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Abstract 

Using a graphene field-effect transistor biosensor, we monitored the pH inside a living biofilm 

with fast temporal resolution (~ 1 s) over multi-hour time periods. The atomically-thin sensor is 

positioned between the biofilm and a supporting silicon oxide surface, providing non-invasive 

access to conditions at the base of the biofilm. We determine the transient changes in pH when 

the biofilm metabolizes substrate molecules and when it is exposed to biocide. The pH resolution 

is approximately 0.01 pH units when using 1-second time averaging. The sensor drift is 

approximately 0.01 pH units per hour.  Our results demonstrate the potential of this technology 

to study biofilm metabolism and monitor biofilm health. 
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Introduction 

Quantitative tools to monitor living biofilms are important in fields ranging from medicine to 

environmental monitoring. In applications, such as wastewater treatment, biofilm reactor systems 

are typically monitored using bulk fluid measurements.1 This technique is powerful, because a 

range of traditional chemical assays are available and measurements are directly linked to 

process performance. However, it is well know that understanding the kinetics of growth and 

substrate utilization within a biofilm is essential for optimizing fixed-film processes.2 

Microsensors have been used to measure chemical gradients in biofilms including specific 

chemicals, such as dissolved oxygen, sulfide, nitrate, nitrite, and pH.3,4 pH microelectrodes 

commonly used in biofilm studies have an H+ selective membrane made of special glass. While 

they have a long lifetime, their spatial resolution is limited to about 20 µm and they are 

expensive.4  Liquid ion-exchange (LIX) pH microsensors have a higher spatial resolution of  ~ 5 

µm, but have a short lifetime of only a few days.4  Thus, there is interest to develop inexpensive 

long-lived sensors that have high spatial resolution.  

Recent advances in bioelectronic sensors made from nanoscale materials offer exciting new 

ways to monitor biofilm activity. The goal of this study is to explore the suitability of field-effect 

transistor (FET) biosensors for monitoring the metabolic activity of a biofilm.  

We use graphene, an atomically-thin sheet of sp2-bonded carbon atoms, as the active material 

for our FET biosensor. The electrical resistance of graphene is sensitive to charged species 

adsorbed on the graphene surface.5 Graphene is remarkably biocompatible, as shown by recent 

tests with Escherichia coli6 and neural cells.7 While graphene FET (GFET) biosensors are being 
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pursued by a number of research groups (reviewed in Ref 5 and 8), efforts to interface GFETs 

with bacteria are just beginning. Previous authors have used chemically-functionalized graphene 

to capture bacteria on GFET sensors,9,10,11 but there are no previous reports of naturally-formed 

biofilms interfaced with GFET sensors. 

The biofilm used for this work is formed by ammonia oxidizing bacteria (AOB). AOB play a 

critical role in the global nitrogen cycle and in the removal of nitrogen during wastewater 

treatment.12,13 Since AOB are slow growing, biofilm-based processes are particularly important. 

In the biofilm form, AOB exhibit higher nutrient removal rates and higher resistance to washout 

when compared to planktonic bacteria.14 Techniques to monitor the health of AOB biofilms are 

desired, because AOB are considered to be some of the most sensitive microorganisms found in 

wastewater treatment plants.15  

Methods 

The GFET was fabricated using graphene grown via chemical vapor deposition.16,17 Details of 

the fabrication process are described in Supporting Information. To limit the contact between 

liquid and electrical connections, the electrode traces were covered by 70 nm of SiO2 and wires 

were sealed with silicone. Parasitic currents were 3 orders of magnitude smaller than the source 

drain current (Isd). For all sensing experiments, the GFET was biased with a source-drain voltage 

Vsd = 25 mV. The electric potential of the liquid was controlled by an Ag/AgCl reference 

electrode attached to a voltage source, Vliq (see Fig. 1c). 
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Figure 1. (a) Optical micrograph, 9 days growth, showing initial pillar formation. (b) Optical 

micrograph, > 21 days growth, showing the presence of a mature biofilm covering the GFET. 

The graphene sheet connecting the metal electrodes has an area of 40 m x 1 mm. (c) Schematic 

diagram of the electrical measurement.  
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Figure 2. (a) Current through the bare graphene sensor, Isd, versus the electric potential of the 

liquid, Vliq, at different pH. The Isd-Vliq curve shifts rightward by V when pH is increased. 

Similar curves were obtained after biofilm attachment (not shown). (b) After biofilm attachment, 

Isd(t) is monitored while changing the pH of the bulk liquid. Vliq = 150 mV. Biological 
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processes were shutdown during this test by using a nutrient-free buffer (6 mM HEPES). Insets 

illustrate changing surface charge associated with changing pH.  

Prior to biofilm growth, we characterized the sensitivity of the bare GFET to pH (Fig. 2a). The 

device was operated with Vliq in the range 100 – 250 mV where the slope dIsd/dVliq = 39 A/V. 

Changing the pH by one unit was equivalent to a changing Vliq by V = 17 mV. Similar pH 

sensitivities have been observed by other authors and attributed to specific adsorption of 

hydroxyl and hydronium ions on the graphene surface.18 Mailly-Giacchetti et al. verified that the 

linear relationship between V and pH extends from pH 4 to above pH 8.18 Therefore, for the pH 

conditions inside our AOB biofilms, the GFET can be operated at fixed Vliq to generate an Isd 

signal that is linearly proportional to pH.  

The AOB biofilm (Nitrosomonas europaea) was grown directly on the surface of the GFET 

device. The sensor was submersed in a bath of HEPES buffer (30 mM) with trace nutrients for 

growth.19 The volume of liquid was maintained at approximately 60 mL in a standard petri dish. 

The GFET remained in this bath for the duration of the experiments. The N. europaea cells 

(ATCC strain 19718) used to inoculate the GFET surface were grown in batch, concentrated, and 

the cells and growth media, including biomolecules, were added to the petri dish.   

The initial bacterial attachment phase lasted ~ 8 hours, during which bacteria, protein, and 

polysaccharides floating in solution gradually attached to the surface of the GFET. During this 8 

hour period we observed changes in the Isd-Vliq curve equivalent to V = 60 mV (Figure S5). 

Such changes in V are consistent with charged molecules adsorbing on the graphene surface.8  
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After the initial bacterial attachment, the position of the Isd(Vliq) curve became stable (dV/dt ~ 

+/-0.2 mV/hour, corresponding to a baseline drift of 0.01 pH units per hour) and the device 

exhibited greater pH sensitivity (1.4 A/pH) (Fig. 2b). The augmented pH sensitivity of the 

GFET sensor is likely due to new ionizable groups on the graphene surface,20,21,8 as illustrated in 

Fig 2b inset. The pH-dependent charge state of moieties such as COOH and NH2 modifies the 

number of charge carriers in the graphene, causing changes in Isd. 

Results and Discussion 

Optical micrographs were taken to determine biofilm development on the GFET. These images 

show pillar formation, followed by the development of mature biofilms in a timeframe of 

approximately 2.5 weeks (see Fig. 1a and b). Similar timescales for N. europaea biofilm 

development were observed by Lauchnor et al.19 To confirm that the biofilm was indeed an 

AOB, rather than an unwanted bacterium, we used traditional methods to monitor the nitrite and 

pH levels of the bulk fluid over four days (Figure S6). We observed a continuous increase in 

nitrite levels and decrease in pH, consistent with the activity of an AOB and consistent with N. 

europaea batch tests at a similar buffer capacity.22 

While establishing the biofilm, the medium was exchanged regularly to replace nutrients and 

buffer and to remove bacteria suspended in solution. After a mature biofilm was established, 

roughly 3 weeks, the GFET was used to monitor pH at the base of the biofilm with high temporal 

resolution. We first studied the response of the system to ammonia (NH3). N. europaea is known 

to convert NH3 to NH2OH and then NO2
- in a two-step process. The enzyme ammonia mono-

oxygenase (AMO) catalyzes the first step, and hydroxylamine oxidoreductase (HAO) catalyzes 

the second step. 
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            (AMO+HAO) 

NH3 +3/2 O2     →    NO2
- +H+ + H2O           (1) 

The balanced reaction for NH3 oxidation to NO2
-, (equation 1) shows that one H+ is released 

per NH3 molecule oxidized. The net result is a more acidic environment; therefore, the 

consumption of NH3 by N. europaea is well suited to monitoring via the pH sensitive GFET.  

Prior to making a GFET measurement, the media was exchanged for one with a lower buffer 

capacity (6 mM HEPES).22 Low buffer capacity optimized pH sensitivity and the fresh media 

ensured that subsequent nitrification activity was associated with the biofilm rather than 

suspended bacteria. Substrate utilization was initiated by introducing (NH4)2SO4 into the 60 mL 

volume of buffer solution to produce an NH4
+ concentration of ~ 1 mM. The (NH4)2SO4 aliquot 

was added slowly to the bulk fluid at the side of the petri dish, taking care to avoid mechanical 

disturbance to the biofilm which was positioned at the center of the petri dish. At pH 7.5, only a 

fraction of NH4
+ ions are present in the biologically-available NH3 form (~ 16 µM). This 

concentration is approximately 25 % the saturation coefficient (Ks) for NH3 for N. europaea.23 

The green trace in Figure 3 shows the typical sensor response. Before introducing NH3, the 

sensor was calibrated by measuring the pH of the bulk fluid (black cross at t = 16 min). Previous 

work by Lauchnor24 using a pH microelectrode, found that in the absence of NH3 oxidation the 

pH in a biofilm of N. Europaea was the same as the bulk solution. After introducing NH3, the 

sensor reports a gradual decrease in pH, followed by a slight rise to a stable value. At t = 80 

minutes, the pH measured by the GFET differs slightly from the bulk pH, however, the 

difference is within the baseline drift expected for an 80 minute recording. Nitrite levels in the 

bulk fluid were also checked at t = 18 and 80 min. Nitrite concentration increased from 3.04 to 

3.46 mM. Of the 1.0 mM NH4
+ added, 0.4 mM was converted to NO2

-.  It should be noted that as 
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NH3 is consumed, the equilibrium NH4
+ ⇌ NH3 + H+ is maintained and NH4

+ is converted to 

NH3. 

 

Figure 3. Changing pH inside the biofilm measured by the GFET sensor. A dose of NH3 was 

added at t = 21 minutes. The blue curve was measured after the AMO enzyme was inhibited by 

ATU. The green curve was measured with no inhibitor. The black crosses correspond to 

measurements of the bulk pH.  

 We interpret the green curve as follows: at t = 0 (in the absence of NH3) we assume that 

dissolved oxygen (DO) is present throughout the biofilm, as observed by Lauchnor et al.22 After 

the addition of NH3 there is lag time while NH3 mixes/diffuses throughout the liquid. NH3 

consumption in the biofilm starts at t ~ 25 minutes as H+ ions are generated and the local pH 

decreases. At t = 60 minutes, the supply of DO is diminished and the biofilm generates H+ ions at 

a slower rate. As H+ ions diffuse towards the bulk liquid and buffer diffuses into the biofilm, the 
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pH inside the biofilm begins to rise. At t = 80 minutes, nitrate levels have risen to 0.4 mM, which 

requires consumption of 0.6 mM of DO. The initial concentration of DO in our experiment was 

likely 0.3 mM (aqueous buffer in equilibrium with atmosphere). Since the medium was not 

stirred or aerated, slow mass transfer with the atmosphere explains the depletion of DO. The 

overall rate of NO2
- formation is consistent with the observations of Lauchnor and Semprini for 

biofilms of N. europaea under conditions of oxygen limitation.25  

Our interpretation of Fig. 3 assumes that the equilibration of the biofilm with the bulk fluid 

occurs on times scale of tens of minutes. We estimated the relevant equilibration times using 

methods described by Stewart26 (see Supporting Information). The biofilm thickness was not 

measured therefore we assumed biofilm thickness of 1000 µm for calculation purposes.  

Lauchnor et al.19,22 report biofilm thicknesses for N. Europaea of  200 to 400 µm when grown 

under conditions of higher shear. Based on a thickness of 1000 µm we estimate t90 = 8 minutes 

for NH3.  Since H+ is distributed throughout the biofilm, gross estimates using this approach are 

not possible, however we would expect shorter diffusion times for H+ due to its higher diffusivity 

in water.  The equilibration times will be further lengthened by the boundary layer between the 

biofilm and the bulk fluid. We conclude that the time scales shown in Figure 3 are reasonable.  

To check that the pH change shown in Fig. 3 is due to biofilm activity, we inhibited the 

biofilm’s ability to consume NH3. Allylthiourea (ATU) is known to completely inhibit 

nitrification of N. europaea biofilms by inhibiting the activity of the AMO enzyme.22,27 The blue 

curve in Fig. 3 shows the response of the system after exposing the biofilm to ATU. The change 

in pH following the addition of NH3 was not significantly different from the detector noise, 

confirming that the GFET is indeed sensitive to the nitrification activity of the biofilm. 
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Additional control tests measured the response of the GFET sensor before biofilm growth. The 

bare sensor shows no significant response or change in pH sensitivity in the presence of NH3, 

ATU, NH2OH, and NaN3 (Figure S3). The bare sensor was also checked for response to changes 

in dissolved oxygen content and found to have no significant response (Figure S4).   

Next, we studied the second step in NH3 consumption, the utilization of NH2OH via HAO 

activity, 

     HAO 

NH2OH+O2   →   NO2
- + H+ +H2O.     (2) 

When N. europaea is supplied with NH2OH, it produces one H + per oxidized NH2OH 

molecule. Therefore, this sub-step in the NH3 consumption pathway is also well suited to 

investigation using the GFET sensor.  

The biofilm was inhibited by ATU (which inhibits AMO, but not HAO activity) and then 

dosed with 75 mol of NH2OH (resulting concentration ~ 1 mM).  6-7 minutes after introducing 

NH2OH we observed a sharp downward spike in pH to 5.8, then a sharp increase (Fig. 4). Over 

the next 30 minutes, the pH inside the biofilm oscillates and finally stabilizes below the starting 

pH.  
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Figure 4. a) Response to NH2OH. b) Response to NH2OH followed by the biocide NaN3.   

The dramatic decrease in pH (Fig. 4) is strikingly different from that observed when adding a 

similar amount of NH4
+ (Fig. 3).  Figure S.X shows this test was repeated three times and the 

rapid decrease was very reproducible.  Measurements of nitrite production, in response to 

NH2OH addition, (see Figure S.4) showed about 70 % of the NH2OH added was converted to 

nitrite in these tests, indicating rapid utilization. The potential for rapid utilization of NH2OH by 

N. europaea in the acid pH range is supported by the kinetic studies of Frijlink et al.28  They 

measured maximum utilization rates of NH2OH at pH 5 of 53 nmol O2/mg-min, compared to 169 

nmol O2/mg-min at pH 7.  They also measured a half-substrate coefficient 198 µM at pH 5.  Our 

bulk NH2OH concentration of 1.0 mM is well above their measured Ks value, supporting the 

potential for high rates of NH2OH utilization and H+ formation even at a pH of 5.  Oxygen mass 

balances, based on the nitrite formed, support the hypothesis that oxygen limitations likely 
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caused NH2OH utilization to slow, which resulted in a rapid increase in pH.  The formation of 

0.8 mM of nitrite would require more oxygen than could have been initially present in the 

medium.  

The rapid changes in pH detected by the GFET (Fig. 4) highlight the advantage of real-time 

sensing inside the biofilm. The dose of NH2OH, above the Ks value, and DO depletion likely 

caused rapid swings in local pH that are not observable in the bulk fluid. It appears that the first 

minutes of NH2OH utilization likely resulted in low DO levels. Subsequent oscillations in pH 

suggest that the biofilm was responding to transient DO and NH2OH concentrations. The ability 

to continuously monitor such temporal changes within a biofilm holds much promise. 

The biofilm was dosed with NH2OH two more times (11 hours later and 38 hours later, see 

Figure S.4). In both cases, the GFET recording of pH exhibited similar oscillatory behavior.  The 

lag time between tests likely permitted DO to re-equilibrate with atmospheric oxygen, resulting 

in similar NH2OH responses. Shortly after the final dose of NH2OH, the biofilm was poisoned by 

the introduction of sodium azide (NaN3) (Fig 4b). The pH inferred from the GFET biosensor 

indicates a sudden upward jump in pH 6 minutes after the addition of NaN3. It should be noted 

that more liquid was introduced when NaN3 was added, which may have increased mass transfer 

into the biofilm, reducing the lag time between liquid injection and biofilm response.   

We interpret the NaN3 response as follows: in the period 1 to 6 minutes after the addition of 

NaN3, the pH does not change dramatically, but the signal appears unstable. The biofilm 

microorganisms may still be alive, but increasingly vulnerable to perturbations due to a loss of 

resilience.29 After 6 minutes, we interpret the jump in pH as a catastrophic collapse of the 

population as the local concentration of NaN3 became lethal. The upward swing in pH is likely 
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caused by a sudden halt to H+ production in the biofilm and a subsequent equilibration with the 

bulk fluid. While this interpretation is speculative, it suggests interesting directions for future 

research. It is particularly exciting to consider the possibility of detecting early warning signs of 

an impending population collapse.  It also provides a potential in-situ method of monitoring 

processes used to control the growth of nitrifying biofilms in drinking water distribution 

systems.30 

In conclusion, the GFET sensor was found to be a promising means of monitoring dynamic 

changes of pH inside a biofilm in response to changes in nitrification activity. The sensors are 

robust and long-lived, and low-cost production may be facilitated by graphene 

commercialization.31 Future work will include the development of GFET sensor arrays, similar 

to charge-coupled device (CCD) image sensors, to perform spatially-resolved measurements of 

biofilm activity. The spatial resolution of such an array can easily be scaled to 3 × 3 m2.17  
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