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Abstract approved:_____________________________________________________ 
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We have developed a 100 m diameter solid-state potentiometric pH sensor to 

study the bacterial metabolism at the biofilm-biomaterial interface in real-time. The 

newly developed agar-coated pH sensor is both highly resistant to biofouling and 

stable, with a drift of 1 mV/h in physiological conditions. We used multiwall carbon 

nanotubes (MWCNTs) as a back contact in this solid-state sensor which significantly 

improved the sensor response time to 0.5-1 s as well as near-Nernstian response with 

slopes of 50 mV/pH ± 5 mV/pH. We further positioned these sensors at the hard-to-

reach interface of biofilm-dental composites to quantify the change in a chemical 

environment mediated by Streptococcus mutans (Sm) biofilm, a pathogenic lactic acid-

producing oral bacterial species. The Sm biofilm was re-created by immobilizing the 

bacteria in a biocompatible hydrogel encapsulated structure, which was again placed 

on dental composites. Our systematic study showed that the lactic acid produced by Sm 

biofilm when exposed to 30 mM sucrose, in artificial saliva at 37oC, causes a pH shift 

from 6.0 to 5.5 at the biofilm-biomaterial interface; which is significant as tooth 

demineralization sets in at pH <5.5.   
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INTRODUCTION 

Bacteria are social organisms and have extensive interaction with the 

environment and amongst each other. These interactions are critical in determining the 

ability of the microbes to survive and can significantly affect their virulence and 

metabolic activity. Studies of such interactions have been reported since the 1800s and 

there have been many breakthroughs and advances in the field1. One of the main 

methods by which these interactions are thought to occur is through the utilization of 

metabolites as a form of chemical signaling. Secretion of a metabolite by one bacterium 

can cause changes to the local environment, promoting survival2. These interactions 

have greater impacts when the bacteria co-aggregates and form a biofilm. Studies have 

shown that within communities, the bacteria exhibit different characteristics such as 

higher resistances towards antibiotics and greater tolerance towards host immunity and 

temperature tolerance3–7. Techniques such as fluorescent spectroscopy and molecular 

technologies have provided limited information about the interactions within biofilms2. 

However, there aren’t many techniques suited to understand how biofilms interact with 

the local environment, specifically their interactions with the surface on which they 

form.   

Biofilm-biomaterial interactions are extremely important to understand both in 

our model system and outside of it, as these interactions occur constantly around us. 

From water pipes to catheters and implants, each of these materials form biofilms over 

time; through understanding how the biofilm and the biomaterial interact with each 

other, better materials that are resistant to biofilm formation can be developed. In this 
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study, we focus on a model system based on the development of a new dental composite 

and the biofilms that form on the surface of teeth.  

  

 

Figure 1: Experimental setup used in the study to mimic conditions found within a cavity on 

the surface of a tooth.  

 

Dental biofilms can be formed by many different types of bacteria, ranging from 

Streptococcus gordonii to Porphyromonas gingivalis8,9. In this study, we chose to use 

Streptococcus mutans, a pathogenic oral microbe that is a major factor in the formation 

of cavities10. S. mutans forms biofilms on the surface of teeth and metabolizes sucrose 

found in the saliva to produce lactic acid, acidifying the local environment near the 

tooth enamel (Figure 1). Once the local pH drops below 5.5, calcium is leached from 

the enamel, leading to the deterioration of the structure and the eventual formation of 

cavities. 
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Once a cavity has formed, the only currently available treatment is to fill in the 

cavity with a dental composite. However, current dental composites have many 

imperfections Bacteria can usually make their way into the interface between a 

composite and the tooth and start to form biofilms. This leads to the formation of 

secondary cavities and the eventual failure of the dental filling11–13. To counteract this 

problem, the incorporation of bioactive glass into dental composites is being studied.  

Bioactive glass is a smart biomaterial that has previously been used to foster 

bone growth after surgeries (Figure 2). This material activates once the local pH drops 

below 5.5 and releases calcium oxide, which once hydrolyzed, can react with hydrogen 

ions, neutralizing the pH and releasing calcium ions that can then be used in 

remineralizing the tooth enamel and preventing the formation of secondary cavities14,15.  

 

 

Figure 2: Reaction facilitated by bioactive glass and its production of CaO. This 

release occurs when the pH drops below 5.5 and leads to a neutralization in the pH and a 

release of Ca2+ ions. 

 

Current studies testing bioactive glass have focused on either bulk studies or 

biofilm surface characterization to understand the local chemical changes occurring at 

the surface of the biofilm under biologically relevant microenvironments16. Koley et 

Bioactive Glass (BAG) 
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al. have published a study characterizing the calcium and pH profiles at the surface of 

bioactive glass when no biofilm is present17. This study showed the nature of the pH-

dependent release of calcium from the bioactive glass surface and how it affects the 

local environment. The results showed that the pure bioactive glass raised the local 

calcium concentration by 700 mM, causing the pH to shift from pH 4.5 to pH 6.2. 

However, there are currently no studies that have been done to understand how a 

biofilm interacts with the biomaterial at the interface. Due to this lack of information, 

there is a need to develop a new analytical technique to characterize the local 

microenvironment at the biofilm-biomaterial interface.  

Such a technique would need to contain an extremely small sensor that could 

be placed at the biofilm-biomaterial interface and provide quantitative data of the local 

analyte concentrations. The sensor would also require a fast response time in the range 

of milliseconds to seconds so real-time studies could be carried out and relative time 

scales of interactions determined. The selectivity of the sensor would also be vital 

because many monovalent ions are present in the system and could cause false positives 

in results. Common ions that cause interference for pH electrodes are potassium and 

sodium. The minimum order of selectivity needed for measurements in a physiological 

system against potassium and sodium would be -8.5 and -7.0 log units respectively, 

allowing for a maximum of 1% deviation in results due to interference.  Since the sensor 

would be placed within a biofilm, where it will be in contact with bacteria, it must be 

highly resistant to effects of biofouling and be stable over long periods of time in order 

for accurate measurements to be made.  



 

 12 

There are two prominent methods with which to study biofilms, spectroscopic 

methods and electrochemical methods. Spectroscopic techniques such as confocal or 

assays are often reliant on the use of a dye to measure analyte concentrations; despite 

providing high spatial resolution, these dyes are only semi-quantitative. Dyes also have 

the propensity to bleach over long periods of time, leading to false negatives in the data. 

Electrochemical methods, and specifically ion-selective electrodes (ISEs), offer us the 

high temporal resolution and selectivity we are looking for. The other prominent 

technique used in the study of biofilms is spectroscopy. Due to these factors, we chose 

to study the biofilm-biomaterial interactions using electrochemical techniques.    

ISEs can be designed to measure a variety of ions such as H+, Ca2+, and K+ by 

potentiometric methods and are used in a variety of fields ranging from clinical analysis 

to material studies18–22. Conventional ISEs for pH are composed of a glass ion-selective 

membrane and an inner filling solution which houses two reference electrodes23. These 

sensors are sensitive to the evaporation of the inner filling solution and shifts in osmotic 

pressure that are caused by difference in ionic strength between the sample and the 

inner solution22. These sensors are also bulky and can’t be used to measure specific 

micro-interactions. Micropipette-based sensors with sensing areas of 25 μm or less 

have been developed, and can be used to measure chemical micro-environments24,25. A 

solid-state ISE removes the inner filling solution and instead uses a conducting polymer 

as a back-contact between the ion-selective membrane and the conducting wire26. The 

back-contact is usually a polymer like poly(3-octylthiophene) of poly(3,4-

ethylemedioxythiophene), which are highly stable and active within a broad range of 

potentials27,28. In some studies, an electrodeposited layer of polyaniline on a Pt-UME 
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is used to measure the pH17. This sensor was used to measure local pH 

microenvironment above a bioactive glass using Scanning Electrochemical 

Microscopy (SECM). While this study provided spatial information about the system, 

the SECM can only be used in surface studies and cannot be used to measure at the 

bottom of the biofilm. Due to this, we still lack an understanding of the interactions 

that occur at the interface of the bioactive glass and the biofilm. In order to measure 

this interaction, we redesigned the standard solid state ISE by using a 100 μm platinum 

wire as a base (Figure 3). A back-contact of MWCNT was used due to the propensity 

of polymer back-contacts to cause light sensitivity and acquire a water layer between 

the ion-selective membrane and the polymer layer29,30. The micro-wire solid-state ISE 

was used to monitor changes to the local environment at the biofilm-biomaterial 

interface due to lactic acid release by Streptococcus mutans because of sucrose 

metabolism.   

  

Figure 3: pH sensor design schematic highlighting the different layers present at the sensing 

membrane and the average size of the sensing component. 
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MATERIALS AND METHODS 

Materials: Hydrogen Ionophore-I, sodium dodecyl sulfate (SDS), cyclohexanone, and 

high molecular weight PVC were purchased from Sigma Aldrich. Bis(2-

ethylhexyl)sebacate (DOS) and potassium tetrakis(4-chlorophenyl)borate (KTCIPB) 

were purchased from TCI America. 1-Nitro-2-(n-octyloxy)benzene (NPOE) was 

purchased from Alfa Aesar. HEPES, free acid was purchased from Omnipur. Deionized 

water (18 MΩ) was used to prepare all solutions. Non-graphitized multiwall carbon 

nanotubes (MWCNTs) procured from US Research Nanomaterials Inc. (Houston, TX, 

USA), (MWCNT were functionalized for 48h in through acid reflux in 32 M Nitric 

Acid). Also used was 100 μm Teflon coated platinum wire (99%) purchased from 

Medwire. 

Artificial saliva solution (0.70 mM CaCl2, 0.427 mM MgCl2, 4 mM NaH2PO4, 20 mM 

HEPES, 30 mM KCl) was freshly prepared and stored at room temperature. The pH 

was adjusted to 7.2 by additions of NaOH. Britton-Robinson Buffer solution (0.04 

M H3BO3, 0.04 M H3PO4 0.04 M CH3COOH, 0.2 M NaOH) was prepared and stored 

at room temperature and pH adjusted to 10 using NaOH. 10 mM Phosphate Buffer 

Solution (PBS) (2.7 mM KH2PO4, 8.1 mM Na2HPO4, 0.15 M NaCl, pH 7.4). Brain 

heart infusion (BHI) medium and agar were obtained from BD.  

Poly-aryl amine glucose modified dendron was synthesized by Partha Sheet, Oregon 

State University31.  

Bacterial Strains and Growth Conditions: Bacteria cultures of S. mutans were a kind 

donation from Jens Kreth at OHSU. Bacteria were cultured on BHI- agar plates at 37 

°C with 5% CO2. Prior to the experiments, bacteria were grown in BHI liquid medium 

https://en.wikipedia.org/wiki/Boric_acid
https://en.wikipedia.org/wiki/Phosphoric_acid
https://en.wikipedia.org/wiki/Acetic_acid
https://en.wikipedia.org/wiki/Sodium_hydroxide
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at 37 °C under anaerobic condition and harvested at their growth phase to make the 

bacteria –hydrogel biofilms.  

Instrumentation: Electrochemical measurements were performed with a Lawson Labs 

six channel high impedance potentiometer (Lawson Labs, Malvern, PA, USA and EA 

Instruments, Middlesex, UK). An Ag/AgCl reference electrode was used in all 

electrochemical experiments. 

Sensor Preparation and Characterization: pH sensors were fabricated using ~5 cm 

100 μm diameter Teflon coated wire. The ends of the wire were stripped of the Teflon, 

300 μm on one end, where the ion-selective membrane would be formed and ~1 cm on 

the other end to connect the sensor to the instrument. The exposed end was sonicated 

in 1 M H2SO4 for 10 minutes before use. The exposed 300 μm portion was coated with 

functionalized multi-wall carbon nanotubes (MWCNT) via electrophoretic deposition 

at 2 V for 5 mins. Functionalized MWCNT solutions were made at a concentration of 

1 mg/7 mL aq. solution using a sonic probe. A platinum coil of diameter 2 mm was 

used as the anode during the electrophoretic deposition, with sensor tip centered within 

the coil. CNT coated wires were then dipped 3 times in the ionophore cocktail (1 wt% 

ionophore, 0.5 wt% Tetrakis, 67% DOS, 31.5 wt% PVC, dissolved in dichloromethane 

(DCM) and cyclohexanone with the ratio being of components 175 mg membrane: 5 

mL cyclohexanone: 100 mL DCM) and then dried under vacuum for 10 mins. Sensors 

were cured in artificial saliva, pH 4.5 for a minimum of 12 hours. Sensors were then 

coated with agar via dipping into a solution of 10 mg/mL agar. Sensors were calibrated 

in pH 7.2 artificial saliva with additions of 1 M lactic acid in the pH range of 4.5 – 7.2. 

Linear range and response time were determined in Britton-Robinson Buffer with 
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additions of 3 M HCl. Stability tests were done in artificial saliva, pH 6, for 4 hours at 

37ºC. 

S. mutans – Alginate Gel Biofilm Preparation: To make the substrate, bacteria were 

harvested and re-dispersed in 10 mM PBS (pH 6). 0.5 mL of above bacteria dispersion 

with OD (λ = 600 nm) 0.5 was vortexed with 0.5 mL of 4% sterile alginate solution. 2 

mM CaCl2 was added to this mixture to make a soft gel. The temperature of all solutions 

was maintained at 4ºC during preparations. To make bacteria alginate gel substrate, 

120 µL of the dispersion was added to a cavity (dia. 5 mm, depth 2.3 mm) made in 

polydimethylsiloxane (PDMS) mounted on glass slide. The substrate was kept 

undisturbed for 10 min to form a soft gel inside the cavity and then gel was cured at 

4oC with 1 % CaCl2 solution for 20 minutes and then the gel was washed twice with 

artificial saliva. 

S. mutans – Dendron Hydrogel Biofilm Preparation: To make the substrate, S. 

mutans was harvested and re-dispersed in 25 mM PBS (pH 6) to an OD (λ = 600 nm) 

of 1.0. Four milligrams of glucose modified dendron was dissolved in 150 μL of 

DMSO.  The temperature of bacteria solution was maintained at 4ºC during 

preparations. To make the bacteria-dendron gel substrate, 30 µL of the dendron 

dispersion was added to the cavity (dia. 5 mm, depth 2.3 mm) made in PDMS mounted 

on glass slide. Immediately after, 170 µL of the bacteria dispersion was added to the 

cavity and was kept undisturbed for 10 min to form a soft gel inside the cavity.  
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Figure 4: Overhead view of sensor arrangement above composite. Hydrogel biofilm is placed 

on top of the sensors and within the confines of the PDMS cavity.  

 

pH Measurement Below Biofilm: To study the change in the pH profile at the 

bacteria-substrate interface, the above-mentioned S. mutans-hydrogel biofilm was 

made in a PDMS cavity (dia. 5 mm, height 2.3 mm). The sensors were secured to the 

glass substrate using Kapton tape and the PDMS mold containing the gel was placed 

on top with the tips of the sensors centered in the gel. The PDMS cavity was then 

secured to the petri dish using more Kapton tape.  A petri dish with the cured biofilm 

was placed within a temperature controlled heater and 5 mL of pH 6 artificial saliva 

was added to the petri dish as the bulk solution. The solution was heated to 37°C and 

the sensors were allowed to stabilize before sucrose was added to the solution to a 

concentration of 30 mM. pH was measured for the following 4-6 hours. 
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RESULTS AND DISCUSSION 

Initially, we attempted to make the sensing membrane using the standard 

protocol that is used most commonly when making pH ISEs, incorporating 1% 

ionophore dissolved in THF (Table 1). However, this composition produced extremely 

poor results. The cocktail was too viscous and dried extremely quickly, creating large 

membranes of non-reproducible size and thickness. These sensors also displayed poor 

response to pH showing non-Nernstian slopes (Figure 5). 

 

Standard membrane composition 

Component % Composition 

pH ionophore 

KTClPB 

PVC 

DOS 

1 

0.5 

31.5 

67 

Dissolved in THF- 1 mg membrane in 6 L THF 
Table 1: Standard pH membrane composition dissolved in THF 

 

Figure 5: Left: Response to pH shift by sensors with standard THF cocktail Right: Picture of 

a sensor coated with standard THF cocktail. 

 

The previous cocktail resulted in highly inconsistent membrane thickness and 

showed poor response to pH. In order to obtain near-Nernstian slopes, the cocktail was 

diluted to make extremely thin and reproducible coatings. The membrane was diluted 
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using dichloromethane (DCM) and cyclohexanone, two solvents with slower rates of 

evaporation when compared to the traditionally used solvent tetrahydrofuran (Table 2).  

Diluted membrane composition 

Component % Composition 

pH ionophore 

KTClPB 

PVC 

DOS 

1 

0.5 

31.5 

67 

Dissolved in DCM and cyclohexanone-  

35 mg membrane:1 mL cyclohexanone:20 mL DCM 
Table 2: Diluted cocktail in DCM and cyclohexanone 

 

This cocktail yielded extremely thin membranes that were reproducible and easy to 

control. The pH sensors were initially calibrated in pH 7.2 Artificial Saliva in the range 

of interest of pH 4.5- pH 7.2. Sensors showed near-Nernstian responses with slopes 

equivalent to 50 mV/pH ± 5 mV/pH.  The sensors showed a broad linear range from 

pH 4 to pH 12 and a detection limit of 1.1 pM (Figure 6). 

 

Figure 6: Representitive pH sensor calibration curve showing near Nernstian slope. Slopes 

varied from ~45-55 mV/pH depending on the quality and thickness of the CNT back-contact 

coating. 
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The ion-selective membrane was protected from the effects of biofouling and 

DMSO by applying a thin coating of agar over the membrane. The agar-coated sensors 

were calibrated again to observe if the response had been significantly affected due to 

the added layer (Figure 7).   

  

Figure 7: Left: Calibration of sensor before and after agar coating. Right: Response time of 

sensor upon addition of HCl in Britton-Robinson Buffer. Average response time was found to 

be 1± 0.4 seconds. 

 

Results showed that the sensor response was not significantly affected by the additional 

layer. The only characteristic affected was the response time, which increased from 0.5 

s to an average of around 1 ± 0.4 s. The selectivity and stability of the sensors were 

also tested, with the selectivity done using the fixed interference method (Figure 8). 
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Figure 8: Left: Selectivity of sensors against other monovalent cations commonly found in 

solution. Right: Stability of sensors within the bacteria hydrogel over the course of 4 hours. 

 

The sensors showed high selectivity against the common interfering species sodium 

and potassium, with a selectivity of -10.1 log units against sodium and -9.2 log units 

against potassium.  The sensors were also found to be very stable showing a drift of 

about 1.5 mV/h, which would be equivalent to a drift of 0.03 pH/h. 

Once the sensors were calibrated and the responses known, an alginate hydrogel 

was used as a matrix in which to contain the bacteria allowing for the biomaterial-

bacterial interactions to be monitored in a controlled setting. The hydrogel was used in 

place of an actual biofilm as it allowed for the S. mutans population to be easily 

controlled and contained. Using a hydrogel also reduced experimental time. In the 

future, however, we plan to allow the biofilm to form naturally before performing the 

study. Alginate was used in initial testing due to the ability to control the hydrogel 

density and its model behavior as a hydrogel. 
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Figure 9: Representative plot showing results of bacterial experiment when measuring pH 

below S. mutans-alginate biofilm after the addtion of 30 mM sucrose . 

 

Results from the alginate gel studies showed that the pH shift at the substrate 

interface was approximately 0.5 pH units (Figure 9). The results show that in a 

simulated cavity situation, S. mutans produces enough lactic acid to shift the local pH 

by 0.5 units and can sustain that pH for an extended length of time. In the experiments 

performed, the pH shifted from 6 to 5.5.  

 However, alginate requires calcium ions to complex and form the hydrogel; this 

creates problems for future planned studies involving the detection of calcium released 

by the smart dental composite. As such, a hydrogel that can form independently of a 

metal ion was desired. For this study, a glucose-modified dendron was used as a matrix 

for the bacteria, which forms upon being mixed with PBS. Prior to use, the dendron 

hydrogel was tested for its viability in this study. We wanted to understand how the 

bacteria behaved within the gel, determine if they were still alive and observe how 

much growth occurred over the course of the experiment (Figure 10). S. mutans was 
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grown in the PDMS cavity for 4 hours in the presence of sucrose and CFU of each gel 

was compared to the 0-hour baseline gel. Bacteria were also grown without the addition 

of sucrose for 5 hours to present a second control and show that initial stabilization 

times required have no negative effects on starting bacteria quantities. All samples were 

grown at 37°C in sterile conditions. All experimental conditions were replicated in the 

growth experiments. 

 

Figure 10: Results of plate count experiment used to scope the possible detrimental effects of 

the use of DMSO in the hydrogel. S. mutans cultures of 0 hour (0h), 5 hour without the 

addition of sucrose (5h-no sucrose), and a 4-hour growth with sucrose (4h-sucrose) were 

examined. Temperature was held to 37°C and bacteria were grown in PDMS mold cavities, 

n=3. 

 

Results showed that there were no detrimental effects caused by the addition of 

DMSO, and that over 4 hours in the presence of sucrose, bacteria CFU count showed 

no significant growth. This is important as it allows us to correlate the results of our 

study to the initial starting number of bacteria. The 5-hour growth without sucrose also 

showed that the bacteria could sustain itself for long durations without need for sucrose. 
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After determining the dendron hydrogel’s ability to sustain and foster bacterial growth, 

the sensors were calibrated within the gel to test for membrane damage due to DMSO, 

effects of biofouling, and matrix effects (Figure 11). 

 

Figure 11: Calibration of pH sensors within gel showed no significant effects on ion-selective 

membrane. 

 

The test showed that there were no significant matrix effects or other 

detrimental effects on sensor response when placed with the gel. Once this was 

determined, the dendron hydrogel could be used within the experimental setup. pH was 

measured at the glass-biofilm interface following the protocols stated above. Results 

showed similar results to those obtained from the alginate hydrogel experiments 

(Figure 12).  
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Figure 12: Representative plot showing results of bacterial experiment when measuring pH 

at biofilm-substrate interface after the addition of 30 mM sucrose. 

 

As shown in the above figure, the potential shift is approximately the same as those 

observed in the alginate hydrogel experiments, resulting in a similar shift of ~0.5 pH 

units. While many bulk studies have shown that S. mutans causes greater pH shifts of 

around 1 or 1.5 units, these studies were done in medias with little to no buffering 

capacities, unlike the phosphate/HEPES buffer based artificial saliva used in our 

studies.   
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Conclusions and Future Studies 

The newly designed pH sensors were highly responsive, resistant to biofouling, 

and stable over a period of 4-5 hours. The sensors showed near-Nernstian responses of 

50 ± 5 mV/pH unit with a detection limit of 1.1 pM and a linear range from pH 4 - pH 

12. The sensors had a response time of 1 ± 0.4 s and stability tests showed a drift of 

0.03 pH/h (1.5 mV/h). The sensor was also highly selective against sodium and 

potassium ions with selectivity coefficients of -10.1 and -9.2 respectively.  

The pH sensors showed consistent results in both the alginate and dendron 

hydrogels and showed near-Nernstian slopes. It was also found that the dendron 

hydrogel was compatible with both the sensors and the bacteria. Sensors showed, on 

average, a pH change of 0.5 units at the interface of the biofilm and glass, changing 

from pH 6 to pH 5.5, the critical point at which tooth demineralization occurs.  

Using the obtained data and optimized parameters, future studies will focus on 

pH measurement at the interface between the biofilm and the bioactive glass composite. 

The composite contains 0.32 volume fraction of the bioactive glass with a 38 µm 

particle size. The expected outcome for the study would be to observe an equilibrium 

between the acidic environment created by the bacteria and the neutralization caused 

by the bioactive glass composite. 

Alongside the H+ sensors, Ca2+ sensors will also be utilized to measure the 

calcium release by the bioactive glass composites. This data will be complimentary to 

the spatial calcium and pH data obtained from SECM studies. Calcium sensors will be 

prepared using the same protocol, with minor differences in composition and 

application.   
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