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Nitrogen and boron-doped reduced graphene oxide chemiresistive sensor 
for real-time monitoring dissolved oxygen in biological processes 
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A B S T R A C T   

We developed a nitrogen and boron-doped reduced graphene oxide (N, B-HRGO) based chemiresistive sensor to 
measure dissolved oxygen (DO) in a complex biological medium. The N, B-HRGO modified interdigitated micro 
electrode arrays (IDE) constructed as a chemiresistor by the drop-cast method. A silicon based fluorinated oxygen 
permeable membrane protects the surface from the interference and provides a specificity to the sensor. The 
sensor responded to the DO concentration changes due to modulated surface charge carrier concentration by the 
adsorbed dissolved oxygen molecule (Oad). For DO concentration range 0–5 mg.L− 1 there was nearly 80% change 
in response for the sensor with membrane. The resistance of the N, B-HRGO film was measured at different DO 
concentrations in KNO3 solution and during the growth of Amycalotopsis methanolica bacterial fermentation. The 
study showed that the sensor is sensitive to the oxygen present in the solution and can detect DO consumption in 
a complex fermentation medium. The effect of water and the electrolyte salt ions present in the electrolyte was 
studied in detail. It was observed that the adsorption of water molecule increases the sensor resistance, whereas 
the salt ions have negligible effect on the sensor response. Because of the simple electrode structure, this 
chemiresistive sensor can measure DO in the micro bioreactors with a volume of few microliters. The N, B-HRGO 
chemiresistive sensor can also be used for DO measurement in other bioprocess applications.   

1. Introduction 

The chemiresistive sensor is an emerging sensor technology for 
micro/nanosensor applications. The sensor works based on the con-
ductivity change of the sensor film deposited between the metal elec-
trodes when the analytes bind with them. A constant bias voltage is 
applied between the source and drain electrodes, the electron-pass 
through the conductive channel is affected due to the interaction with 
analytes. The nature of the charges present on the analytes (positive or 
negative) will influence the conductivity of the sensor film [1–5]. One of 
the advantages of the chemiresistive sensors is that it needs only two 
electrodes, and there is no need for a reference electrode. Several ma-
terials have been reported for chemiresistive sensor applications, for 
example, carbon nanotube, graphene, conducting polymer, and metal 
oxides [4–12]. Many of them are used for gas and humidity sensing 
applications, while few are used to detect analytes in an ionically 
conductive aqueous solution. Ragquse et.al. [13,14] published the first 
report to detect analytes dissolved in ionically conductive solutions. 
They showed that the electrical conductivity of the hexane thiol capped 

gold nanoparticle film is affected by the presence of toluene in a KNO3 
solution. The presence of hexane thiol reduces the double layer capac-
itance between the chemiresistive sensor film and the electrolyte, which 
facilitates the interaction of analytes with the surface of the hexane thiol 
capped gold nanoparticle film. Subsequently, Gou et.al. reported a car-
bon nanotube-based chemiresistive sensor to measure the pH in 
conductive aqueous solution [15]. We have also recently published a 
functionalized reduced graphene oxide chemiresistive sensor to monitor 
pH in complex fermentation media [11,12]. 

However, detecting dissolved oxygen (DO) in conductive aqueous 
solutions is of interest for biological processes. The electrochemical and 
optical sensors are commercially available and most used for DO sensing 
in biological applications. The reference-less and two-electrodes-based 
chemiresistive sensor create a possibility to fabricate micro/nano-
sensors for multi-array micro bioreactors. In this regard, we developed a 
nitrogen and boron-doped reduced graphene oxide chemiresistive 
sensor for DO detection in aqueous electrolytes and complex fermenta-
tion medium. The resistance (or electrical conductivity) of the N, B- 
HRGO film is influenced by dissolved oxygen in the solution. Recently, 
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Andre et al. reported the azo-polymer/graphene composite-based 
chemiresistor to detect dissolved oxygen in KCl electrolyte [16–18]. 
They used electrochemical impedance spectroscopy to measure the 
resistance of the azo polymer/graphene composite coated on the surface 
of an FTO electrode. The measurements are based on a three-electrode 
configuration and use a reference electrode. However, in this study, 
we used two-electrode configurations in which the N, B-HRGO sensor 
film is deposited between gold interdigitated micro electrode arrays. 
The advantage of the chemiresistive sensor is the simple electrode 
structure, does not require any reference electrode, and there is no need 
for a potential feedback circuit. Furthermore, the compatibility with 
existing modern electronic components makes chemiresistive sensors 
attractive for application in miniaturized bioreactor systems [15,19]. 

We used N, B-HRGO prepared by the hydrothermal method as a 
material for chemiresistive dissolved oxygen sensing. The nitrogen and 
boron doping on the reduced graphene oxide facilitates the oxygen 
adsorption and improves the electron transfer process [20–22]. These 
properties render the N, B-HRGO ability to detect dissolved oxygen in 
chemiresistive sensor mode. Here, we show that the resistance of the N, 
B-HRGO film is modulated by the presence of dissolved oxygen and can 
detect dissolved oxygen in 0.1M KNO3 solution. Also, the sensor can 
measure oxygen consumption during the growth of the bacterium 
Amycalotopsis methanolica in a fermentation medium. A. methanolica is 
an obligate aerobic bacterium that consumes oxygen during its growth. 
For optimum growth of A. methanolica, the dissolved oxygen concen-
tration needs to be sufficient. The N, B-HRGO chemiresistive sensor can 
be used for this purpose in a feedback loop to increase the stirring speed 
in a bioreactor when the oxygen concentration becomes too low. An 
increased stirring speed improves the mass transfer of oxygen from the 
gas phase to the liquid phase. 

2. Experimental details 

2.1. Material preparation 

N, B-HRGO was synthesized by a hydrothermal method. For the 
graphene oxide preparation, 50 mg of graphite oxide (GO) was dissolved 
in 50 ml water. The dispersion was sonicated for four hours and unex-
foliated graphite oxide flakes (pellet material) were removed by 
centrifugation [23,24]. For nitrogen and boron doping, 5 ml NH3.H2O 
and 5 ml of boric acid were added to the 50 ml GO dispersion and 
autoclaved for 12 h at 120 ◦C (0.12 MPa). Finally, the prepared N, 
B-HRGO was collected by filtration and washed several times with 
water. Similarly, nitrogen-doped reduced graphene oxide and reduced 
graphene oxide were prepared in the same way and used in control 
experiments. 

2.2. Bacterial culture medium 

The 50 ml of the culture medium for the growth of A. methanolica was 
prepared by mixing 0.5 ml glucose (1M), 0.5 ml ammonium sulphate 
(100 g/L), 0.5 ml magnesium chloride (20 g/L), 5 ml phosphate buffer 
(K2HPO4 [47 g/L] and NaH2PO4 [15 g/L, pH 7.2]), and 0.05 ml Vishniac 
trace elements in 43.5 ml of ultra-pure water [25]. All the solutions were 
sterilized separately before use. The growth of A. methanolica was car-
ried out at 37 ◦C. The lid of the reactor, containing the culture, was 
modified to accommodate a commercial DO sensor and the N, B-HRGO 
modified electrode. A sample was removed periodically from the reactor 
using a sterilized syringe to monitor the growth of A. methanolica by 
turbidity measurements at 600 nm. 

2.3. Material characterization 

X-ray Photoelectron Spectroscopy (XPS) was performed using a 
Surface Science SSX-100 ESCA instrument with a monochromatic Al Kα 
X-ray source (hν = 1486.6 eV) as reported earlier [26]. A Perkin Elmer 

Raman station equipped with a 785 nm laser was used for Raman 
spectroscopy. Samples were deposited on a microscopic glass slide and 
dried in an oven at 100◦C. Transmission electron microscopy (TEM) was 
carried out at 120 keV (CM12, Philips, The Netherlands). The samples 
were prepared on a carbon-coated 400 mesh copper grid and the images 
were recorded with a slow-scan CCD camera. 

2.4. Sensor measurements 

For chemiresistive sensing, 2 µl of N, B-HRGO (1 mg/ml) was drop- 
casted on an interdigitated gold electrode (IDEs) (BVT Technology, 
Czech Republic) and dried at 101◦C for 12 hrs. The IDEs has a dimension 
25 × 7 mm, thickness 0.6 mm and has an exposed sensing area of 2 × 2 
mm. The schematic representation of the IDEs modified with N, B-HRGO 
is shown in Fig. 1(a,b). The IDE was housed in a sensor connector and 
placed inside a sample container (Fig. 1(a)). For DO sensing, a constant 
bias voltage of 400 mV is applied between the gold fingers (CH760, CH 
Instruments, Austin, Texas, USA), and the output current was converted 
to resistance according to Ohm’s law. The DO concentration was varied 
using N2 and O2 gas mixtures. A flow controller controlled the propor-
tion of the gas mixture. The setup used for the sensor measurement is 
illustrated in Fig. 1(a). For real time measurements, the setup was placed 
in a thermostat at a constant temperature of 37 ◦C. Chemiresistive sensor 
is prone to interferences from metabolic products during the growth of 
microorganisms in bacterial fermentation processes [11]. Therefore, the 
electrode was coated with a silicon-based fluorinated oxygen-permeable 
membrane to protect the surface. The membrane was prepared as re-
ported earlier [27–29]. 

Two-point sensor calibration in a 0.1M KNO3 solution was performed 
by measuring the sensor response in N2 saturated and O2 saturated so-
lutions. The real DO concentration was measured using a commercially 
available Clark sensor. For the DO measurement during the growth of A. 
methanolica, the end value of the sensor was compared with the 
response in N2 saturated 0.1M KNO3 solution to determine the depletion 
of the dissolved oxygen. 

3. Results and discussion 

3.1. Material characterization 

The Raman spectra of GO, HRGO, and N, B-HRGO are shown in Fig. 1 
(c). The Raman spectra indicate that the D to G ratio of N, B-HRGO 
increased compared to the D to G ratio of GO due to doping of nitrogen 
and boron in the carbon lattice24. The morphology of N, B-HRGO was 
investigated using TEM. The TEM image of GO and N, B-HRGO is shown 
in Fig. 1(c,d). The N, B-HRGO showed thin layers of graphene sheets 
with a wrinkled morphology. X-ray photoelectron spectroscopy results 
confirmed the incorporation of nitrogen and boron in HRGO as repored 
in [26]. 

3.2. Sensor characterization 

The I-V characteristics of an N, B-HRGO-deposited electrode with 
and without a fluorinated silicon membrane under N2 atmosphere are 
shown in Fig. 2(a). The sensor device current increases linearly with the 
applied voltage indicative of ohmic contact between N, B-HRGO and Au 
electrodes. The sensor’s resistance further increased after the membrane 
modification indicating a strong interaction between the membrane and 
N, B-HRGO. 

The effect of water and other ionic species (K+ and NO3
− ) present in 

the electrolyte on the N, B-HRGO sensor response was investigated by 
measuring the resistance in oxygen-free 0.1M KNO3 solution (Fig. 2(b)). 
For this measurement, the sensor was placed inside an N2-flushed 
container. Then, the sensor resistance was measured for some time 
under the N2 atmosphere. After that, 50 ml of 0.1 M KNO3 solution was 
injected into the container for the humidity experiment. The sensor 
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resistance decreased immediately due to water adsorption from the 
humid surrounding [30,31]. After exposure to the humid condition, the 
sensor was slowly dipped into an oxygen-free KNO3 solution. The elec-
trode resistance initially increased but stabilized just above the resis-
tance level of the sensor in a humid N2 atmosphere. The slight change in 
the resistance value after stabilization shows that the electrolyte has a 
negligible effect on the sensor response in oxygen-free KNO3 solution. 
This resistance value in oxygen-free 0.1 M KNO3 solution was used as a 
blank (R0) for the oxygen sensing experiments. The normalised sensor 
response, SR is given as 

SR =
ΔR
R0 

Where ΔR is the resistance difference (Rs − R0) between the sensor 
response in N2 saturated (Ro) and O2 saturated solution (Rs). 

3.3. Chemiresistive dissolved oxygen sensor performance 

For chemiresistive DO sensing, the sensor was immersed in 50 ml of 
0.1 M KNO3 solution (Fig. 3(a)). The DO concentration was varied by 
sparging with pure nitrogen (~0% oxygen), air (~20% oxygen), and 
pure oxygen, respectively. A DO concentration of 0 mg/L, 7 mg/L was 
obtained under saturating conditions with nitrogen, air, respectively. 
The sensor response was measured continuously, which allowed the 
real-time collection of measurement data. Fig. 3(a) shows the response 
of an N, B-HRGO chemiresistor in various nitrogen/oxygen-saturated 
solutions. The sensor resistance decreased when the DO concentration 
increased. Similarly, the resistance increased when the oxygen was 
removed from the solution upon sparging with nitrogen gas. There was a 
change of 300% (normalized sensor resistance) in sensor resistance be-
tween nitrogen saturated and oxygen saturated solution. It was corre-
sponded to a change of 3.2 MΩ (ΔR) in resistance. However, in a 
subsequent cycle, the response was reduced to 200% in device 

sensitivity and ΔR was 2.2 MΩ. The reduced value upon subsequent 
cycles was due to strongly chemisorbed oxygen molecules that did not 
desorb during N2 purging. A similar response was observed when the 
solution was subsequently sparged with nitrogen, air, or oxygen (Fig. 3 
(a)). Notably, more than 190% of the total sensor response was achieved 
for the solution sparged with air. However, the sensor exhibited 
maximum response for the solution sparged with pure O2. The difference 
in the DO concentration for air saturated and O2 saturated solution was 
due to the difference in partial pressure of the gas above the solution. 
Because of the baseline drift during the initial measurements, the de-
vices were calibrated before use. The sensor response in N2 saturated 
and O2 saturated solution taken as a reference value for further mea-
surements. The sensor devices with resistance values around 1 MΩ were 
selected to get a reproducible measurement. Several devices were tested, 
and around 10% variation in performance was observed between the 
devices. The mechanism for the sensor response for DO can be explained 
by p-type doping of adsorbed O2 molecules (Oad) at the N, B-HRGO 
surface, as shown in Fig. 3(b) [32]. The p-type doping increases the hole 
concentration upon adsorption of dissolved oxygen, resulting in a lower 
resistance of N, B-HRGO. Since the O(ad) are in equilibrium with the DO 
presented in the solution, the magnitude of the resistance change (ΔR) is 
proportional to the bulk DO concentration (Fig. 3(b)). 

The sensor coated with an oxygen-permeable fluorinated silicon 
membrane also showed similar behaviour. The sensitivity of the 
membrane-coated sensor was studied with solutions sparged with mix-
tures of N2 and O2 until saturation (Fig. 4(a,b)). A gas-flow controller 
was used to mix different ratios of N2 and O2 gas. The DO concentration 
of the mixtures was measured using a commercial Clark-type electrode 
and with the silicon membrane-coated N,B-HRGO sensor. Fig. 4(a) 
shows the response of the membrane-coated sensor in 0.1 M KNO3 with 
different DO concentrations. For the DO concentration range 0–4.8 mg. 
L− 1 the resistance change was 70%. This is lower than the value ob-
tained for a sensor without a membrane coating. The differences can be 

Fig. 1. (a) A schematic representation of the setup used for DO detection. The connector is completely sealed, and only the sensing part of the IDE is exposed to the 
testing solution. (b) Image of an interdigitated gold electrode (IDE) coated with N, B-HRGO and the illustration of DO detection on the N, B-HRGO coated IDE (black 
arrow mark). (c) Raman spectrum of GO, hydrothermal reduced graphene oxide (HRGO) and N, B-HRGO. TEM images of (d) GO and (e) N, B-HRGO. 
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explained by the reduced number of available adsorption sites due to the 
oxygen-permeable membrane, as shown in Fig. 3(b). The reduced 
adsorption sites lowered the number of O(ad) on the surface. Since the 
resistance change is dependent on the concentration of the charge car-
rier modulated by the O(ad), the reduced number of O(ad) resulted in a 
lower change in sensor resistance. 

The reversibility of the membrane-coated N, B-HRGO chemiresistive 
sensor was investigated and the results are presented in Fig. 4(b). The 
sensor showed good reversibility but with a small shift in the resistance 
value in the second cycle. The reversible nature of the sensor response 
suggests that DO in the solution reversibly adsorb on the sensor surface. 
It should also be noted that when we change the DO concentration 
everytime the sensor resistane also changed and establishes new equi-
librium between Oad and DO from bulk solution. The response is similar 
to that of the oxygen-gas sensing mechanism reported earlier [32,33] 
but in the present case oxygen dissolved in the solution is detected. 

Further we tested the sensor to measure the oxygen solubility of 
KNO3 solution in real-time. For this experiment, oxygen free N2 satu-
rated 0.1M KNO3 solution was equilibrated with atmospheric oxygen 
(Fig. 4(c)). When oxygen molecule dissolves into the solution, the sen-
sor’s resistance slowly decreased as a result of increasing DO concen-
tration. The sensor resistance was continuously decreased until DO 
reached an equilibrium with the air. This oxygen saturation process at 
the atmospheric pressure completed in 2200 s. It showed that sensor can 
measure DO in real-time and can be used to measure the DO concen-
tration changes in any biological processes. 

3.4. Real time DO measurement during growth of Amycolatopsis 
methanolica 

The applicability of the N, B-HRGO chemiresistive sensor for real- 
time monitoring DO consumption was investigated during the growth 
of the obligate aerobic bacterium A. methanolica in a fermentation 
process. The sensor response was recorded continuously during the 
growth. At the same time a commercial Clark-type DO sensor was used 
as a reference to measure the DO concentration of the culture medium. 
The measured values of DO concentration at room temperature and 
37 ◦C before and after adding A. methanolica is given in Table 1. Fig. 4(d) 
shows the sensor response during the growth of A. methanolica. Three 
distinct stages of the sensor response was observed that are are repre-
sented, as I, II and II in Fig. 4(d). Stage I is attributed to the influence of 
temperature on the N, B-HRGO chemiresistor. Further increase in 
resistance from stage I to stage II occurs due to decreased DO concen-
tration of the culture medium at 37 ◦C. The sensor attains stability at the 

Fig. 2. (a) I-V curve of the sensor with and without oxygen permeable silicone 
membrane. (b) Effect of humidity and ionic adsorption of the sensor coated 
with the membrane in N2 saturated 0.1 M KNO3 solution. For an oxygen-free 
environment, the setup was purged continuously with N2 gas. 

Fig. 3. (a) Response of the sensor 
without oxygen permeable membrane 
in both oxygen saturated and oxygen 
free N2 saturated 0.1 M KNO3 solutions. 
The sensor response was recorded 
continuously while the solution is 
purged with N2 and O2 gas consecu-
tively. In the third cycle solution was 
purged with air between N2 and O2 
purging. The arrow mark indicates the 
starting point of the corresponding gas 
purging. (b) The pictorial illustration of 
the DO sensing mechanism for the 
sensor coated with membrane. The dis-
solved oxygen molecule diffuse through 
the membrane, and then adsorps on the 
sensor surface. The adsorped oxygen 
(O(ad)) is in equilibrium with oxygen in 
the bulk. Similar process occurs at the 
sensor without the membrane except 
that there will be more sites available 

for DO adsorption as explained in the main text.   
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end of the IInd stage before the start of bacterial growth. Once the 
growth started, the bacteria consumed the dissolved oxygen present in 
the culture (stage III). This exponential growth phase decreased the DO 
concentration, and the resistance of the sensor increased. The resistance 
continued to increase during the exponential growth. Once all the ox-
ygen is consumed, the sensor’s resistance reaches a plateau, indicating 
that no more oxygen was present in the media. There was a resistance 
change of ~0.5 MΩ for the DO concentration from 5.5 mg O2. L− 1 to 
0.01 mg O2. L− 1. The results showed that the N, B-HRGO chemiresistor 
can monitor DO during the fermentation process in bioreactors. DO 
measurements in A. Methanolica culture was continuously performed 
for around 24 h. It suggests that the sensor has long-term usability. 
Nevertheless, it is possible to perform longer-term stability in the future 
for more than 24 h. The apparent drift at the beginning of the mea-
surement can be avoided by maintaining the sensor temperature the 
same as medium temperature. In the future, the sensor will be tested in 
miniaturized bioreactors as part of a high throughput screening platform 

for bacterial fermentation processes. 
Even though the same amount of an N, B-HRGO dispersion was 

casted onto the electrode, the resistance varied between different elec-
trodes. Hence, a proper calibration by exposing the electrode to oxygen- 
free (0%) and oxygen-saturated electrolytes (100%) is necessary. 
Although this sensor is simple to manufacture and also in micro and 
nano configurations, each electrode needs calibration before use. 

4. Conclusion 

We have shown that a chemiresistive sensor can be fabricated using 
N, B-HRGO as a sensing material to measure DO in real-time. The sensor 
responded well to the changing DO concentration. There was 300% 
response was obtained for sensor without membrane, and for the DO 
concentration 0-5 mg.L− 1 nearly 70% change was obtained for the 
sensor with membrane. The sensor response was due to the doping of 
adsorped dissolved oxygen molecule that modulated the surface charge 
carrier concentration. Since the adsorped DO molecules are in equilib-
rium with the DO in the bulk, the resistance change is proportional to the 
DO concentration in the solution . We also showed that the sensor 
response in the solution was not due to water or any other ionic 
adsorption at all. In addition, we also studied the applicability of the 
sensor for monitoring DO during the growth of A. methanolica. The re-
sults showed that this N, B-HRGO chemiresistive sensor can measure DO 
in real-time during a fermentation process. This cost-effective, simple 

Fig. 4. (a,b) The sensor response of an N, B-HRGO sensor with silicone membrane in 0.1 M KNO3 saturated with N2:O2 mixtures. (c) The oxygen solubility mea-
surement in real-time: The oxygen saturated solution was burged with N2, then the solution was allowed to attain an oxygen saturation limit (without O2 burging). 
The oxygen saturation process of the 0.1 M KNO3 solution was monitored in time by continuously measuring the resistance of the N, B-HRGO sensor. (d) The 
resistance of the N, B-HRGO sensor measured during an A. methanolica fermentation process in real-time. The response was recorded immediately after the sensor was 
placed inside an A. methanolica inoculated culture medium. 

Table 1 
DO concentration in the culture medium at 25 ◦C and 37 ◦C.  

Medium Temp. (◦C) DO (mg/L) 

Culture medium 25 7.6 
Culture medium 37 6.0 
Culture medium + A. methanolica 37 5.4  
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chemiresistive DO sensor can be used in miniaturized bioreactors for 
bioprocess monitoring. 
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