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Abstract: The identification and quantification of microorganisms in water samples is crucial 

to improve processes in organic waste treatment facilities. Most of the currently available tests 

are either labour-intense or costly, and they do not allow determination of the dynamics within 

microbial communities in digestate samples. This study is the first report on the use of thermal 

analysis, specifically the Heat Transfer Method (HTM), to monitor microbial load in aqueous 

systems and digestate samples.  Staphylococcus aureus was used as a model organism and 

different concentrations in water were measured by HTM. It was demonstrated that there was 

a positive correlation between the thermal resistance and concentration of the bacterial cells. 

Subsequently, the influence of temperature on growth rates was studied and confirmed by 

plating experiments and Scanning Electron Microscopy (SEM). These results showed the 

possibility to monitor the temperature dependent growth of S. aureus using HTM. To determine 

if this technique can be applied for studying complex matrices, digestate samples were collected 

from a number of sources and plated on nutrient agar plates. The bacterial cultures derived from 
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single colonies were characterised and identified by sequencing of DNA regions for 16S 

ribosomal RNA. HTM measurements were performed in diluted or centrifuged digestate 

samples that were enriched with S. aureus. The results indicated that it is possible to evaluate 

microbial load even in samples containing other organic material. The thermal analysis method 

has the potential to provide a low-cost monitoring option, which is simple to use and provides 

real-time analysis, thus improving the existing monitoring procedures in organic waste 

treatment facilities. 

 

Keywords: Microbial growth, Heat transfer method (HTM), Water Quality, S. aureus, Organic 

waste treatment 
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1. Introduction  

The introduction of molecular techniques in wastewater microbiology made it possible to 

determine the species composition of microbial communities in these complicated and dynamic 

systems [1]. Knowledge about the microbial community structure is crucial to understand 

biodegradation pathways of organic pollutants within organic waste treatment facilities [2]. 

Organic pollutants can be resistant to degradation by microorganisms and therefore persist in 

wastewater, which compromises water quality [3]. Bioaugmentation (the addition of 

microorganisms to wastewater) is a low-cost and environmental friendly biodegradation 

method as compared to physiochemical approaches for removal of organic pollutants [4].  

While this approach has been used for decades, there are numerous reports on bioaugmentation 

failure due to difficulty in monitoring interactions between the inoculated organisms and the 

host ecosystem [5]. In addition, membrane bioreactors that are used for filtration are prone to 

biofouling, and this can hamper their efficacy to degrade organic pollutants [6].  

Besides issues related to biodegradation processes, there are concerns about the incidence of 

bacteria resistant to antimicrobials in organic waste treatment facilities [7,8]. These 

microorganisms are potential hot spots for spreading of antibiotic resistance since antibiotic 

residues and other substances with potential selective pressure can be present in high quantities 

within sewage water [9]. Conditions during the wastewater treatment process, such as the 

presence of chemicals and changes in temperature, can favor horizontal gene transfer [10]. 
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Therefore, it is of a great interest to monitor bacteria in effluent streams in real-time to gain 

insight in changes of their structural and biological properties. 

The harsh conditions in wastewater, including pH levels, contaminants, and solid fraction, 

complicate the development of biosensors for measuring microbial load in digestate samples. 

Fluorescent in-situ hybridization technique (FISH) allows characterisation of bacterial 

populations in complex ecosystems [11]. Culturing assays, such as the Total and Fecal Coliform 

Assay, rely on the use of indicator organisms to estimate the number of pathogens in wastewater 

samples [12]. The cultivation and analysis of these indicator microorganisms is a labour-

intensive and time-consuming process [13], which can be overcome by the use of nucleic acid-

based methods. Real-time PCR is a fast method and can be combined with pre-treatment steps 

that involve the addition of intercalating dyes, which allow to only monitor detection of DNA 

from viable microorganisms. It is possible to discriminate between deceased and living bacteria 

with this method [14,15]. However, this method would not allow evaluation of the dynamics in 

bacterial communities and influence of stochastic factors [16]. Table 1 provides an overview of 

these techniques and provides further information on the detection time, the range of detection 

and the ability to detect viability of the sample along with an indication of the setup and 

operational costs. 

Table 1. Comparison between conventional methods for the determination of bacterial load 

[17,18]. 

Method Time to 

detection 

Limit of 

detection 

(CFU/mL) 

Relative 

standard 

deviation 

Equipment needed 

Plate counting Days ≤104 >10% Plate reader (optional) 

Quantitative 

polymerase chain 

reaction 

Hours to 

days 

≤104 ≤10% PCR 

Fluorescence 

microscopy 

Hours ≤104 >10% Microscope 

Enzyme-linked 

immunosorbent 

assay 

Hours ≤104 ≤10% ELISA 
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Fluorescence-

based microplate 

readers 

Minutes ≤106 ≤10% Fluorescence plate 

reader 

Flow cytometry Minutes ≤104 ≤5% FACS 

 

To the authors’ knowledge, this work is the first report on the use of the Heat-Transfer Method 

(HTM) for the monitoring of bacterial growth in buffered solutions and complex wastewater 

samples. The principle of this thermal measurement technique is based on the monitoring of 

heat-flow at the solid-liquid interface and was first applied to studying DNA mutations and cell 

concentrations using Surface Imprinted Polymers as recognition elements [19,20]. Advantages 

of this method include low-cost of the electrode chips and equipment used, ease of measurement 

procedure, ability to operate under harsh conditions, and portable design of the device [19]. 

Recently, Betlem et al., [22] demonstrated that it is possible to study growth of yeast in real-

time with the use of gold electrodes. In order to facilitate longitudinal experiments, it was 

necessary to adapt the flow cell design.  

In this study, the same design was employed to monitor growth of S. aureus in solution by using 

thermal analysis. Bacteria can be motile in liquid media, and choice of electrode material as 

well as nutrients are key in designing the appropriate experimental factors [23]. S. aureus is a 

non-motile microorganism and, although it is a common member of the microbiota in the body, 

it is an opportunistic pathogen that is the frequent cause for skin and respiratory infections [24]. 

It is one of the most common causes for hospital-acquired infections and recognized as a 

worldwide problem in clinical medicine due to the emergence of antibiotic-resistant strains 

including methicillin-resistant S. aureus (MRSA) [25]. The aim of this work was to demonstrate 

that thermal analysis could be used for determining bacterial load. Therefore, the influence of 

temperature and the presence of other microorganisms as well as organic material on the growth 

rate of S. aureus was evaluated. Complex digestate samples contain sediments, which required 

modifications in sample handling and pre-treatment, were further studied to demonstrate proof-

of-application of the developed sensor platform. It is possible that this experimental set up could 

be used for determining water quality and studying the influence of contaminants, such as 

micropollutants, on growth and structural properties of bacteria. 
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2. Experimental 

2.1 Media  

Yeast extract, peptone bacteriological, nutrient agar (NA), nutrient broth, agar 

bacteriological (agar NO.1), D (+)-glucose, glycerol were purchased from Fisher Scientific, 

United Kingdom. Adenine sulfate was purchased from Alfa Aesar, United Kingdom. Yeast 

extract peptone dextrose (YEPD) and nutrient broth were standard liquid growth media (for 

yeasts and bacteria respectively). YEPD included 1% yeast extract, 2% peptone bacteriological, 

2% D (+)-glucose and 0.03% adenine sulfate.    

 

2.2. Electrode preparations 

Silicon chips (1 cm × 1 cm, Agar Scientific Ltd., Essex, UK) with a thickness of 450 μm 

in (100) crystalline orientation were modified with a doped gold layer. Silicon substrates were 

initially covered by 20 nm adhesive layer of chromium which was followed by deposition of a 

100 nm layer of gold, as previously described in ref 20.  Gold doping was carried out using 

physical vapor deposition at 5×10−5 Pa. Glass microscopy slides (thickness 1-1.2 mm) were 

cut to 1 cm x 1 cm with a diamond scriber and cleaned with a standard Radio Corporation of 

America (RCA) cleaning protocol, involving washing with water, ammonia, hydrogen 

peroxide, and subsequent drying. Each electrode was freshly cleaned prior to analysis. 

 

2.3 Cultivation of S. aureus  

The strain of Staphylococcus aureus (ATCC 9144) was obtained from the microbiological 

laboratory of Faculty of Healthcare Science at Manchester Metropolitan University. Twenty 

millilitres of nutrient broth was inoculated with a single colony of S. aureus for the overnight 

growth at 37 °C while shaken at 150 rpm. Cells were harvested by centrifugation (3000 rpm for 

10 minutes) and the pellet was washed with 20 mL of sterile (autoclaved) water. Finally, the 

cells were re-suspended in sterile water until an OD of 1.0 ± 0.1 (λ = 600 nM) was obtained, 

which corresponded to a concentration of 1.0 x 107 colony forming units per mL (CFU/mL), as 

determined by colony counting. Samples were diluted to the density 1.0 x 102 CFU/mL and 

plated out on NA.  

 

To determine the attachment of S. aureus to the gold surface, SEM measurements were recorded 

on a Supra 40VP Field Emission from Carl Zeiss Ltd (Cambridge, UK) with an average 

chamber vacuum of 1.3 × 10-5 mbar and average gun vacuum of 1 × 10-9 mbar,  after running 

growth experiments and after exposure to elevated temperatures. Prior to any SEM experiments 
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involving bacteria, samples were subjected to UV treatment to kill any bacteria present, whilst 

allowing them to maintain their size and shape. Bacteria samples were placed inside a TL-2000 

Ultraviolet Translinker (UVP, CA, USA) and subjected to 100 mJ/cm2 of UV light (252 nm). 

Samples for SEM were mounted onto aluminium SEM pin stubs (12 mm diameter, Agar 

Scientific, Essex, UK) using carbon tabs (12 mm diameter, Agar Scientific, Essex, UK). To 

enhance the contrast of these images, a thin layer of Au/Pd ((8 V, 30 s) was sputtered onto the 

electrodes with a SCP7640 from Polaron (Hertfordshire, UK). SEM measurements were 

conducted before and after a growth experiment to determine the concentration of bacterial cells 

increased over time in the presence of nutrients. For the temperature-dependent experiments, 

suspensions of S. aureus cells in water (1.0 x 106 CFU/mL) were incubated at 37˚C, 50°C and 

90°C for 30 min to determine the influence of temperature on morphology. Subsequently, these 

suspensions were dropcast onto the gold substrates and the morphology of the cells was 

determined with SEM. The size of the cells was determined with ImageJ software and four 

different areas of the electrodes were studied, with at least 90 cells considered to determine the 

error bar.  

This experiment was carried out since it has been demonstrated that mutations occur in S. 

aureus genes at induced pressure, including growth at temperatures >42 °C [26]. 

 

2.4 Analysis of the digestate samples and sequencing with 16S ribosomal RNA gene 

fragments 

Samples (numbered 1 and 2) were collected from a municipal solid waste (MSW) recycling 

centre. Sample 3 consisted of brewery and distillery effluents. All digestate samples were 

collected from anaerobic bioreactors, near completion of hydraulic retention time for organic 

waste treatment in Greater Manchester, United Kingdom. 

The efficiency of removing larger sedimentations from the wastewater samples while retaining 

the bacteria was investigated in two ways: i) using dilution series and ii) removing sediments 

by centrifugation. In the first approach, serial dilutions from 10-1 up to 10-5 were prepared. In 

the second approach, 25 mL of the bacterial suspension was centrifuged three times at 4200 

rpm for 30 min. After removal of supernatant, the pellet was re-suspended in 25 mL of nutrient 

broth.  From each of those samples, 100 µL was plated and incubated for one day at either 

ambient atmosphere or in a 5.0 ± 0.1 % CO2 environment using a LEEC CO2 incubator at 37 ± 

0.1 °C. For digestate sample 3 (originating from a brewery), additional platings were performed 

on YEPD plates due to the high presence of yeast in these samples as part of the beer brewing 
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process. The incubation period was extended to two days due to slower microbial growth of the 

bacteria from this sample, which is line with samples analysed previously containing yeast [22]. 

All colonies grown on plates were examined visually and by using a 4x magnification SR 

microscope (Zeiss, Germany).  Any colony showing a unique morphology was streaked out 

onto a new plate to obtain single colonies. The single colonies were subjected to Gram staining 

and identification by using 16S rRNA sequencing. Gram staining was performed according to 

the protocol by Clause et al. [27], and the results were recorded with 1000 times magnification 

using a Leica DM 500 with a ICC50HD camera.  

Subsequently, 16S ribosomal RNA gene sequencing was performed. For this, single colonies 

were re-suspended in 300 µL of sterile water. The cells of each isolate were lysed by freezing 

at – 80 °C for 15 min followed by heating at 95 °C for 15 min. The obtained lysate was mixed 

and centrifuged at low speed (300 rpm for 3 min) to precipitate cell debris. The supernatant was 

used a DNA template source for PCR. The PCR mixture was prepared with the reagents 

described in Table 2.  

Table 2. Reagents used for PCR  

Reagent Volume (µL) 

Biomix (Bioline) 7.5 

16s 27F primer 0.5 

16s 518R primer 0.5 

DNA sample 1 

PCR grade water 5.5 

Total volume for the reaction 15 

 

This mixture contained forward 27F-UNI primer (5’- AG AGT TTG ATC MTG GCT CAG-

3’) and reverse 518R primer (5’-CGT ATT ACC GCG GCT GCT GG-3’) to amplify a 

hypervariable region of approximately 400 bp of the 16S rRNA gene. The PCR conditions 

included heating the mixture in a PCR thermocycler (QcyclerII, Quantabiotech, UK) to 94 °C 

for 2 min. This was followed by 5 cycles of 94 °C for 30 s and 40 °C for 1 min, and then 30 

cycles of 94 °C for 30 s, 50 °C for 1 min and 72 °C for 3 min.   

To visualise PCR products of the expected length, gel electrophoresis was performed in 1xTAE 

buffer with 1.5% agarose containing midori green (Geneflow, UK). From each PCR reaction, 

5 µL of the PCR products were loaded on the gel, electrophoresed at 90 V for 20 min, and 

visualised on the geneflash bio imager (Syngene, UK).  
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To clean the PCR samples for sequencing, 5 µL of the remaining PCR product was mixed with 

2 µL of ExoSAPIT and incubated at 37 °C for 15 min. The ExoSAPIT reagent was inactivated 

by incubating the sample at 85 °C for 15 min. After that, 3 µL of the cleaned PCR product was 

added to a mixture containing 6 µL of PCR grade water and 1 µL of 27F-UNI primer. These 

samples were then sent for Sanger sequencing by the Genomic Technologies Core Facility, 

based within the Faculty of Biology at the University of Manchester.  

To identify bacterial species, the obtained sequences were matched to those available on the 

BLAST database.  

 

2.4 Heat Transfer Method (HTM) measurements 

The detection of bacteria was based on monitoring the heat flow through electrode surfaces 

using a device developed in-house [19]. The principle of this thermal technique is shown 

(Figure 1), where the temperature in the flow cell was measured at the copper heat sink (T1) 

and in the liquid (T2). The flow cells used in this study had an internal volume of 100 µL.  

 

Figure 1.Flow cell developed to accommodate samples containing microorganisms. 

 

The heat-transfer resistance, which was denoted as Rth, was dependent upon the 

temperature difference of the heat sink (T1) and the temperature of the solution at 1.7 mm above 

the surface of electrode (T2). T1 was controlled with a Proportional-Integral-Derivative (PID) 

controller. For these measurements, the optimal PID value with the lowest noise on the signal 

consisted of settings P = 1, I = 8, D = 0.1 or settings P = 1, I = 14, D = 0.3, depending on the 

dimensions of the heat sink used. The noise on the signal was affected by the settings of the 

PID feedback loop and therefore impacted on the sensitivity of the sensor platform; hence, it 

was crucial to optimize the PID settings prior to conducting the measurements [28].  
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The Rth value was calculated by dividing the temperature gradient over the power required to 

maintain heat sink T1 at the set temperature. The thermal resistance was measured over time, 

with the thermocouple (type K, Cole-Palmer, UK) recording a measurement every second.  

 

𝑅𝑡ℎ =
(𝑇1−𝑇2)

𝑃
    Eq. 1 

 

Gold-coated electrodes were mounted in the flow cell and stabilized in either water of in nutrient 

both. Bacterial suspensions were manually injected in the flow cell to ensure adherence to the 

gold substrate and prevent contamination of the tubing.  Initially, experiments were conducted 

in water (pH = 7.4) to determine whether it was possible to discriminate between different 

concentrations of S. aureus in water. Five suspensions with S. aureus concentrations between 

103 and 107 CFU/mL were created via serial dilution and used for the injections. Water was 

used in this experiment as it did not contain nutrients and thereby slowed the growth of S. 

aureus, thus making it possible to accurately determine the bacterial load.  

 

In the next stage of this work, growth experiments were conducted with the temperature of the 

copper, T1, fixed at 37 ± 0.02 ºC except for a temperature dependent growth measurement and 

one measurement in which bacteria were exposed to elevated temperatures (90 °C).  

In order for the microorganisms to grow, the exchange of nutrients and waste products was 

ensured using a continuous flow of nutrient broth at a flow rate of 1 mL/h with an automated 

NE500 from ProSense (Oosterhout, the Netherlands). An initial experiment was conducted with 

S. aureus suspended in nutrient broth at a concentration of 1.0 x 104 CFU/mL. In subsequent 

measurements, suspensions with S. aureus concentrations of 1.0 x 102 CFU/mL were used. 

Lower concentrations were used due to the longer time of the experiment and to prevent 

saturation from occurring. 

After inoculation of the flow chamber with cells, a continuous flow of nutrient broth (at a flow 

rate of 1 mL/h) was provided allowing for microbial growth. To demonstrate that the observed 

increase in the signal corresponds to the increase in microbial growth an experiment was 

performed during which the growing culture was thermally eliminated, thereby preventing a 

further increase of the signal. Therefore the mixture was heated and maintained at 90 ºC for 10 

min 8h into a growth measurement. This temperature ensured that the growth of S. aureus was 

fully inhibited. After the short exposure of the cells to 90 °C for 10 min, the heat sink was 

cooled down to 37 ºC and again continuously supplied with a fresh broth solution by an 
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automated syringe pump (flow rate = 1 mL/h). The absence of a signal increases hereafter 

demonstrates that the change in thermal resistance was due to microbial growth. In further 

experiments, the temperature dependency of the growth was quantified.  To this end, the 

temperature was varied from 35 – 55 °C with keeping the temperature fixed for 2 h at intervals 

of 5 °C. The slope of the graph at a given temperature was correlated to the growth of S. aureus.  

Analysis of variance (ANOVA) [29] was used to investigate the effect on cell growth (°C/Wh) 

of Temperature T1, using Excel and Design Expert (v.11). 

In particular, a one-way ANOVA in Excel (level of confidence of 0.05) analysis. This was 

followed by a Least Significance Difference (LSD)-test as Post Hoc comparison method to 

assess which temperature regime has a major influence on cell growth. 

 

Next, to see whether it was possible to determine microorganism growth in the complex 

digestate samples were used. Digestate sample 1 was centrifuged to remove all sediments and 

subsequently washed with NB three times. After manual injection of this suspension to the flow 

cell, the heat sink was kept at 37°C and the thermal resistance was monitored over 30 h. This 

experimental procedure was then conducted with digestate sample 2, except this sample was 

1000x diluted and filtered to remove all sediments and added to a S. aureus suspension of 102 

CFU/mL in NB in a 1:1 ratio.  

 

3. Results and Discussion 

3.1. Evaluating the concentration of S. aureus cells in samples 

The thermal response of glass and gold-coated electrodes to aqueous solutions (pH= 7.4, T = 

37 ºC) with a range of increasing concentrations of S. aureus cells was studied. After incubating 

the gold-coated electrodes with water for 15 min, the Rth value stabilized at 2.3 ± 0.1 ºC/W 

(Figure S1). Under identical conditions, Rth values of 2.8 ± 0.1 ºC/W were obtained with the 

glass electrodes. This difference in thermal resistance can be explained by the lower thermal 

conductivity of glass compared to gold and the increased thickness of the glass substrates (1.2 

mm for glass vs ~0.5 mm for gold electrodes). After exposure of the electrodes to increasing 

amount of cells, a significant increase was observed for both electrodes. The thermal resistance 

of a gold-coated electrode exposed to a S. aureus concentration of 1.0 x 107 CFU/mL in water 

increased to 7 ± 1 % compared to a gold-coated electrode stabilised in water. For the glass 

electrodes, a maximum increase of 6 ± 1 % was recorded at the same bacterial concentration. 

The normalized Rth values, defined as the thermal resistance at a certain concentration divided 

that over the baseline level, are shown in Figure 2.  
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Figure 2. The normalized thermal resistance when gold-coated (black line) and glass (red line) 

electrodes were exposed to different concentrations of S. aureus in water (T1 = 37.00 °C). The 

curve was fitted with a standard dose-response fit (R2= 0.98). Standard deviations were 

determined by taking the average of at least 600 points. 

 

The syringe pump with a flow rate of 250 µL/min was used to administer S. aureus suspensions 

in water to the flow cell. Injection at a high flow rate was necessary to prevent adhesion of the 

cells to the gold-coated electrodes and ensure the there is no build-up of microorganism in the 

cell, which could lead to inaccuracy in the measurements. Prior to the measurement, the 

CFU/mL were determined by standard UV-vis methods.   

The dynamic range of the gold-coated and glass electrodes was between 1.0 x 104 and 1.0 x 107 

CFU/mL. Previous work by Betlem et al., [22] demonstrated the capability of gold-coated 

electrodes combined with thermal analysis to monitor suspensions of yeast in water in the range 

of 1.0 x104 – 1.0 x 107 CFU/mL, similar to results obtained in this study. To the authors’ 

knowledge, this, is the first report on the use of gold electrodes and HTM to monitor bacterial 

concentrations.  
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The limit of detection of the developed sensor platform was estimated by taking the 

concentration at which the signal is equal to three times the standard deviation on the baseline 

signal (according to conventional three sigma method). For gold-coated electrodes this was 

equal to approximately 0.5 x 102 CFU/mL, while for glass electrodes 1.0 x 104 CFU/mL was 

attained. Due to the enhanced sensitivity of the gold-coated electrodes compared to glass, they 

were used in further experiments on studying the growth of S. aureus under different conditions. 

 

3.2 Evaluation of S. aureus growth in the nutrient broth 

The effect of a continuous flow of nutrients (flow rate = 1 mL/h) on the thermal response of the 

gold-coated electrodes over a prolonged time was evaluated. This flow rate based on results 

from previous work [22] ensured minimal disturbance in the thermal resistance signal while 

still providing sufficient nutrients for the microorganisms to grow. There was no significant 

effect on the thermal resistance and a clear baseline was established (Figure S2).  

 

The determination of the impact of microorganisms on the thermal resistance at the solid-liquid 

interface of the gold-coated electrodes was then established. S. aureus has a generation time of 

approximately 30 min in aqueous media at physiological temperature [24]. Species of 

staphylococci are able to grow over at a wide temperature range but their optimal range is 

between 30-37 ºC [30, 31]. Therefore, experiments were performed by maintaining T1 of the 

heat sink (copper block) at 37 ºC.  

 

An experiment to determine bacterial growth was conducted with a starting concentration of S. 

aureus at 1.0 x 104 CFU/mL. The cells were maintained at 37 ºC and supplied with a continuous 

flow of fresh nutrients with a syringe pump that administered fresh nutrient broth at a rate of 1 

mL/h. After an initial lag phase (45 min) that was omitted from the graph, a continuous increase 

of 0.03 ºC/W per hour was observed (Figure S3). SEM images confirmed that S. aureus cells 

adhered to the gold electrode, and the concentration of bacteria retained on the surface was 

dependent on the concentration in the medium (Figure S4).  

 

Plating experiments were performed to determine the impact of temperature on the 

microorganism growth rate by exposing the bacteria to elevated temperatures for 30 min. The 

exposure of the bacteria to 50 °C slowed down their growth rate, which is to be expected since 

the viability of the cells is affected at this temperature. 
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 Full inhibition of growth was observed after incubating the bacteria at 90 °C, which implies 

they are no longer viable. Previous reports indicate that disintegration of the bacterial cell wall 

can occur at this temperature.  

SEM images (Figure S4) also revealed that the bacterial cell morphology was affected by 

exposure to elevated temperatures. An average size of 717 nm  71 nm at 37 °C was found, 

which is under the optimal growth conditions of S. aureus.  On the contrary, at 50 °C there was 

a mixture of bacteria present with an average of 195 nm  83 nm (some cells intact and some 

shrunk) and at 90 °C all cells were significantly smaller or defragmented with an average size 

of 126 nm  38 nm.  

 

Figure 3 shows the thermal resistance in time after exposure of the cells to 90 °C for 10 min, 

which is known to impact on their viability and cell morphology.  

 

Figure 3. Thermal elimination of a suspension of S. aureus in water at 90.0 °C. The 

measurement was started with ~102 CFU/mL of S. aureus cells that where grown at 37.00 °C 

for 8 h. Hereafter, the temperature of T1 was increased (in 10 min) to and kept at 90.0 °C for 

10 min before returning back to 37.00 °C in 20 min. The red line corresponds to a gentle 

median filter (50 points) applied to the raw thermal resistance data (black line).  
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During replication of S. aureus at 37.0 °C, an increase in the thermal resistance (~0.025 °C/W 

per hour) was observed. After exposure of the bacteria to elevated temperatures, an increase of 

~0.5 °C/W was observed that remained stable over time. The increase in signal can potentially 

be attributed to the disintegration of the dead bacteria that sink to the bottom of the electrode, 

thereby creating a dense layer that blocks heat-flow through the surface. This effect has 

previously been observed after boiling of yeast cells [22]. The fact that no more increase in the 

thermal resistance was observed after there were no viable cells left, confirmed that the increase 

in thermal resistance was caused by bacterial growth.  

Furthermore, the impact of temperature on the growth of S. aureus was determined. To this end, 

S. aureus as added to the flow cell, and a continuous flow of nutrient broth was applied with a 

flow rate of 800 µL/h (Figure 4).  

 

Figure 4.  The relative change in thermal resistance per hour when S. aureus was grown in 

nutrient broth at temperatures of 35 °C, 37 °C, 40 °C, and 50 °C, 55 °C. The growth at each 

temperature was monitored for 2h and the gradient was determined over an average of >600 

data points.  

 

Results from the one-way ANOVA in Table 3 indicated that the variable ‘temperature’ (T1) has 

a significant impact on cell growth. This result was also confirmed by the small p-values 
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identified (p=0.0015). The LSD test was conducted with a t (
𝛼

2
, N-a) of 0.03. This test revealed 

that statistically the temperature range 35-37 °C has the highest impact on cell growth, as it can 

be seen also from Figure 4 and has been described in literature [31]. Fit statistics indicate the 

response has a good regression as Predicted R² is in agreement with the Adjusted R², while 

significance is confirmed by the values of adequate precision (>4). 

 

Table 3. ANOVA table for Temperature T1 impact on cell growth, with SS representing sum of 

squares, df degrees of freedom and MS mean squares.  

Source of variation SS df MS F p-value Fcrit F>Fcrit 

Between Groups 0.0144 4 0.0036 25.5 0.002 5.2 significant 

Within groups 0.0007 5 0.0001     

        

Total 0.0151 9      

R2 = 0.9533; Adj. R2 = 0.9159; Pred. R2 = 0.8132; Adeq. Precision = 13.9. 

 

It was expected that growth rates of S. aureus would decrease after exceeding the optimum 

growth temperature of 37˚C. However, it has been reported that temperatures of 50˚C and 

higher can lead to disintegration of the bacterial cell walls. The consequence of this is the dense 

packing of dead cells on the surface that can increase the thermal resistance, as previously has 

been reported for the thermal elimination of yeast cells [22].  

 

3.3 Identification of bacteria present in wastewater samples 

Biogas is a promising bioenergy technology offering a two-fold advantage for combining 

treatment of various organic wastes along with the generation of a versatile and storable energy 

carrier. To understand the biogas-producing capabilities of the digestate samples, it was 

necessary to characterise the microbial community. An overview of the bacteria encountered in 

the sample 2 and sample 3 was determined (Figure 5). Eight colonies were sequenced in sample 

2, whereas in sample 3 twenty-two colonies were sequenced.   
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.  

Figure 5.  Bacterial compositions of municipal waste digestate (sample 2) and brewery 

digestate (sample 3) as determined by DNA sequencing 

 

An interesting study [33] conducted to characterise the biogas-producing microbial community 

by short-read next generation DNA sequencing, revealed the composite microbial consortium 

developing in a biogas fermenter was characterised by members of the Clostridia (36%) and 

Bacilli (11%) classes, together with members of the Bacteroidia (3%), Mollicutes (3%), 

Gammaproteobacteria (3%) and Actinobacteria (3%) classes. Most species identified by Wirth 

et al. were in agreement with those characterised in this study (Figure 5). However, it has to be 

noted that Wirth et al. performed sequencing on the mixtures rather than on the individual 

colonies as was done in this study. Proteobacteria and Bacteroidetes were found to be the 

dominant phylum in several samples, which is in line with the results from sample 2 and 3. 

Both sample 2 and 3 contain a large percentage of Proteobacteria (50 vs 53% and Kocuria (25 

vs 40%). The main differences are in the presence of Chrysobacterium (25%) in sample 2 and 

Bacillus in sample 3 (7%).  

Kocuria spp. are isolated from marine sediments [34] and have been successfully used for 

wastewater treatment as they are excellent for biogas and lowering working temperatures to 

save energy whilst increasing energy conversion efficiencies. Actinobacteria are used for soil 

conditioning as the decomposing matter is transformed into nutrients that can be up taken by 

plant for growth. They are abundant in natural waters, and are a small minority of typical 

digester consortia [33], as can be seen in these samples.  
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Chrysobacterium in sample 2 are in line with the study of Wirth. The presence of Bacillus in 

sample 3 is explained as follows.  Bacillus thuringiensis are the most well-known biological 

agents for selective control of pest insects and can be grown on residues post biogas production, 

as they contain necessary nutritional elements to sustain the growth of microbes. It has been 

found [35] that the optimum substrate for growth are actually brewer grains, with at least 50% 

share of this biomaterial in the growing media, and therefore their presence is expected in 

brewery samples. 

These results confirm the complexity and heterogeneity of the used digestate samples, with 

significant differences encountered between the municipal waste and brewery sample. Within 

the wastewater community, there is a high demand for the development of sensors that can 

monitor microbial load in-situ since the build-up of microorganisms has been linked to 

bioagumentation failure. Furthermore, microbial load is an important parameter for the 

determination of drinking water quality.  Current culturing techniques are time-consuming and 

cannot be implemented on-site, whereas thermal analysis could provide rapid screening. 

Therefore, further experiments were conducted with digestate samples and those spiked with S. 

aureus, to demonstrate proof-of-application of the sensor platform in a complex sample. 

 

3.4 Thermal analysis of diluted digestate samples and samples spiked with S. aureus 

A fresh digestate sample (sample 1) was added to the flow cell.  This sample with an unknown 

composition and bacterial concentration was used as a first test to determine whether bacterial 

growth can be monitored in a complex sample.  

The results demonstrated that there was a noise of 2.5 % on the signal (Figure S5). This was 

higher compared to what is previously reported in literature (ref 20, noise on signal ~ 0.5-1%), 

which could be due to the matrix effect of digestate samples. After an initial period of 30 min, 

the signal increased for a period of ~5 h with a rate of 0.035 ºC/W per hour after which it 

remained stable. This could be due to complete coverage of the electrode with bacteria, since 

bacteria further away from the surface or in solution would not have a significant influence on 

the thermal resistance. The developed platform is not selective towards the bacteria present in 

the sample but allows for monitoring of bacterial load in a simple and low-cost manner. SEM 

images (Figure S6) confirmed the presence of a mixture of bacteria on the surface and indicated 

that the increase in thermal resistance was due to the presence of microorganisms and not caused 

by build-up of organic material on the electrodes.  
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Aliquots of the fresh digestate samples (sample 2) with an added S. aureus suspension were 

analysed. After incubating a gold-coated electrode with this sample for 15 min, the Rth value 

stabilized at 3.0 ± 0.1 ºC/W (Figure 6).  

 

Figure 6. Thermal resistance over time of a 1000x diluted wastewater sample that was mixed 

in a 1:1 ratio with a suspension of S. aureus (1000 CFU/mL) in water.  A gentle median filter 

(50 points, corresponding to 1 measurement point per minute) was applied to the data.  

 

When S. aureus was measured as a water suspension, growth started after an incubation time 

of 30 min. In this measurement however, the thermal resistance did not increase before 

approximately 4 h. The longer lag time could be due to the lower concentration of S. aureus 

used or due to the inoculation of other microorganisms that can interact with each other. There 

are limited reports on the impact of other microorganisms on S. aureus growth, but most 

predictive models state that growth is generally led by the most resistant strain, particularly 

under stressful conditions [36].  

 

After 27 h, the thermal resistance increased to 4.5 ºC/W, which corresponds to an increase of 

nearly 50%. The data was fitted (R2 =0.95) with a double linear fit with an initial increase of 

0.08 ºC/W from 4 to 14 h (average of time period of 10 h), after which the original growth 

slowed down to 0.03 ºC/W. The latter was comparable to what was reported for the growth of 
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S. aureus in buffered solutions whereas the initial growth was higher compared to buffered 

solutions. The higher growth rate at the initial stages of the experiment could indicate that the 

sensor platform is capable of monitoring the overall microbial load instead of solely S. aureus. 

That would be preferential for measurements of digestate samples, which are complex samples 

containing many microorganism and the overall load is an indication of the efficacy of the 

organic waste treatment.  

Because the S. aureus concentration incubated at the start at the measurement was lower 

compared to other experiments, it could be that saturation takes longer to occur. Furthermore, 

due to presence of bacteria with different morphologies, it would be possible to form a denser 

packing in the surface that could overall lead to a higher thermal resistance. 

This experiment provides proof-of-application for monitoring bacterial load in complex 

samples, which could have applications in the field of food safety, organic waste treatment and 

infection control.  

 

4. Conclusions 

In this work, the Heat-Transfer Method (HTM) was employed to monitor bacterial load on 

electrodes using S. aureus as a model organism. Measurements of S. aureus suspension in water 

demonstrated that higher concentrations of the microorganism corresponded to a higher thermal 

resistance at the solid-liquid interface. The gold-coated electrodes had a lower limit of detection 

(0.5 x 102 CFU/mL) compared to the glass electrodes and were therefore used in further 

experiments. 

Experiments with S. aureus in NB were performed and bacterial growth was linked to the 

observed increase in thermal resistance. A temperature dependent HTM experiment 

demonstrated that the thermal analysis technique was suitable for discriminating between 

different replication rates.  

Both digestate samples were composed of eight colonies or more, with the majority of the 

bacteria belonging to Proteobacteria (~50% for both samples) and Kocuria (respectively, 25 

and 40%). The municipal waste also contained commonly encountered Chrysobacterium 

(25%), whereas Bacillus thuringiensis (11%) in sample 3 was likely to originate from pesticides 

used on brewery grains. These results are in line with previous literature reports and highlighted 

the complexity of the used digestate samples.  

Thermal measurements confirmed that growth was encountered in pure digestate samples. 

When spiking those samples with S. aureus, a higher increase in the thermal resistance was 

found that indicated the sensor platform was capable of determining the overall microbial load 
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in complex matrices. Considering the simplicity and low-cost of the developed sensor platform, 

in addition to the ability to implement thermal analysis on-site, this could be a useful diagnostic 

tool for determining microbial loads in water and food samples.  
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