogen needs of plants 

(deficient, marginal, optimal, or excessive) and benchmark the performance of nitrogen management.  

Generally, enzyme-based electrochemical sensors provide high specificity to target molecules, 

where the sensing electrode is immobilized with a biological enzyme that can recognize a target molecule 

and catalyze the formation of the electroactive product for detection16; these sensors, however, are limited 

by degradation in the bioactivity of enzymes, a low-temperature requirement for storage, and a relatively 

high cost17. Therefore, there has been increasing interest in biomimetic artificial enzymes that exhibit similar 

behaviors to biological enzymes18. For example, owing to the presence of Cobalt (Co) factor surrounded by 

a ring structure of nitrogen and amino radicals, vitamin B12 (VB12) has an excellent electrocatalytic 

behavior of macrocycles; the ion-exchange properties of VB12 support the catalytic nitrogen and carbon 

group transfer and other reactions in living systems through the Co cations19. The redox chemistry of the Co 

cation renders VB12 feasible for electrochemical sensing. At the same time, carbon and carbon derivatives 

(e.g., graphite, graphene, carbon nanotubes) have been widely used in electrochemical sensing electrodes 

due to low cost, considerable conductivity, high chemical inertness, and a wide electrochemical potential 

window20. These carbon-based sensing electrodes can be manufactured using different means, such as inkjet 

printing, screen printing, and micro-molding, but often have a relatively low patterning resolution and are 

incompatible with the conventional low-cost semiconductor manufacturing process21. It is noteworthy that 

some epoxy resin materials can be converted to carbon via thermal pyrolysis for applications, such as 

microelectromechanical systems22, biosensors23, energy storage devices24, stem cell scaffolds25, and 

dielectrophoresis26. Because thermal decomposition for carbon conversion undergoes in furnace or oven with 

vacuum or an inert atmosphere, high pyrolysis temperature (> 600 oC27) may cause thermal damage to other 

materials and structures pre-formed on the substrate; such a temperature, for example, conflicts with 

complementary metal-oxide-semiconductor (CMOS) post-processing28. Direct laser-induced graphene 

(LIG)29 has been realized on commercial polymer films (e.g., polyimide, polybenzimidazole, polyether ether 
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ketone, and polyetherimide) and even natural material30 through pyrolytic decomposition. The simplicity of 

laser synthesis has stimulated the research on developing a variety of LIG-based sensors, energy storage 

devices, and flexible electronics31-34. The LIG process, however, lacks flexibility in forming complex 

hierarchical LIG patterns with high spatial resolution and is restricted to using polymer-based substrates that 

are difficult to integrate with semiconductors towards monolithic integration of sensors and electronics. 

This paper reports a plant nitrate sensor technology that can not only detect nitrate concentration in 

the extracted sap of a cut stalk without the need for sample preparation, but also monitor dynamic changes 

in nitrate concentration inside living plants. The electrochemical sensor utilizes a unique photosensitive 

epoxy bio-resin composed of conventional photoresist (SU8), artificial enzyme (VB12), and two-

dimensional graphene oxide (GO) nanosheets (Figure 1). Like SU8 photoresist, the SU8-GO-VB12 bio-

resin retains the ability of high-resolution structural patterning via conventional photolithography and can be 

selectively pyrolyzed via laser writing to yield a pyrolytic carbon-based network of the artificial enzyme, 

namely C-GO-VB12, for electrochemical sensors. VB12 serves as a biocatalyst due to the presence of Co 

factor, while the GO nanosheets can improve the efficiency of electron transfer to pyrolytic carbon during 

redox reaction35. When a laser beam is programmed to apply thermal energy only to a target area of SU8-

GO-VB12, thermal decomposition of the bio-resin results in selective pyrolysis to form C-GO-VB12. The 

GO nanosheets are covalently bonded to the surface of pyrolytic carbon via rich carboxylic groups. VB12 is 

immobilized on the GO surface via the interaction between the amine group on VB12 and the oxygenic 

groups on GO. Through the selective pyrolysis of SU8-GO-VB12 into C-GO-VB12, the plant nitrate sensor 

is developed to detect nitrate ions in the extracted sap from cut stalks of maize plants. This electrochemical 

sensor recognizes nitrate ions by reducing NO3
- to NO2

- at a specific voltage potential, where the 

immobilized VB12 enhances the redox reaction through the Co2+/Co3+ electrocatalytic activity of the Cobalt 

factor in VB12 (Figures 2a-b). The sensor readout is comparable to conventional spectrophotometer 

measurements but unlike spectrophotometer, it requires no dilution for sap due to the wide dynamic range 

of the sensor. The sensor also demonstrates high reusability and minimum performance degradation over 
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time with a year-long storage lifetime that cannot be achieved with current biological enzyme-based 

electrochemical sensors36. More importantly, to eliminate laborious sample preparation required in 

conventional stalk nutrient test, the C-GO-VB12 sensor is shaped into a needle through 

microelectromechanical systems (MEMS) technology that enables the direct insertion of the sensor into the 

stalk for in-situ monitoring of dynamic changes in nitrate level in living plants (Figure 2c).  

 

Figure 1. Photosensitive epoxy bio-resin SU8-GO-VB12 consisting of conventional photoresist (SU8), 
graphene oxide (GO), and vitamin B12 (VB12). The bio-resin is spin-coated on a silicon wafer, patterned 
into high-resolution microstructures using photolithography, and pyrolyzed with a laser writing technique 
into a conductive nanocomposite of C-GO-VB12 that uses artificial enzyme VB12 as a biocatalyst for 
electrochemical sensing.  
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Figure 2. (a) Going from an oxidation state of Co2+ to Co3+ in VB12 loses an electron from the C-GO-VB12 
electrode to reduce NO3

- to NO2
-. (b) A typical cyclic voltammogram of the C-GO-VB12 electrode exposed 

to 500 ppm concentration nitrate ions in a phosphate-buffered saline (PBS) solution, where the oxidation 
and reduction peaks occur due to the electrocatalytic activity of the Cobalt factor in VB12. (c) A MEMS-
based plant sensor that integrates the C-GO-VB12 based sensing electrode shown in (a). The sensor is 
designed as a needle that can be inserted in the stalk of a maize plant to detect nitrate ions inside the 
stalk of a plant. 

 
 
2. Results and Discussion 

2.1. Structural and thermal analysis  

Conventional photolithography was used to produce SU8-GO-VB12 patterns with about 10-µm patterning 

resolution in the planar directions and up-to-five high aspect ratio; the sequential laser pyrolysis resulted in 

the corresponding C-GO-VB12 patterns (Figure 3a). The overall shape of the C-GO-VB12 structures 

remained, but their spatial resolution was reduced due to the laser-induced decomposition for carbon 

conversion (Figure 3b). Nevertheless, the present method is advantageous over the LIG process in terms 

of patterning resolution and control over the thickness and structure of pyrolytic products. For example, 

hierarchical structures of C-GO-VB12 with multiple layers (the bottom of Figure 3b) were also realized. 



7 
 

 

 

Figure 3. SEM images for various microstructures of the bio-resin before and after selective pyrolysis with 
laser. (a) Single-layer microstructures. (b) Two-layer hierarchical microstructures. 

 
To examine thermal and morphological stability of SU8-GO-VB12 during the pyrolysis process, 

thermal gravimetric analysis (TGA; temperature range: from 20 to 900 oC; ramp rate: 5 oC/min) was 

conducted on SU8-GO-VB12 in a conventional furnace (Figure 4a). The analysis helped to determine the 

minimum temperature required for laser pyrolysis. There occurred a total 3.5% weight loss accompanying 

a color change to black at the end of TGA, among which an initial 0.4% weight loss was observed around 

300 °C (attributed to the loss of solvents), a 1.1% weight loss from 300 °C and 440 °C (maybe due to the 

release of axially coordinated molecules with the Co center and the removal of nitro and phenyl groups), 

and another 0.6% weight loss from 440 °C to 600 °C (perhaps associated with the decomposition of cobalt 
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phthalocyanine-like polymer). As the temperature rose above 600 °C, the weight loss became distinct 

accompanying 24% reduction in the height of the patterns. Therefore, a minimum temperature of 600 °C 

was required for the laser pyrolysis of SU8-GO-VB12, which agreed with the reported temperature for 

converting the pure SU8 into pyrolytic carbon. Next, to assure a greater-than-600 °C temperature at the 

SU8-GO-VB12 material during laser pyrolysis, a thermal imaging method (FLIR E6-XT Teledyne FLIR; 

Wilsonville, OR, USA) was employed to visualize the temperature profile at the laser spot (Figure S1a). 

The laser beam (beam diameter: 200 μm; input power: 3.32 W; exposure time: 5 sec) was programmed to 

write across the SU8-GO-VB12 pattern. The hottest white spot in the image corresponded to the laser spot, 

where the displayed 550 oC was limited to the maximum measurable temperature of the used imager. 

Therefore, thermal simulation was conducted using finite element analysis-based software (COMSOLTM). 

The result showed that the temperature at the beam spot could reach 820 oC, which was sufficient for 

pyrolysis (Figure S1b). The temperature gradient from the laser spot to the surroundings implies a reduced 

thermal influence on the materials and structures in other areas of the silicon substrate.  

 

Figure 4. TGA analysis during converting SU8-GO-VB12 to C-GO-VB12, and XPS and EDS examination of Co 
in C-GO-VB12. (a) TGA for SU8-GO-VB12. The insets show the as-patterned SU8-GO-VB12 and the 
pyrolyzed C-GO-VB12. (b) XPS spectra for the pyrolytic C-GO-VB12 and C-GO (control). (c, d) EDS spectra 
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for the pyrolytic C-GO (a) and C-GO-VB12 (b). The Co peak appears in the C-GO-VB12 due to the presence 
of VB12.  

 
To verify the presence of Co in the laser pyrolyzed samples, X-ray photoelectron spectroscopy 

(XPS) was used to analyze surface chemical states of the elements in C-GO-VB12, as well as in C-GO for 

comparison (Figure 4b). The C-GO sample exhibits the characteristic peaks for C (285.0 eV) and O (531.5 

eV), while the C-GO-VB12 sample has two additional peaks for N (399.5 eV) and Co (781.2 eV and 796.4 

eV). Both the characteristic peaks for Co are assigned to the Co−Nx coordination. The accompanying two 

intense satellite peaks at 789.1 eV and 804.9 eV demonstrate that Co2+ in C-GO-VB12 is in the high-spin 

state37. The intensity of the Co 2p3/2 peak at 781.2 eV is higher than those of Co oxide at 788.0 eV and 

metallic Co at 804.0 eV, thus confirming that Co2+ exists primarily in the form of Co−Nx. The seeding of 

Co species within the VB12 framework are tetra-coordinated with th N atoms of the coring ring; thus, the 

Co–Nx coordination in GO-VB12 may be defined as Co–N4 coordination. By deconvoluting the high-

resolution C 1s spectrum of C-GO-VB12 (Figure S2a), three different peaks appear at the binding energies 

of 284.5 eV, 285.9 eV, and 288.1 eV that correspond to graphitic C (C−C/C=C) units, C−O, and sp2 C 

atoms bonded to N (N−C= N), respectively, within the CN matrix. Also, the O 1s spectrum of C-GO-VB12 

(Figure S2b) exhibits two peaks at 531.5 eV and 532.8 eV that correspond to O−H/O−C and O=C moieties, 

respectively. No oxygen components related to metal oxides (M−O) are observed in the O 1s spectrum of 

C-GO-VB12, indicating that the observed oxygen components mainly originate from the oxygenic 

functional groups of GO rather than from metal oxides. The N 1s spectra (Figure S2c) reveal that three 

contributions at 398.6 eV, 399.9 eV, and 401.4 eV for C-GO-VB12 are attributed to Co-N4, pyrrolic N, 

and graphitic N, respectively. Despite that the binding energy at 398.6 eV can also represent the C-N/C=N 

components, the presence of Co-N4 coordination in C-GO-VB12 is confirmed by the Co 2p peak (Figure 

S2d). Further, Raman spectroscopy shows that C-GO-VB12 exhibits D and G band peaks at 1341 cm-1 

(associated with nanocrystalline carbon) and 1605 cm-1 (sp2-bonded amorphous carbon material), 

respectively (Figure S3). Essentially, the origin of the G band in C-GO-VB12 is owing to the defect-
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induced double-resonant scattering, while the D band peak is caused by the intervalley scattering process. 

Energy-dispersive X-ray spectroscopy (EDS) shows that the C-GO sample (Figure S4a) has abundant C 

and O (Figure 4c), while the C-GO-VB12 sample (Figure S4b) has not only C and O but also Co, thus 

further affirming that Co is still present for catalytic activity after the laser pyrolysis process (Figure 4d).   

 

2.2. Electrochemical characterization of C-GO-VB12 

Cyclic voltammetry (CV) determined an optimum amount of VB12 in SU8-GO-VB12 for generating a high 

peak oxidation current (Iox) from the converted C-GO-VB12 electrode. With increasing VB12 concentration 

from 17 mg/ml to 83 mg/ml under a fixed GO concentration at 6.6 mg/ml, the SU8-GO-VB12 solution 

became darker; all the converted corresponding C-GO-VB12 samples exhibited the oxidation and reduction 

peaks occurring between -0.6 V and 0.6 V, arising from the Co2+/Co3+ redox reaction in VB12 (Figure S5). 

The C-GO-VB12 sample with 83 mg/ml VB12 concentration produced the highest current Iox = 250 µA at 

a scan rate of 50 mV.s-1. Introducing higher concentrations of VB12 to the SU8-GO-VB12 solution led to 

sediments at the bottom of the solution.  

The optimized C-GO-VB12 electrode (83 mg/ml VB12 concentration in SU8-GO-VB12) and three 

counterparts (pyrolytic C, C-GO, and C-VB12 electrodes) were examined with the CV technique at a scan 

rate of 150 mV/s to explore the maximum redox activity. Figure 5a shows that the pyrolytic C electrode 

produced Iox = 0.8 mA. The introduction of 6.6 mg/ml concentration GO into SU8 led to an increase of Iox 

to 1.89 mA from the C-GO electrode due to the conducting nature of GO. With the optimum amount of 

VB12 added to SU8, the C-VB12 electrode produced a lower Iox at 0.25 mA, possibly because of the non-

conducting nature of VB12. Compared with the C-VB12 electrode, the C-GO-VB12 electrode had a greater 

Iox at 1.1 mA because -COOH group presented in GO may enable sufficient bonding with VB12 through -

NH2 groups. Also, the Iox value from the C-GO-VB12 electrode was directly proportional with the square 

root of scan rate (Figure 5b and Figure S6), indicating that the C-GO-VB12 electrode exhibited a surface-

controlled process. Further, all the C-GO-VB12 and counterpart electrodes were examined with 
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electrochemical impedance spectroscopy (EIS), showing that the electrodes with lower charge transfer 

resistance values (Rct; obtained from the Nyquist plots in Figure 5c) presented greater Iox values (obtained 

from the CV curves in Figure 5a).  

 
Figure 5. Electrochemical characterization of C-GO-VB12 electrode. (a) Cyclic voltammetry (CV) showing 
the redox behaviors of the pyrolytic C, C-GO, C-VB12, and C-GO-VB12 electrodes. The CV measurements 
(scan rate: 150 mV/s) were conducted with 10 mM K3[Fe(CN)6] + 100 mM KCl as a redox electrolyte. (b) 
Peak oxidation current Iox versus the square root of the scan rate from 30 mV/s to 150 mV/s. (c) Nyquist 
plots from the pyrolytic C, C-GO, C-VB12, and C-GO-VB12 electrodes, obtained using the same redox 
electrolyte as that used in (a). The inset shows the Randles circuit where Rct is the charge transfer 
resistance, Cdl is the capacitance of the dielectric layer, and Rs is the solution resistor. (d) Charge transfer 
resistance (Rct; right axis) and peak oxidation current (Iox, left axis) for the pyrolytic C, C-GO, C-VB12, and 
C-GO-VB12 electrodes. 

 
2.3. Nitrate sensor characterization 

The redox reaction of Co2+/Co3+ in VB12 supported nitrate detection with the C-GO-VB12 electrode. 

Figure 2b shows a typical redox activity of Co3+ ions in the presence of nitrate ions in a phosphate-buffered 
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saline (PBS) solution. The C-GO-VB12 sensor exhibited almost no response (Iox < 10 μA) to the background 

PBS solution. When exposed to a 500 ppm nitrate concentration, the sensor generated a peak oxidation 

current Iox of 124 μA at -0.05 V due to the Co2+/Co3+ redox reaction. Figure 6a shows the CV calibration 

plot of the sensor to low nitrate concentrations from 0.2 ppm to 10 ppm. With increasing nitrate 

concentration, the oxidation peak current Iox increased due to generating more electrons through the redox 

reaction at -0.05 V (Figure S7a). A linear fit for the calibration plot indicates a sensitivity of 4.046 μA/ppm 

with an r-square value of 0.98 (Figure 6a). The current increased at a slower rate towards saturation for 

higher nitrate concentrations from 20 ppm to 2000 ppm (Figure 6b and Figure S7b). Next, the EIS 

technique was used to calibrate the C-GO-VB12 sensor. The Rct value of the sensor decreased with 

increasing nitrate concentration (Figure 6c) because nitrate ions were reduced to nitrite producing 

electrons. The sensitivity of Rct to nitrate concentration was -28.95 kΩ/ppm with r2 = 0.99. The limit of 

detection (LOD) for nitrate ions was calculated to be about 0.2 ppm by the 3σb/m criteria39, where σb and m 

present the standard deviation for Iox and the slope of the calibration curve, respectively. The EIS technique 

was conjugated with the sensor for stalk nitrate measurements described later.  

The C-GO-VB12 sensor demonstrated the ability to distinguish the target nitrate ion 

from interference ions, such as Ca2+, Na+, K+, Cl-, and PO4
3- (Figure 6d). Here the sensor was exposed to a 

5 ppm concentration nitrate solution and then a mixture of nitrate ion (5 ppm) and each of the concerned 

interference ions (500 ppm each). With two orders of magnitude higher concentration than nitrate ions 

under test, these interference ions had only a limited influence on the Rct value of the sensor with the overall 

relative standard deviation (RSD) of 12.3%. The selectivity of the sensor towards nitrate ions was achieved 

by reducing NO3
- to NO2

- at the specific voltage potential of -0.05 V determined by the cyclic voltammetric 

responses (Figure S7). Here the EIS measurement (Figure 6d) was conducted at the same voltage potential 

for detecting nitrate ions; the result indicates that the redox reaction of the sensor with nitrate ions 

dominated over the reactions with the interference ions under test.  



13 
 

 

Figure 6. Characterization of C-GO-VB12 nitrate sensor. (a, b) Calibration cuves for the peak oxidation 
current versus nitrate ion concentration obtained based on the CV responses of the C-GO-VB12 sensor to 
nitrate concentrations from 0.2 to 10 ppm (a) and from 20 to 2000 ppm (b). (c) Calibration curve for the 
charge transfer resistance Rct versus nitrate ion concentration in a range from 0.2 ppm to 2000 ppm 
obtained using electrochemical impedance spectroscopy technique. The sensor calibrations in (a)-(c) were 
performed using standard nitrate solutions. (d) Rct of the sensor in the presence of different interference 
ions, including Ca2+, PO4

3-, K+, Na+, and Cl-. The sensor here was exposed to 5 ppm concentration nitrate 
ions alone, and a mixture of 5 ppm concentration nitrate ions and one of the interference ions mentioned 
above at 500 pm concentration of each type.  

 
 

Figures 7a-c show the stability and repeatability of the sensor for detecting 500 ppm concentration 

standard nitrate solutions over different time scales (hours, days, and months). Between two consecutive 

measurements, the sensor was cleaned with a PBS solution, dried with compressed air, and stored in a petri 

dish at room temperature. Over the time scales from short to long time periods, the measured nitrate 

concentrations had a mean value of 492, 496, and 511 ppm with an RSD of 11.5%, 11.8%, and 10.3%, 

respectively, demonstrating considerable long-term stability and repeatability for the detection of nitrate 

ions. Further, the C-GO-VB12 sensor was compared with a biological enzyme-based nitrate sensor in terms 
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of stability and reusability (Figure 7d). This counterpart device was designed to be identical to the C-GO-

VB12 sensor, except for using the C-GO material as the working electrode, whose surface was 

functionalized with nitrate reductase or NiR (NAD[P]H (Aspergillus niger; Sigma Aldrich, St. Louis, MO, 

USA), a biological enzyme specific to nitrate ions40. The NiR enzyme molecules were bonded to the surface 

of the C-GO electrode via EDC-NHS to form the C-GO-NiR sensor for comparison. For repeatedly 

detecting 500 ppm concentration nitrate ions in the standard solution once a day for seven days, the 

counterpart sensor was found to significantly degrade after the first two measurements (Figure 7d). The 

stability and reusability of the NiR enzyme may be impacted by enzyme inactivation and enzyme loss. In 

contrast, the C-GO-VB12 sensor with the Co-N4 macrocycle exhibited little degradation, as evident by the 

relatively stable output of nitrate concentration. 

 
Figure 7. (a)-(c) Stability and repeatability of the C-GO-VB12 sensor over different time scales: 140 mins 
(a), 12 days (b), and 12 months (c). (d) Stability comparison between the C-GO-VB12 sensor and the C-GO-
NiR sensor when both were exposed to 500 ppm concentration nitrate ions in the standard solution once 
a day for seven days. 
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2.4. Nitrate measurement of extracted plant sap 

The C-GO-VB12 sensor demonstrated the ability to measure nitrate concentrations in sap extracted from 

the cut stalk of maize plants (the number of plants n = 3; genotype: B73; measured at the 10-leaf growth 

stage; Figures 8a-b). Each plant provided three 2 cm-long stalk cuttings in the 2nd (low stalk), 4th (middle), 

and 5th (high) leaf internodes. Because a conventional spectrophotometer provided a narrow dynamic range 

(up to ~20 ppm), the extracted sap samples from the low, middle, and high cut stalks were diluted in PBS 

for the spectrophotometry analysis with dilution factors of m = 10, 100, and 1000, respectively (Figure 8a). 

In contrast, the sensor had a wide dynamic range (up to ~2000 ppm) that covered the nitrate concentrations 

of the original sap, which spanned two orders of magnitude. The original sap was tested with the sensor 

using the EIS technique. Figure S8a shows the Nyquist plots from the sensor when exposed to the original 

sap from the high, middle, and low-cut stalks. Lower stalks had a higher nitrate level than the upper stalks 

(Figure 8a), which is a well-documented pattern. The spectrophotometer readout for the diluted sap was 

multiplied by the dilution factor m for comparing with the sensor readout. There appeared only minor 

discrepancies in the nitrate concentrations obtained using these two methods. All the data points were close 

to the unity slope, indicating high measurement accuracy of the sensor.  

Further, the C-GO-VB12 sensor was used to measure nitrate concentrations in extracted sap from 

the cut stalks in the 2nd internode of field-grown maize plants (genotype: B73; growth stage: V7) that 

received four N fertilizer treatments (0, 80, 130, and 180 N lb/acr; the number of plants: n = 8 for each 

treatment). In conjunction with the EIS measurement (Figure S8b), the sensor reveals considerable plant-

to-plant variations in stalk nitrate even in the same internode under the same fertilizer rate (Figure 8c). A 

high correlation (r2 = 0.97) and nearly unity slope were achieved between the sensor and spectrophotometer 

outputs. Overall, the stalk nitrate level exhibited an increasing trend with increasing N fertilizer rate (Figure 

8d). The plausible reason for no obvious difference between 0 and 80 lb/acr of N fertilizer treatment is the 

following: as plants uptake nitrate, they reduce the nitrate to amino acids for protein production, which can 

occur in roots, shoots, and leaves. As plants become increasingly free of nitrogen limitation, more nitrate 
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may be transported to leaves prior to reduction because there is more energy available for nitrate reduction 

in the leaves. This pattern has been previously demonstrated in the xylem sap of maize41. Hence, the low 

response of stalk nitrate to 80 lb/acr of N fertilizer treatment indicates that nitrate may be completely 

reduced prior to transport through the stalk xylem resulting in no apparent difference in stalk nitrate. In 

contrast, the stalk nitrate concentration increased significantly for the N fertilizer application rate of 130 

lb/acr, indicating less N limitation (i.e., increased rate of N uptake by roots from the soil) with a greater 

proportion of nitrate reduction occurring in the leaves. High portability, rapidity, and accuracy make the C-

GO-VB12 sensor technology extremely promising for in situ plant nitrate measurement. 

 
Figure 8. Detection of nitrate ion concentration in extracted stalk of maize plants grown in greenhouse 
and field. (a) Comparison between the sensor output and spectrophotometer measurement for nitrate 
concentration in the extracted sap of the cut stalks at the 2nd (low), 4th (middle), and 5th (high) 
internodes above the ground. (b) Optical image showing the internodes cut from the stalk and used to 
extract sap with a juice squeezer. (c) Comparison between the sensor output and spectrophotometer 
measurement for nitrate concentration in the extracted sap from the cut stalks of field-grown maize 
plants that received four nitrogen fertilizer treatments, including 0, 80, 130, and 180 N lb/acr. For both (a) 
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and (c), the sensor was exposed to 30 µL of the original sap per test, while the spectrophotometer was 
used to test the diluted sap samples by different dilution factors m. The spectrophotometer readings were 
multiplied by the value of m for comparing with the sensor output. (d) Sensor-measured nitrate 
concentrations of the original sap extracted from the maize plants with the four nitrogen fertilizer 
treatments mentioned in (c). 

 
2.5. MEMS needle sensor-based in-situ stalk nitrate measurement 

A needle-shaped C-GO-VB12 sensor was fabricated using MEMS technology for in-situ monitoring of 

stalk nitrate in maize plants without the need of extracting the sap from the cut stalk, thus further simplifying 

the stalk nitrate measurement. The layout and shape of the WE, CE, and RE were adjusted to fit the form 

of the needle sensor. The fabrication process for the sensor is described in Experimental Section and Figure 

S9. The fabricated needle sensor was attached and wire-bonded to a small printed circuit board that had 

three electrical contact pads (Figures 9a-b). A lightweight cable (UXCELL Flexible Flat Cable; 4 Pins; 0.5 

mm Pitch) was gently attached to the stalk, connecting the PCB to a datalogger placed on the ground. The 

sensor was calibrated with the EIS technique using standard nitrate ion solutions (Figures 9c-d).  

 

Figure 9. MEMS-based C-GO-VB12 needle sensor for in-situ monitoring of stalk nitrate concentration. (a) 
Photo of the needle sensor amounted to a PCB with electrical contact pads. The inset shows the SEM 
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image for the tip of the sensor containing the C-GO-VB12 electrode. Scale bar: 500 µm. (b) SEM image for 
a close-up of the C-GO-VB12 electrode at the tip of the needle sensor. Scale bar: 100 µm.  (c) Nyquist 
spectra obtained from the needle sensor exposed to different nitrate concentrations. (d) Calibration curve 
for charge transfer resistance Rct of the C-GO-VB12 electrode as a function of nitrate concentration. 

 
To conduct in-situ monitoring of changes in stalk nitrate level of plants, the needle sensor was 

inserted into the stalks of maize plants (genotype: B73; growth stage: V10) grown in the pots in the 

greenhouse (fertilizer: Ironite mineral supplement containing 1% urea nitrogen and slow-release fertilizer 

from Harrell’s LLC; model #: 17-5-12). The needle part of the sensor was then left in the 2nd leaf internode 

of the stalk for 10 hours for direct measurement of nitrate concentration at a frequency of once per hour. 

The insertion depth of the needle was ~10 mm into the stalk. This pilot experiment involved exposing one 

group of maize plants (number of plants: n = 6) to normal growth light conditions (Figure 10a) and 

shielding light in the other group (n = 6) with black bags (Figure 10c). The obtained Nyquist spectra are 

shown in Figure S10. The stalk nitrate level of the plants in the dark environment was found to gradually 

decrease to a level around 600 ppm at time t = 6 hours (Figure 10d); however, the unshielded plants reduced 

their stalk nitrate at a slower rate in the same timeframe (Figure 10b). Subsequently, the light intensity in 

the greenhouse increased. Consequently, the unshielded plants responded by increasing the stalk nitrate 

concentration to a higher level around 1000 ppm, while the nitrate concentration in the shielded plants 

continued to drop. The observed difference in the stalk nitrate between these two groups of plants is almost 

certainly associated with photosynthesis: compared to the plants under the light that can transpire, 

photosynthesize, and uptake nitrate from the soil solution, the plants in the dark close stomata, stopping 

transpiration, photosynthesis and uptake nitrate ions from the soil solution. At the same time, respiration 

should have allowed the plants to continue nitrate reduction to amino acids.  
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Figure 10. In-situ monitoring of stalk nitrate concentration over time using the needle sensor. (a) Photo 
of an uncovered maize plant. (b) Measured stalk nitrate concentrations of the uncovered maize plant for 
10 hours (left) and corresponding Rct values obtained from the inserted needle sensor. (c) Photo of a light-
shielded maize plant with a black plastic bag. (d) Measured stalk nitrate concentrations of the light-
shielded maize plant and corresponding Rct values. The uncovered plant in (a) exhibited an increase in 
stalk nitrate level when the light intensity rose at time t = 6 hours, while the light-shielded plant in (c) 
exhibited a reduction in nitrate level under the same condition.   

 
Compared to other electrochemical sensors for the detection of nitrate ions (Table S1), our sensor 

offered a wide dynamic range of nitrate concentrations from 0.2 ppm to 2000 ppm, while the biological 

enzyme (NiR)-based nitrate sensor had a much narrower range only up to about 450 ppm, possibly due to 

the saturation of binding sites at the NiR enzyme15,40. It should be noted that conventional 

spectrophotometers provide high accuracy in determining nitrate ion concentration with a 0.1 ppm 

resolution but enable only a narrow dynamic range of detection up to 20 ppm nitrate concentration. Because 

the actionable range of corn stalk nitrate test generally spans 700-2000 ppm nitrate concentration, this 

requires complex procedures to dilute and prepare samples prior to conventional spectrophotometry 

analysis, adding cost and analytical error while precluding in-field or in planta analysis. In contrast, the C-
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GO-VB12 sensor could enable direct measurement without sample processing due to the wide dynamic 

range. Also, the high sensitivity of the sensor may be due to the enhanced catalytic reactivity of C-GO-

VB12 that contains porous pyrolytic carbon and GO nanosheets with considerable conductivity and surface 

area. The C-GO-VB12 sensor outperforms other electrochemical nitrate sensors in terms of reusability and 

stability as evident by a year-long shelf time at room temperature.  

Current plant nitrate test methods require expensive instruments, tedious and time-intensive labor, 

and trained personnel, and therefore are not suitable for field measurements. The direct in planta 

measurement of stalk nitrate concentration together with the wide dynamic range of the sensor eliminated 

the need for time-consuming sample preparation including tedious sample dilutions that are necessary with 

conventional methods. Further, the needle sensor allowed monitoring of dynamic changes in stalk nitrate 

concentration with a relatively high temporal resolution. In planta nitrogen status and dynamics are key 

physiological parameters at the interface between plant responses and primary determinants of phenotype 

such as genotype and environmental conditions. Therefore, the presented needle sensor technology will 

solve the problem facing the existing plant nitrogen measurement approaches as a new method for 

monitoring in planta nitrate uptake, thus making a more significant impact in plant sciences.  

 

3. Conclusion 

We have introduced GO and VB12 into conventional SU8 photoresist to form a photosensitive epoxy bio-

resin that could be photopatterned and laser-pyrolyzed to realize artificial enzyme-based electrochemical 

nitrate sensors. The C-GO-VB12 material served as a catalyst network for identifying and quantifying nitrate 

ions through the oxidation and reduction of Co2+/ Co3+ inside VB12. The C-GO-VB12 sensor was validated 

by detecting nitrate ions in the sap extracted from the cut stalk of maize plants and the method should easily 

transfer to many other plants with agricultural importance. Due to the high stability of C-GO-VB12, the 

sensor exhibited a year-long shelf lifetime at room temperature with no noticeable performance degradation. 

Further, the sensor was shaped into a needle using MEMS technology for in-situ stalk nitrate measurement 
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inside the plant, thus eliminating the need for time-consuming sample preparation procedures. The MEMS 

needle sensor broke plant tissues during insertion and detected nitrate concentrations at the ruptured region, 

including xylem and phloem tissues as well as other plant cells. It should be pointed out that nitrate transport 

is likely limited to the xylem as xylem transports nutrients, including nitrate, and water, from the roots to 

aboveground organs whereas phloem transports sugars41. Consistent with our results in Figure 8d, previous 

work focusing on xylem nitrate transport in maize showed that the concentration of nitrate in xylem 

generally increases with nitrogen fertilizer input to the soil42. 

The laser writing-enabled selective pyrolysis, in conjunction with the photo patternable epoxy bio-

resin modified with 2D materials and artificial enzyme, will shed light on potentially monolithic integration 

of carbon-based electrochemical sensors and electronic circuits on a single chip. Because high-temperature 

laser beam spot is applied only to the area of interest, other areas of the same substrate will be minimally 

affected, thus potentially making it a means of post-CMOS processing to realize carbon-based sensing 

electrodes on silicon wafers. In addition, manufacturing scalability will be achieved by incorporating the 

selective pyrolysis method with conventional spatial light modulation techniques, such as digital 

micromirror devices, to perform simultaneous pyrolysis in different areas of the substrate. Furthermore, 

from a material innovation perspective, different photopatternable epoxy materials, 2D materials (e.g., 

hexagonal boron nitride, molybdenum disulphide, tungsten ditelluride, phosphorene, and Xenes)43, and 

artificial enzymes (containing macrocycles, such as cyclophanes, cavitands, and calixarenes) can also be 

incorporated to conduct catalytic reactions inside the pyrolytic carbon electrode. Also, with the help of 

wireless communication devices, the present nitrate sensors can blend into the Internet of Things for 

wirelessly monitoring in-planta nitrate concentrations in the field. Our sensors, in conjunction with other 

agricultural sensors44, will provide the information on soil acidity, moisture, temperature, and other stresses, 

as inputs to crop models and artificial intelligence algorithms to not only predict how genetics, management 

practices, and the environment interact together to influence crop growth and yield, but also help decision-

making for farmers to adopt sustainable agricultural practices, including optimum fertilization45, 
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irrigation46, and pesticide applications47. Lastly, by determining and applying appropriate redox potentials 

of different target molecules, it is possible to use the C-GO-VB12 sensor for detecting various species (e.g., 

ammonium, nitrite, and phosphate ions) for a wide range of applications, such as agricultural resource 

management, environmental monitoring, and biomedical diagnostics.    

 

Experimental Section 

Chemicals: GO nanosheets (1-5 atomic layers; conductivity: 500~700 S/m; BET surface area: 650~750 

m2/g) were obtained from ACS Material (Pasadena, CA, USA).  VB12 powder (purity: >98%; molecular 

weight: 1355.37 g/mol; formula: C63H88CoN14O14P) was obtained from Sigma Aldrich (St. Louis, MO, 

USA). SU8 photoresist (model: SU-8 2050) was obtained from Kayaku Advanced Materials (Woburn, MA, 

USA). Deionized (DI) water (resistivity: 18.2 MΩ·cm) was homemade using a DI water generator 

(Millipore, Billerica, MA, USA). Ethyl alcohol (200 proof) was purchased from Fisher Scientific (Hampton, 

NH, USA). Standard solutions of nitrate ions used for sensor characterization were prepared by dissolving 

appropriate amounts of KNO3 powder (Sigma Aldrich, St. Louis, MO, USA) in DI water. All chemicals 

utilized in this work were of analytical grade and used as obtained without any purification.  

Preparation of SU8-GO-VB12: To synthesize SU8-GO-VB12, 20 mg of GO nanosheets and 250 mg of 

VB12 powder were mixed in a 3 ml mixture of ethanol and DI water (ethanol-to-water volume ratio: 7:3) 

and then sonicated for 2 hours until the mixture solution of GO and VB12 became homogenous. 

Subsequently, 10 ml of SU8 photoresist solution was added to the above-prepared GO-VB12 mixture and 

then sonicated for another 4 hours until the new mixture became homogenous and no lumps were present. 

The SU8-GO-VB12 solution had a lower viscosity at 9033 cP, compared to the pure SU8 photoresist at 

12593 cP (Table S2).  

Photopatterning of SU8-GO-VB12: The SU8-GO-VB12 solution could be spin-coated on a silicon wafer 

to form a thin film of SU8-GO-VB12. Table S3 shows the film thickness of SU8-GO-VB12 as a function 
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of spin speed. To obtain a 50 μm-thick SU8-GO-VB12 film, the spin speed was set to be 1500 rpm, which 

was about one-half the speed required for the same thickness of SU8 photoresist. The hotplate temperature 

and rest time used in soft bake of SU8-GO- VB12 at different film thicknesses were similar to that of the 

pure SU8. Because VB12 and GO reduced the efficiency of SU8-GO-VB12 in absorbing ultraviolet (UV; 

365 nm wavelength; 100 mW light intensity) light during photolithography, the UV exposure time increased 

to 3000 sec for SU8-GO-VB12, compared with 2,150 sec required for SU8 (Table S4). Post-exposure bake 

for the 50 μm-thick SU8-GO-VB12 film was performed on a hotplate at 95°C for 2 min. Lastly, the SU8 

developer (Kayaku Advanced Materials, Woburn, MA, USA) was utilized to remove unexposed SU8-GO-

VB12 with sonication. 

Laser pyrolysis: A computer-controlled 3.32 W-power laser beam (Kehui K40 CO2 laser engraver; 

maximum power: 40 W) was used in pyrolysis. The scanning speed of the laser was set at 10 mm/sec because 

this speed resulted in a low resistivity of ~100 Ω.cm for pyrolytic carbon48 (Figure S11).   

Nitrate sensor fabrication: To fabricate the nitrate sensor with SU8-GO-VB12, a silicon wafer grown with 

a one µm-thick thermal oxide layer was cleaned with the RCA cleaning method. Then, a layer of SU8 (SU8-

2150; thickness: 50 µm) was spin-coated and patterned into the shapes of the reference electrode (RE) and 

counter electrode (CE). Next, a layer of SU8-GO-VB12 (thickness: 50 µm) was coated and patterned into 

the shape of the working electrode (WE) of the sensor. Subsequently, both the SU8 and SU8-GO-VB12 

patterns were pyrolyzed with a laser beam to form the pyrolytic C-based RE and CE and the C-GO-VB12-

based WE for the nitrate sensor. 

Needle-shaped in-situ nitrate sensor fabrication:  First, a 10-nm-thick Ti layer and a 100-nm-

thick Au layer were e-beam evaporated on the surface of a 600-nm-thick thermal oxide layer grown on a 

silicon wafer (Figure S9). Then, the Au electrodes were patterned via photolithography and etched with an 

Au etchant (GE-8148; Transene; Danvers, MA). Subsequently, a 700-nm-thick Ag electrode was formed 

via e-beam evaporation, photolithography, and wet etching (Silver etchant TFS; Transene; Danvers, MA). 

Next, the patterned Ag was treated with 0.1 mM KCl solution for 2 min to form the Ag/AgCl-based RE. 
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To form the C-GO-VB12 electrode, the SU8-GO-VB12 photoresist was spin-coated and then 

photopatterned, followed by the selective laser-pyrolysis of SU8-GO-VB12 at the surface of the WE. Next, 

the needle was formed by deep reactive etching of silicon. Lastly, the needle sensor was wire-bonded to a 

printed circuit board for easy handling and connecting to external readout circuits. 
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1. Characterization methods  

X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS), Raman spectroscopy, and thermal gravimetric analysis (TGA) were used to 

characterize the pyrolytic carbon-based materials. Electrochemical measurements were conducted to 

characterize the pyrolytic materials and nitrate sensors.  

XPS (AMICUS / ESCA 3400) analyzed the surface chemistry of C-GO-VB12 and C-GO to 

demonstrate the existence of Co in the pyrolyzed samples. 

Raman spectroscopy (BWTEK Voyage confocal Raman system; Backscattering Raman configuration; 

532nm wavelength; continuous-wave) examined the existence of disorder (D) and graphitic (G) bands of 

the pyrolyzed samples. The measurement was conducted under an Olympus BX53 20x objective 

microscope lens that was attached to the Raman spectrometer. 

Field-emission SEM (FEI Quanta 250 FE-SEM) was equipped with conventional secondary and 

backscattered electron detectors for collecting secondary electrons in variable and extended pressure modes. 

SEM was used to study morphological changes of the samples before and after the laser pyrolysis. The 

SEM was equipped with an Oxford Aztec energy-dispersive spectrometer (EDS) for elemental analysis on 

a microscopic scale.  

TGA was used to record mass loss during a programmed time and temperature profile for examining 

mass changes of SU8-GO-VB12 occurring at set temperatures. The furnace settings were set to ramp from 

0°C to 300°C at a rate of 5°C /min, stay at 300°C for 30 min, ramp again from 300°C to 600°C at a rate of 

5°C /min, stay at 600 °C for 2 hours, ramp again from 600 °C to 900°C at a rate of 5°C/min. After that, the 

furnace was set to cool from 900 °C to room temperate (22.5°C) at a rate of 10°C/min. 

mailto:ldong@iastate.edu
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ZIVE SP1 electrochemical workstation (ZiveLab, Seoul, Korea) was used to characterize the pyrolytic 

materials. Cyclic voltammetry (CV) measurements were conducted, where 10 mM K3[Fe(CN)6] + 

100 mM KCl was used as the redox electrolyte. Further, electrochemical impedance spectroscopy (EIS) 

was applied to characterize the pyrolytic materials with 10 mM K3[Fe(CN)6] + 100 mM KCl as the redox 

electrolyte. For calibrating the sensors, the EIS measurements were conducted using the prepared standard 

nitrate ion solutions that were mixed with phosphate-buffered saline. To measure nitrate concentrations of 

the sap extracted from stalks, the sensor surface was covered by a 30 μL sample. The time required for the 

EIS measurement was 1-2 minutes.  

 

2. Infrared thermal imaging analysis and simulation for selective laser pyrolysis of SU8-GO-VB12 
into C-GO-VB12 on a silicon wafer. 

 
 

Figure S1. (a) An infrared thermal image of a silicon wafer (Si thickness: 380 μm; SiO2 layer: 1 μm) 
exposed to a CO2 laser that was incident onto the SU8-GO-VB12 pattern area and rested there for 5 sec. 
The inset here shows a close-up of the laser-illuminated spot. The temperature scale bar is limited to 550 
oC, the maximum detectable temperature of the imager. (b) A simulated temperature profile of the exposure 
area, showing that the temperature at the center of the beam spot reached 820 oC. 
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3. XPS and Raman spectra of pyrolytic C-GO-VB12 

 
Figure S2. High-resolution deconvoluted XPS spectra of pyrolytic C-GO-VB12: C 1s (a), O 1s (b), N 1s 
(c), and Co 2p (d). 
 

 

        
Figure S3. Raman spectrum of the pyrolytic C-GO-VB12. 
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Figure S4. SEM images of the pyrolytic C-GO (a) and C-GO-VB12 (b). Scale bar represents 500 nm. 

 

4. Optimization of the amount of VB12 in SU8-GO-VB12 for obtaining high peak oxidation current 

from the converted C-GO-VB12 electrode 

 

 
Figure S5. Cyclic voltammetry showing the redox behaviors of the C-GO-VB12 electrodes converted from 
the SU8-GO-VB12 with different concentrations of VB12 and a fixed concentration of GO at 6.6 mg/ml 
(scan rate: 50 mV/s). The inset shows the colors of the SU8-GO-VB12 solutions. 
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5. Cyclic voltammograms of oxidation peak current versus scan rate   

Figure S6 shows the cyclic voltammograms at different scan rates (30 to 150 mV/s) for the C-GO-VB12 

electrode. The characterization was conducted in 10 mM K3[Fe(CN)6]+0.1M KCl.  

 

 
Figure S6. Cyclic voltammograms of oxidation of nitrate ions (500 ppm) at various scan rates from 30 to 
150 mV/s.     
 

6. Cyclic voltammograms of the C-GO-VB12 sensor responding to nitrate concentrations 

To characterize the C-GO-VB12-based nitrate sensor, standard nitrate solutions were prepared by 

dissolving appropriate amounts of KNO3 powder in DI water. Figure S7 shows the CV responses of the 

sensor to the nitrate concentration in the range from 0.2 ppm to 10 ppm (Figure S7a) and from 20 to 2000 

ppm (Figure S7b). The measurement was conducted with 10 mM K3[Fe(CN)6] + 100 mM KCl as a redox 

electrolyte. 

 
Figure S7. (a) CV curves of the sensor responding to concentration nitrate solutions from 0.2 to 10 ppm. 
(b) CV curves of the sensor responding to concentration nitrate solutions from 20 to 2000 ppm.  
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7. Nyquist plots of the C-GO-VB12 sensor for measuring nitrate concentrations in extracted sap 

 

Figure S8. (a) Nyquist plots of the C-GO-VB12 sensor for measuring nitrate concentrations in the original 
sap extracted from stalks that were cut in the 2nd (low), 4th (middle), and 5th (high) internodes above the 
ground. Three greenhouse-grown maize plants (Plant 1, 2, and 3) were used here. (d) Nyquist spectra of 
the C-GO-VB12 sensor exposed to the original sap extracted from the cut stalks of field-grown maize plants 
that received four nitrogen fertilizer treatments, including 0, 80, 130, and 180 N lb/acr. For each treatment, 
the sap was extracted from 8 plants.  
 

 

8. MEMS needle sensor manufacturing  

Figure S9 shows the fabrication process for the MEMS needle-shaped sensor. First, a 10-nm-thick Ti layer 

and a 100-nm-thick Au layer were sequentially deposited on the surface of a 600-nm-thick thermal oxide 

layer grown on a silicon wafer by e-beam evaporation. Then, three Au electrodes were patterned by 

lithography and etched with a GE-8148 Au etchant (Figure S9a). Following that, a 700-nm-thick Ag 

electrode was formed on one of the three Au electrodes by using e-beam evaporation, photolithography, 

and wet etching with silver etchant TFS (Figure S9b). Next, the patterned Ag was treated with 0.1 mM KCl 

solution for 2 min to form the Ag/AgCl-based RE (Figure S9c). To form the C-GO-VB12 electrode on top 

of the Au electrode, the SU8-GO-VB12 photoresist was spin-coated (Figure S9d) and then patterned via 

photolithography (Figure S9e), followed by selective pyrolysis for SU8-GO-VB12 at the WE (Figure S9f). 

It should be noted that the laser irradiation-based pyrolysis had no influence on the Ag/AgCl electrode that 

otherwise would be thermally damaged if the pyrolysis were to be conducted in a furnace. The wafer was 

then was then wire-bonded to a printed circuit board for easy handling, installation, and connection to 

external readout circuits.  
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Figure S9. Schematic for the fabrication process of the needle sensor with C-GO-VB12. 

 

 

9. Needle sensor electrochemical impedance spectroscopy measurements  

For in-situ stalk nitrate measurement with the needle sensor, Nyquist spectra were obtained using the 

electrochemical impedance spectroscopy (EIS) technique. The measurement frequency was set at once per 

hour. Figure S10 shows the Nyquist spectra for the plants grown under the normal light condition (Figure 

S10a) and those shielded with black bags (Figure S10b). 

 
Figure S10. Nyquist spectra for the nitrate levels in the maize plants that were uncovered (a) and covered 

(b). 
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10. Performance comparison for the C-GO-VB12 sensor and other electrochemical nitrate sensors  
 
Table S1. Comparison for the C-GO-VB12 nitrate sensor and other electrochemical nitrate sensors  

Sensing materials Measurement 
technique 

Dynamic range Sensitivity Lifetime Ref. 

NiR/PEDOT NFs-GO Impedance 0.44-442 ppm 61.15 Ω/ppm  >24 days* 2 
Reduced GO Amprometry 0.55-10.36 ppm 1.7 nA/ppm NA 3 
1-methyl-3-(pyrrol-1-
ylmethyl) pyridinium 

Amprometry 6.2 ppm 4.8 nA/ppm NA 4 

NiR/Polypyrrole Potentiometry 3-300 ppm NA NA 5 
NiR/Methyl viologen/Nafion Conductance 1.25–15.6 ppm NA >15 days* 6 
NiR/Wrinkled GO Voltammetry 0.0625–6.25 ppm 3.6 μA/ppm NA 7 
Silver(a)iron oxide Amperometry Up to 62.5 ppm 10.6 μA/ppm NA 8 
Silver nanoparticle/ 
polymethacrylic acid/CNTs 

Voltammetry Up to 1250 ppm 2.08 μA/ppm NA 9 

NiR/GF-TiN NFs Amperometry 0.01-442 ppm 683.3μA/ppm NA 10 
C-GO-VB12  Impedance 0.2-2000 ppm -28.95 kΩ/ppm 12 months** This work 

* Storage temperature = 4 oC; ** Storage temperature = Room temperature 20 oC 

 

 

11. SU8-GO-VB12 photolithography 

The presented SU8-GO-VB12 photosensitive bio-resin used SU8 2050 as the host resin, which is one of the 

photoresist products in the SU8 2000 series. The SU8-GO-VB12 was formed by (1) mixing 20 mg of GO 

nanosheets and 250 mg of VB12 powder in a 3 ml mixture of ethanol and DI water (ethanol-to-water volume 

ratio: 7:3), (2) sonicating the GO-VB12 mixture for 2 hr, and (3) adding 10 ml of SU8 photoresist to the GO-

VB12 mixture and then sonicated for another 4 hr. The obtained SU8-GO-VB12 had a viscosity of 9,033 cP. 

When other photoresist products of the SU8 2000 series were used, the corresponding SU8-GO-VB12 bio-

resins exhibited different viscosities, given the amounts of GO nanosheets and VB12 powders used. Table 

S2 summarizes the viscosities of SU8-GO-VB12 bio-resins that were prepared with different photoresists of 

the SU8 2000 series.  

 

Table S2. Viscosities of SU8-GO-VB12 bio-resins prepared with three different photoresist products of SU8 

2000 series. 

Photoresist Pure SU8 (cP) Bio-resin (cP) 

SU8 2005 56.6 33.3 

SU8 2050 12593 9033 

SU8 2100 44966 39200 
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For patterning of SU8-GO-VB12, conventional ultraviolet (UV) photolithography was applied. Key 

processing parameters such as spin coating speed and time and UV exposure energy were investigated to 

obtain high-resolution patterns of SU8-GO-VB12.  

To obtain an approximately 50 µm-thick SU8-GO-VB12 layer (here SU8 refers to SU8 2050 used 

in the resin), the spin coating process required 1500 rpm for 30 s (Table S3, where SU8 refers to SU8 2050). 

For the pure SU8 2050 photoresist, it required a coating speed of 3000 ppm for 30 s to obtain a similar 

thickness due to its lower viscosity compared to SU8-GO-VB12. 

 

Table S3. Spin coater settings for pure SU8 and SU8-GO-VB12. 

Material Spin speed (rpm) Thickness (μm) 

SU8 3000 56 ± 4.5 

SU8-GO-VB12 
3000 32.1 ± 6.8 

1500 48.6 ± 5.6 

 

 

The mixing of GO and SU8 impacted UV exposure during photolithography. Specifically, SU8-GO-

VB12 needed a higher UV energy input to be polymerized, compared with the pure SU8 photoresist. Table 

S4 summarizes the exposure time required to cure a 50 µm-thick layer of SU8-GO-VB12 or SU8. Here, SU8 

2050 was used, and the UV light had a wavelength of 365 nm and a power of 0.1 mW. The result shows that 

SU8-GO-VB12 required a longer exposure time to be cured than SU8 did.  

 

Table S4. UV exposure settings for pure SU8 and SU8-GO-VB12. 

Type of Photoresist Exposure time (s) Energy (mJ) 

SU8 2050  2150 215 

SU8 (bio-functional) 3000 300 

 

To summarize, the processing parameters used in the photolithography for patterning SU8-GO-

VB12 include: (1) 1500 rpm for 30 s for spin coating of ~50 µm thick SU8-GO-VB12 layer; (2) soft bake at 

65oC for 3 min on hotplate; (3) hard bake at 95 oC for 7 min on hotplate; (4) UV exposure under 0.1 mW for 

3000 s; and (5) development in conventional SU8 developer for 7 min under sonication.  
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12. Laser scan speed optimization 

Electrical resistivity of the pyrolytic C-GO-VB12 was used as the key criteria for evaluating the laser writing-

based selective pyrolysis process (Figure S11). At the fixed input power of 3.32 W, the scan speed of the 

laser varied from 1 to 30 mm/s. The result shows that when the scan speeds were greater than 20 mm/s, the 

converted product exhibited high resistivity values, possibly because the fast scanning of the laser spot could 

not provide sufficient thermal energy required for pyrolysis. At the scan speed from 5 and 20 mm/s, the 

resulting carbon-based products had low resistivity values. The 10mm/s scanning speed yielded the lowest 

resistivity at the level of 100 Ω.cm.  

 

 
Figure S11. Resistivity of the material converted from SU8-GO-VB12 via the selective laser pyrolysis 

process at different scan speeds up to 30 mm/s.  
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