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Abstract   20 

We investigated the relative effect of different bacterial biofilm components to influence 21 

spectral induced polarization (SIP) signals and Cole-Cole model parameters (i.e. normalized 22 

chargeability (S m-1) and relaxation time (τ)) in order to reduce the ambiguity associated with 23 

interpretation of SIP signatures in biostimulated environments. SIP measurements were collected 24 

over a frequency range, (i.e. 0.1 Hz - 1 kHz) from experimental columns containing 25 

Pseudomonas aeruginosa PAO1 (non-mucoid bacterial strain) cell suspensions alone and cell 26 

suspensions mixed with different molecules associated with P. aeruginosa biofilm matrix 27 

(alginate, DNA and phenazine). Results from SIP measurements of cell density investigations 28 

suggest an increase in phase (~ 200 %), imaginary conductivity (σ” S m-1), and normalized 29 

chargeability (S m-1) values as cell densities increase (1.50 – 5.55 x 109 CFUml-1), yet no 30 

significant change in the real conductivity (σ’ S m-1) or relaxation time was observed. The 31 

addition of alginate resulted in a suppression of phase (φ mrads), imaginary conductivity (σ” S 32 

m-1), and normalized chargeability (S m-1) response. However, a mixture of cells and alginate 33 

increased all parameters but with no significant changes in real conductivity (σ’ S m-1) or 34 

relaxation time.  Similar trend was observed in the DNA treatments; increasing concentrations of 35 

DNA reduced the imaginary conductivity (σ” S m-1), phase (φ mrads), and normalized 36 

chargeability (S m-1) response. In contrast, the addition of phenazine, a secondary metabolite of 37 

P. aeruginosa, resulted in a significant increase in both imaginary conductivity (σ” S m-1), phase 38 

(φ mrads), and normalized chargeability (S m-1) values especially at larger concentrations (>50 39 

mM). Our work suggests that cell density and metabolites are significant factors increasing the 40 

polarization response in biofilms and advances the interpretation of electrical signals associated 41 

with biofilms in the subsurface. 42 
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Highlights 44 

• SIP measurements of different biofilm components (cells, DNA, alginate, 45 

metabolites). 46 

• Cells and metabolites (phenazine) drive the SIP response.  47 

• Alginate showed decrease in SIP and normalized chargeability (S m-1), but 48 

response increased with cells. 49 

• DNA showed a decrease in imaginary conductivity (σ” S m-1), phase (φ mrads), 50 

and normalized chargeability (S m-1) response. 51 

• Biofilm components had minimal effect on real conductivity (σ’ S m-1) and 52 

relaxation time.  53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 
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1. Introduction 62 

Microbial biofilms are defined as complex three-dimensional structures composed of 63 

communities of microorganisms embedded in an extracellular matrix of mainly polymeric 64 

substances typically occurring at the surface-fluid interface (O’Toole et al. 2000; Hall-Stoodley 65 

et al. 2004). Current estimates suggest that 97% of the biofilm matrix is composed of water 66 

(Table: 2; Schmitt and Flemming 1999). According to Sutherland (2001) the remaining biofilm 67 

constituents can be divided into two functional groups: macromolecules (i.e. proteins, DNA-68 

RNA, phospholipids) and extracellular polymeric polysaccharides (EPS). Production of EPS is 69 

of considerable significance for the formation and stability of biofilm architecture (Kreft and 70 

Wimpenny, 2001). EPS is also important for surface attachment (O’Toole et al., 2000). During 71 

biofilm development, bacteria alter their physiology increasing the production of several 72 

secondary metabolites (e.g. antibiotics and pigments; Martin and Liras 1989). Phenazines, a class 73 

of secondary metabolites produced by P. aeruginosa. have been described as molecules 74 

facilitating electron transfer (Hernandez and Newman 2001), having antibiotic qualities (Price-75 

Whelan et al., 2006), and involved in signaling during biofilm development (Dietrich et al., 76 

2008). Under favorable conditions, the growth and spread of biofilm can significantly alter the 77 

hydraulic conductivity of porous media (Cunningham et al.1991). This may lead to bioclogging 78 

of flow paths, which represents a substantial detrimental industrial issue (Coetse and Cloete 79 

2005).  However, controlled biofilm formation does offer potential benefits with regard to 80 

bioengineering, such as soil improvement (Dejong et al. 2006; Phillips et al. 2013), 81 

bioremediation (Singh et al. 2006), CO2 sequestration (Mitchell et al. 2009; Phillips et al. 2013), 82 

and enhanced natural resource recovery (i.e. metals, and oil), and remediation applications (Diels 83 

et al. 1995; Gray et al. 2008).  84 
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Currently, in situ techniques for evaluating and mitigating the impact of biofilms on 85 

subsurface flow characteristics remain a challenge in field settings. This stems from the paucity 86 

of appropriate techniques that can monitor in situ growth and metabolism of bacterial biofilms in 87 

porous media and resulting microbial mediated biogeochemical process. Conventional 88 

techniques available for direct assessment under both laboratory (microscopy, plate counts, and 89 

tracer tests) and field conditions (pump and slug tests) do not provide adequate information 90 

regarding either spatial or temporal variation of biofilms within porous media.  Due to these 91 

limitations there is increasing interest in identifying near surface geophysics techniques capable 92 

of assessing biofilm development in field settings. Geophysical methodologies such as seismic 93 

(Davis et al., 2009; 2010; Kwon and Ajo-Franklin, 2013, Noh et al., 2016), nuclear magnetic 94 

resonance (Sanderlin et al., 2015; Kirkland et al., 2015) and spectral induced polarization ([SIP], 95 

Davis et al., 2006; Ntarlagiannis et al., 2009; Abdel Aal et al., 2010; Zhang et al., 2012; 2014; 96 

Mellage et al., 2018) techniques offer significant promise in providing effective detection of 97 

establishment and development of microbial biofilms within porous media.  Of all geophysical 98 

techniques, SIP has proven to be uniquely sensitive to the presence of microbial cells and 99 

microbial driven physico-chemical processes occurring at mineral grain-fluid interfaces and 100 

within pores. Indeed, a number of studies have shown that the imaginary conductivity (σ” S m-1) 101 

component calculated from SIP measurements is sensitive to the presence of bacterial cells 102 

(Davis et al., 2006; Abdel Aal et al., 2009ab) and can be used as a quantitative indicator of 103 

bacterial cell density in porous media (Abdel Aal et al., 2009; Revil et al., 2012; Zhang et al., 104 

2014). Ntarlagiannis and Ferguson (2009) used inorganic biofilm simulation and showed that a 105 

polarization developed in response to increasing biofilm volume. The authors explained the 106 

polarization response as resulting from a pore clogging mechanism as biofilms filled and blocked 107 
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all available pore throats. Nonetheless, in another study, Abdel Aal et al. (2010) showed that 108 

during bioclogging experiments, the polarization was more likely associated with the density of 109 

cells and the geometry/architecture of the biofilm on the sand surfaces. Albrecht et al. (2011) 110 

proposed that phase shift is a good indicator of microbial growth and biofilm formation. During 111 

their studies, they reported large phase shifts (~50 mRad) analogous to what is typically 112 

observed for disseminated metal deposits, which has not been reported before in the literature in 113 

association with biofilms. They hypothesized that individual bacterial cells act as single 114 

capacitors: when cells aggregate into biofilms, the system reacts similar to capacitors connected 115 

in parallel increasing phase shift. In contrast, planktonic cells resemble capacitors connected in 116 

series and their capacity to continuously enhance phase shift is limited. A study by Regberg et al. 117 

(2012) demonstrated the potential to use bulk conductivity measurements to quantitatively infer 118 

biogeochemical reaction rates. The authors report that in column experiments, changes in fluid 119 

conductivity could not explain the rapid increases in bulk conductivity measurements, which 120 

were not accompanied by a similar increase in fluid conductivity. Hence, the authors attributed 121 

the increase in electrical conductivity to the growth and the volume increase of biofilms. Biofilm 122 

conductivity was estimated at ~5 S/m.  Both Regberg et al. (2012) and Albrecht et al. (2011) 123 

raise important questions regarding biofilm conductivity. For example, what components of 124 

biofilms (i.e. cell density, alginate, metabolites, DNA) are responsible for the high conductivity 125 

response? How can we use this information to optimize remediation programs that seek to 126 

stimulate or decrease biofilm production? 127 

In this study, we investigated the spectral induced polarization signatures and assessed 128 

the normalized chargeability (S m-1) and relaxation time via Cole-Cole modeling of colloidal 129 

suspensions of Pseudomonas aeruginosa cells. We then amended the cell suspensions with 130 
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increasing concentrations of characteristic biofilm components. Our goal was to de-convolve the 131 

contribution of the different biofilm components to the measured signal and quantitatively assess 132 

what biofilm constituents (i.e. cell density, alginate, metabolites, DNA) have the greatest 133 

influence on SIP response.  134 

2. Materials and Methods  135 

2.1 Electrical Theory 136 

Induced polarization corresponds to the reversible storage of electrical charges within a 137 

material, whereas conductivity represents the ability of the material to conduct electrical current. 138 

Spectral induced polarization (SIP) investigates polarization mechanisms in the frequency 139 

domain. Low-frequency SIP electrical properties comprise the measurements of both properties: 140 

(1) the resistivity (or conductivity), magnitude |ρ| (or |σ|), and the phase shift ϕ between a 141 

measured voltage sinusoid using two voltage electrodes M and N and (2) an impressed current 142 

sinusoid using two current electrodes A and B. The complex conductivity of a porous material is 143 

defined as σ* = (1/ ρ*) (ρ* is the complex resistivity) by, σσσ ′′+′= i*  imaginary conductivities, 144 

σ' and σ '', respectively, are frequency dependent and defined from the measured parameters |σ| 145 

and ϕ, by, cos , sinσ σ ϕ σ σ ϕ′ ′′= = . The in-phase (real, σ') conductivity component represents 146 

ohmic conduction currents, whereas the out-of-phase (imaginary σ”) conductivity represents the 147 

polarization term (Knight and Nur, 1987; Slater and Lesmes, 2002).  148 

2.2 Source of microorganisms:  149 

Pseudomonas aeruginosa strain PAO1 was the model organism used during this study 150 

due to its environmental ubiquity and biofilm formation properties. P. aeruginosa is a Gram-151 

negative rod known to produce a variety of extracellular metabolites.  The genome of the PAO1 152 
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strain has been fully sequenced (Stover et al. 2000). Additionally, several studies have used P. 153 

aeruginosa to assess complex conductivity response within porous media. Abdel Aal et al (2009) 154 

demonstrated a rapid increase in imaginary conductivity (σ” S m-1) when P. aeruginosa cells 155 

attach to iron coated sands. Changes in imaginary conductivity (σ” S m-1) were also detected as a 156 

result of P. aeruginosa bioclogging of porous media (Abdel Aal et al 2010).   157 

2.3 Growth Media:  158 

P. aeruginosa cultures were grown on Luria Bertani (LB) agar plates in order to obtain 159 

individual colonies. Single colonies were inoculated into 10 ml of Biofilm Minimal Medium 160 

with low salt (BMMLS), a modification of the Biofilm Minimal Medium (BMM), reported 161 

earlier (Sarkisova et al. 2005) and containing (per liter): 7.48 mM sodium glutamate, 86.87 mM 162 

glycerol, 0.02 mM MgSO4, 0.15 mM NaH2PO4, 0.34 mM K2HPO4, and 3.4 mM NaCl, 20 µl 163 

trace metals, 1 ml vitamin solution. Trace metal solution (per liter of 0.83 M HCl): 5.0 g 164 

CuSO4.5H2O, 5.0 g ZnSO4.7H2O, 5.0 g FeSO4.7H2O, 2.0 g MnCl2.4H2O. Vitamins solution (per 165 

liter): 0.5 g thiamine, 1mg biotin. The pH of the medium was adjusted to 7.0.  166 

 167 

2.4 Experimental Column set-up:  168 

Sample holder/column was constructed from polyvinyl chloride (PVC) pipe with an inner 169 

diameter of 3.17 cm and a length of 12 cm (Fig. 1). Four non-polarizing Ag-AgCl electrodes 170 

housed in electrolyte (agar gel mixed in 3M concentration of KCl) filled chambers were placed 2 171 

cm apart along the length of the column and located just outside the current flow path (Fig. 1). 172 

The outer two electrodes were used to inject the current sinusoid, and the two inner electrodes 173 

were used to record the output voltage sinusoid. Two rubber stoppers capped the two ends of the 174 

column. 175 
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2.5 Preparation of cell suspensions of different densities:   176 

Cell suspensions were initially cultured in the dark, without shaking for 48 h at room 177 

temperature (~ 20 Co). 300 µl of middle log culture was inoculated into 300 ml of BMMLS in 1 178 

L flasks. The cultures were then incubated for 72 h until middle log phase growth. Cells were 179 

harvested by centrifugation at 10,000 rpm for 20 min. Cell pellets were washed twice with 50 % 180 

BMMLS (conductivity 513 uS cm-1) and resuspended in 50 % BMMLS until desirable OD600, 181 

measured using spectrophotometer (BIOMATE). Four cell suspensions were prepared with 182 

different cell densities corresponding to desired colony forming units (CFU): 1.50 x109 CFU ml-183 

1, 2.85 x109 CFUml-1, 4.20 x109 CFU ml-1, and 5.55 x109 CFU ml-1  (Table: 1).  184 

2.6 Alginate purification:   185 

Alginate (e.g. anionic polymer) was purified from P. aeruginosa FRD1 cultures as 186 

described by (Knutson and Jeanes 1968; Sarkisova et al., 2005). Briefly, 200 ml of culture were 187 

grown until mid-log and induced by 10 mM CaCl2 (Sarkisova et al. 2005) and centrifuged in 50 188 

ml portions (12,000 rpm for 20 min) to discard the top layer of supernatant and collect cells with 189 

alginate (10-20 ml). The latter were mixed with 140 ml of saline (0.85% NaCl) to reduce 190 

viscosity, vortexed and centrifuged (12,000 rpm for 20 min) to remove cells. Alginate was 191 

precipitated with 75 ml of 2 % cetylpyridinium chloride (Sigma), dissolved in 75 ml of 1 M 192 

NaCl by shaking at 37 0C overnight, and precipitated again in 75 ml of cold isopropanol 193 

following by dissolving in 20-25 ml of saline at 37 0C overnight. The conductivity of alginate 194 

was 20 – 50 mS cm-1. To decrease the conductivity, 60 ml of the purified alginate was dialyzed 195 

using Spectra/Por molecular porous membrane tubing (MW cut off 8 kDa) in 2L cylinder against 196 

MQ water for 6-8 h at room temperature. The conductivity of the dialyzed alginate was 0.4-0.45 197 

mS cm-1.  198 
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2.7 Alginate quantification assay: 199 

The concentration of alginate was assayed using the modified carbazole method (Knutson 200 

and Jeanes 1968; Franklin et al., 1993). For this, purified alginate (30 µl) was mixed with 1.0 ml 201 

of borate-sulfuric acid reagent (10 mM H3BO3 in concentrated H2SO4), and 30 µl of carbazole 202 

reagent (0.1% in ethanol). The mixture was then heated to 55°C for 30 min, and the alginate 203 

concentration was determined spectrophotometrically at 500 nm using M. pyrifera alginate 204 

(Sigma) as a standard. Upon quantification, alginate conductivity was adjusted to 0.50 mS cm-1 205 

with 10x concentrated BMMLS.  206 

2.8 Spectral Induced Polarization (SIP) Measurements:  207 

Electrical measurements were made with PC-based dynamic system signal analyzer 208 

constructed by National Instruments. The impedance magnitude |σ| and phase angle φ of the 209 

amended sediments were measured relative to a resistor (1000 Ω) at 51 frequency intervals 210 

between 0.01 and 1000 Hz (Fig. 1). Current was injected into the samples through Ag-AgCl coils 211 

located at both ends of the column (Fig. 1). The measured real (σ’) and imaginary (σ”) 212 

conductivity values were calculated from |σ| and φ.  213 

For SIP measurements of alginate alone, the desired concentration of alginate (0.0 - 600 214 

µg ml-1) were obtained by diluting the purified alginate in 50% BMMLS with conductivity of 215 

0.50 mS cm-1. Each alginate suspension was then added to the sample holder/column. In order to 216 

evaluate the SIP response of alginate and PAO1 cells, cell suspension with 4.20 x109 CFU ml-1 217 

was mixed with the alginate at increasing concentrations (0.0 - 600 µg ml-1 [Table:1]), average 218 

fluid conductivity across all alginate/ PAO1 cell treatments approached 1.0 mS cm-1.   219 
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Phenazine, purchased from Fisher scientific and dissolved in Dimetyl sulfoxide (DMSO) 220 

at concentrations of 0; 5; 25; 50; 100 µM. DMSO is a common solvent utilized in numerous cell 221 

biology studies (i.e. antibiotic sensitivity, membrane permeability, and cell differentiation) due to 222 

its non-lethal status. In order to evaluate the SIP response of phenazine without PAO1 cells, each 223 

phenazine/DMSO solution was added to the sample holder/column. DMSO alone was measured 224 

providing a negative control. To assess the SIP response of phenazine combined with PAO1 225 

cells, cell suspension with 4.20 x109 CFU ml-1 was mixed with phenazine/DMSO solution at 226 

increasing concentrations (0.0 - 100 mM [Table: 1]), average fluid conductivity across all 227 

Phenazine/PAO1 cell treatments was approximately 0.5 mS cm-1.  228 

To test the effect of DNA on the SIP measurements, DNA test solutions were prepared by 229 

adding DNA (Sigma-Aldrich) to BMML media at increasing concentrations 0.0; 0.2; 1.0; 5.0; 25 230 

µg ml-1 (Table: 1).  DNA at different concentrations was then added to the sample holder/column 231 

for the measurements, The SIP response of DNA combined with PAO1 cells was assessed by 232 

mixing DNA at treatment concentrations (0.0 – 25.0 µg ml-1) with PAO1 cell suspension with 233 

4.20 x109 CFU ml-1 (Table: 1). BMMLS medium alone served as a negative control. 234 

2.9 Electrical data modeling  235 

The macroscopic phenomenological model Cole-Cole (Pelton et al., 1978) was used to 236 

evaluate the frequency dependence of impedance and phase shift during SIP measurements for 237 

all experimental treatments. The Cole-Cole model is typically expressed in terms of σ* [S m-1]: 238 

   (1) 239 

 �� [S m-1] is defined as direct current (DC) conductivity, m is the chargeability, τ [s] is the time 240 

constant (related to the relaxation time of the interfacial relaxation mechanism (Slater et al., 241 
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2005)), ω [rad s-1] is the angular frequency and c [dimensionless] is a constant describing the 242 

shape of the observed phase dispersion (Ustra et al. 2012, Zisser et al., 2010) and i = √−1.  The 243 

three model parameters of interest are	��, τ (an indicator of the polarizable particle size) and mn 244 

(the normalized chargeability) = m x ��  provides a measure of the polarization magnitude and is 245 

associated with interfacial charge storage, analogous to σ'' over measured frequency range 246 

(Pelton et al., 1978; Slater et al., 2005; Wu et al., 2008). 247 

2.10 Data Analysis  248 

To compare the selected factors, we expressed the SIP response as percent change 249 

relative to geometric mean of the different biofilm matrix components multiplied by the control 250 

treatment. The geometric mean was selected as being the best estimator of % change for SIP 251 

response due to its dampening effect on data sets containing large variations (e.g. treatment vs. 252 

control), whereas use of arithmetic mean often leads to overestimation.    253 

%	�ℎ��	
 = 100	�
�����������������

√���������	�	�������
                                     (2) 254 

Linear regression analysis was performed across all treatment (e.g. cell density, DNA 255 

etc.) concentrations at 10 Hz.  Regression analysis allowed visualize of SIP % change response 256 

compared to control treatments for both imaginary (σ” S m-1) and real conductivity (σ’ S m-1) 257 

(JMP SAS Institute 2015). Relationships between the % change in SIP response and increasing 258 

treatment concentrations were considered significant at P < 0.10 suggesting that treatment effects 259 

influenced either imaginary (σ” S m-1) and/or real conductivity (σ’ S m-1)  (i.e. rejection of null 260 

hypothesis).  261 

3. Results  262 
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3.1 Increases in Cell density results in greater SIP response:  263 

To compare the effect of different biofilm components on the SIP measurements, we 264 

chose to represent our data as percent change (the raw data are presented in supplementary 265 

figures S1-S4) relative to the control column containing only BMMLS. An increase in both 266 

phase (φ mrads) and imaginary conductivity (σ” S m-1) was observed as cell densities of PAO1 267 

increased (Fig. S5 and Fig. 2A) with the phase (φ mrads) and imaginary conductivity (σ” S m-1) 268 

increasing by 200% for the highest cell density (5.55 x 109 CFU ml-1). Additionally, we observed 269 

a well-defined peak in phase (φ mrads) and imaginary conductivity (σ” S m-1) occurring between 270 

frequencies 1.0-100 Hz, the maximum percent change in both φ and σ” significantly decreased at 271 

lower cell density treatments. Real conductivity (σ’ S m-1) remained relatively stable in the 272 

PAO1 cell suspensions fluctuating < 1.0% as cell concentrations increased (Fig. 2B).  273 

3.2 Alginate suppresses SIP response:   274 

As alginate concentrations increased this resulted in a decrease in both phase (φ mrads) 275 

and imaginary conductivity (σ” S m-1) values (~ -15% to -140%). The largest decrease was 276 

observed between 1.0-10 Hz (Fig. 3A). Real conductivity (σ’ S m-1) values in the alginate only 277 

treatments remained stable across all frequencies yet, ~ 8.0% difference was observed between 278 

highest and lowest alginate concentrations (Fig. 3B). When PAO1 cells were combined with 279 

alginate we observed a greater negative percent change (-120% to -80%) at the lowest alginate 280 

concentrations (i.e. 50 to150 µg ml-1), however, at larger alginate concentrations (> 300 µg ml-1), 281 

both phase (φ) and imaginary conductivity (σ” S m-1) were less suppressed in the presence of 282 

PAO1 cells (Fig. S6 and Fig. 3C). Real conductivity (σ’ S m-1) remained relatively stable (< 283 

1.0% change) across all alginate and PAO1 cell treatments (Fig. 3D).     284 
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3.3 Phenazine combined with PAO1 cells increases SIP response:  285 

The addition of phenazine alone resulted in a significant percent change (> 400%) in both 286 

phase (φ mrads) and imaginary conductivity (σ” S m-1) response as concentrations increased, this 287 

trend had greater prominence between frequencies 1.0 - 10 Hz (Fig S7A and Fig. 4A).  A minor 288 

suppression (~ 1.0%) of real conductivity (σ’ S m-1) values were also observed in the phenazine 289 

solutions as concentrations increased above 50 mM (Fig. 4B). The combination of PAO1 cells 290 

and phenazine (100 mM) resulted in the largest increase in both phase (φ mrads), and imaginary 291 

conductivity (σ” S m-1) values (> 300%) between 1-100 Hz (Fig. S7B and Fig. 4C). Real 292 

conductivity (σ’ S m-1) values however, remained relatively stable (< 3.0%) for all phenazine 293 

concentrations with the exception of 100 mM (Fig.4D).  294 

 295 

3.4 DNA suppresses SIP response in the presence of PAO1 cells  296 

When DNA was added alone, we observed a slight decrease in both phase (φ mrads) and 297 

imaginary conductivity (σ” S m-1) values as DNA concentrations increased from 0.0 – 25.0 µg 298 

ml-1 (Fig. S8A, Fig. 5A). We also observed a modest peak and steady increase in both phase (φ 299 

mrads) and imaginary conductivity (σ” S m-1) values between 1.0-100 Hz (Fig. S8A, Fig. 5A). 300 

The peak is similar to the observations from the PAO1 cells alone (Fig. S5A, and Fig 2A).  Real 301 

conductivity (σ’ S m-1) remained stable slightly decreasing by 1.5% as concentrations of DNA 302 

increased (Fig. 5B). The combining DNA with PAO1 cells resulted in a significant decrease 303 

between 0.1- 10 Hz in both phase (φ mrads) and imaginary conductivity (σ” S m-1) values as 304 

concentrations of DNA increased (Fig. S8B, Fig. 5C). Real conductivity (σ’ S m-1) varied 305 
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slightly between treatments with the largest change ~ 3.0% at largest DNA concentration (Fig. 306 

5D).  307 

3.5 Cole-Cole model response to treatments  308 

Fitted normalized chargeability (S m-1) and relaxation times (τ) extracted from the Cole-309 

Cole model suggest changes due to biofilm components combined with microbial cells. In the 310 

cell density treatments normalized chargeability (S m-1) steadily increased as the concentration as 311 

of cells increased (Fig. 6A) however, the relaxation time (τ) was unaffected by the presence of 312 

increasing microbial cell densities (Fig. 6B). The addition of microbial cells influenced the 313 

alginate treatments, as concentrations of alginate increased we observed a modest decrease in 314 

normalized chargeability (S m-1)  within the alginate only treatments (Fig. 6C) however, when 315 

alginate was combined with microbial cells (Fig. 6C) we observed a greater increase in 316 

normalized chargeability (S m-1) especially at largest alginate concentrations (i.e. 300 – 600 µg 317 

ml-1). Relaxation time (τ) was unaffected by the presence of alginate concentrations or the 318 

combination of microbial cell and alginate (Fig. 6D). The addition of the biofilm metabolite 319 

phenazine also influenced Cole-Cole response, we observed a modest increase in normalized 320 

chargeability (S m-1) in phenazine only treatments as concentrations increased however, a 4-fold 321 

increase was observed at largest phenazine concentration (i.e. 100 mM, Fig, 6E). The 322 

combination of phenazine and microbial cells resulted in a 4 -5-fold increase in normalized 323 

chargeability (S m-1) within the 25 and 50 mM treatments respectively (Fig. 6E). Relaxation time 324 

(τ) was unaffected by the presence of phenazine concentrations or the combination of microbial 325 

cell/phenazine apart from the 100 mM phenazine/microbial treatment (Fig. 6F). In the DNA 326 

only, treatments increasing concentrations of DNA resulted in a steady decrease in normalized 327 

chargeability (S m-1) however, normalized chargeability (S m-1) increased when microbial cells 328 
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were combined with greater concentrations of DNA (Fig. 6G). Relaxation time (τ) was 329 

unaffected by the presence of DNA concentrations or the combination of microbial cell/DNA 330 

treatments (Fig. 6H). 331 

4. Discussion 332 

The SIP method shows promise as an effective real-time monitoring technique for 333 

measuring in situ biofilm formation and development. However, significant variability reported 334 

by previous research efforts (Regberg et al., 2011, Albrecht et al. 2011) suggests an incomplete 335 

understating of the mechanisms responsible for observed shifts in imaginary and surface 336 

conductivity. The reported variation in SIP measurements is both reasonable and expected as 337 

biofilms are a complex mixture of numerous factors (Table: 2) that vary in response to 338 

environmental conditions (e.g. nutrient content, temperature, flow velocity etc.) and are modified 339 

through numerous and simultaneous metabolic processes. Our results clearly demonstrate that 340 

SIP measurements are distinctively sensitive to several biofilm compounds when tested alone 341 

and in combination with increasing bacterial cell densities suggesting, that besides its capacity to 342 

detect the presence of microbial cells, SIP could assess specific biofilm developmental changes.  343 

Bacterial cell growth and attachment to sediment particles have been suggested as 344 

potential mechanisms responsible for changes in electrical properties within geologic systems 345 

(Ntarlagiannis et al. 2005, Davis et al. 2006, Albrecht et al. 2011). Based on this observation, 346 

Revil et al. (2012) hypothesized that increases in bacterial cell density will directly affect SIP 347 

imaginary conductivity (σ” S m-1) due to the presence of highly charged structures along the cell 348 

surface (i.e fibrillar, surface proteins, and lipopolysaccharide) suggesting, that imaginary 349 

conductivity (σ” S m-1) be used to assess bacterial growth kinetics. Zhang et al. (2014) evaluated 350 

this observation by measuring the SIP response of cells suspensions with increasing density of 351 
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Gram-negative Zymomonas mobilis. Their results indicate a steady increase in imaginary 352 

conductivity (σ” S m-1) response as cell densities increased. Additionally, Zhang et al. (2014) 353 

recorded two distinct peaks in imaginary conductivity (σ” S m-1) values, attributing the initial 354 

peak at lower frequency range (0.1 Hz) to the polarization of bacterial cells and the secondary 355 

peak (1.0-10 Hz) to the polarization of organic molecules along the surface of the bacterial cells. 356 

Our study indicates similar findings (Fig. S5 and Fig. 2A), including steady increase in both 357 

phase (φ mrads) and imaginary conductivity (σ” S m-1)  as densities of P. aeruginosa cells 358 

increased and two distinct peaks identified at the same frequencies. The similarity of our results 359 

to those of Zhang et al. (2014) suggests that comparable cell wall characteristics may exist 360 

between P. aeruginosa and Z. mobilis. Figure 7A shows a significant relationship between 361 

changes in imaginary conductivity (σ” S m-1) and increases in cell density (p = 0.04), however, 362 

we observed no relationship between real conductivity (σ’ S m-1) and cell density (p = 0.82). The 363 

increase in imaginary conductivity (σ” S m-1) observed in our study is potentially due to charges 364 

along the bacterial cell surface as suggested by several studies including: Revil et al. 2010, Revil 365 

et al., 2012, Zhang et al. 2014; Mellage et al., 2018. Increases in normalized chargeability (S m-1) 366 

derived from the Cole-Cole model suggests that polarization of microbial cell surface could be a 367 

controlling influence throughout all of our experimental incubations (Fig 6B, D, F, H). Revil et 368 

al., 2012 and Mellage et al., 2018 suggest that the polarization is largely controlled by 369 

mechanisms acting at the cell surface. Finally, the absence of an observed relationship between 370 

cell density, real conductivity (σ’ S m-1) and relaxation time is a reasonable observation given 371 

that the real conductivity (σ’ S m-1) is influenced by fluid conductivity changes which were kept 372 

constant in our experiments.    373 



18 

 

Alginate is a naturally occurring anionic polymer typically produced by several bacterial 374 

species (e.g. Azotobacter and Pseudomonas) as well as many brown algae (Lee and Mooney 375 

2012). The chemical structure of alginate is defined as a consortium of linear unbranched binary 376 

copolymers of (1,4) -1inked ß-D-mannuronic acid (M) and α-L-gulutonic acid (G) residues; 377 

varying in both composition and sequence, depending on the organism and tissue in which they 378 

are produced (Smidsrød and Skjåk-Braek 1990). The concentration of G residues within alginate 379 

are hypothesized as critical to gel stability; participating in intermolecular cross-linking with 380 

divalent cations (e.g., Ca2+, Cu2+, Zn2+) to form hydrogels (Lee and Mooney 2012). The SIP 381 

response to alginate and alginate combined with P. putida cells was initially investigated by 382 

Ntarlagiannis and Ferguson (2009), their results indicate an increase in both imaginary(σ’ ’ S m-1)  383 

and real conductivity (σ’ S m-1) as a result of increasing concentrations of alginate. The authors 384 

suggest the increase in real conductivity (σ’ S m-1) was in response to the increase in Ca2+ 385 

concentration resulting from alginate crosslinking, and the observed changes in imaginary 386 

conductivity (σ” S m-1) were the result of alterations in interfacial properties. In contrast, our 387 

results from alginate measurements indicate a large decrease in imaginary conductivity [(σ” S m-
388 

1) -20% to -140%] and a 2 – fold decrease in normalized chargeability (S m-1) as concentrations 389 

of the polymer increased (0 µg ml-1 - 600 µg ml-1). In contrast, real conductivity (σ’ S m-1) 390 

increased by 7.0%. The observed differences between our results and those of previous research 391 

efforts could be due to the nature of media (sand) and high concentration of alginate used in the 392 

Ntarlagiannis and Ferguson study (2009). Additionally, the dialysis step used to decrease the 393 

conductivity of our alginate mixture could have reduced the concentration of Ca2+ ions thereby 394 

influencing imaginary/real conductivity (σ’ S m-1) and Cole-Cole model response.   395 
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In the presence of both the increasing concentrations of alginate and P. aeruginosa cells 396 

we observed a steady increase in imaginary conductivity (σ” S m-1) and normalized chargeability 397 

(S m-1) across the entire frequency range (Fig. 3C and 6C). Regression analysis further suggests 398 

a significant positive linear relationship (p = 0.08, Fig 7C) between increasing concentrations of 399 

alginate combined with bacterial cells, which is contradictory to the negative linear relationship 400 

we observed in the alginate alone measurements (Fig 7B). Initially, we hypothesized that the 401 

greater concentrations of alginate would encapsulate P. aeruginosa cells in turn insulating the 402 

interfacial properties of individual bacterial cells and lowering imaginary conductivity (σ” S m-1) 403 

and normalized chargeability (S m-1) values. Alginate encapsulation of bacterial cells has been 404 

widely utilized to increase the delivery and survival of microbial cells in soil (Van Elsas et al. 405 

1992) and gastrointestinal environments (Sultana et al. 2000; Chandramoul et al. 2004). Our 406 

results suggest the likely possibility of a different mechanism. We therefore postulate that 407 

increases in imaginary conductivity (σ” S m-1) and normalized chargeability (S m-1) were due to 408 

P. aeruginosa cells incorporation into the alginate structure. In this example, the greater 409 

abundance of bacterial cells would lead to increased cross-linking within the alginate complex, 410 

thus increasing imaginary conductivity (σ” S m-1) and normalized chargeability (S m-1) potential. 411 

However, at lower alginate concentrations P. aeruginosa cells would be less likely to cross-link 412 

alginate due to encapsulation thus reducing imaginary conductivity (σ” S m-1) and normalized 413 

chargeability (S m-1) response.  414 

Phenazines are classified as a large group of nitrogen-containing heterocyclic compounds 415 

produced by multiple bacterial species (Mavrodi et al. 2006; Pierson and Pierson 2010). 416 

Numerous cellular functions are influenced by phenazines, including electron shuttles, modifying 417 

redox states (Wang and Newman 2008), cell signaling, regulating gene expression (Dietrich et al. 418 
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2006), and modulating biofilm formation and architecture (Maddula et al. 2006; Ramos et al. 419 

2010). In the phenazine only treatments, a large increase in imaginary conductivity (σ” S m-1) 420 

values was observed (i.e. frequency 1.0 – 10 Hz) as the concentrations of phenazine increased 421 

(Fig. 4A). Additionally, a steady increase in normalized chargeability [(S m-1) Fig. 6E)] was also 422 

observed as concentration of phenazine increased. The enhancement of both imaginary 423 

conductivity (σ” S m-1) and normalized chargeability (S m-1) signal may have been influenced by 424 

the presence of nitrogen within phenazine ring structure affecting the dipolar polarization of 425 

permanent dipole moment. Abdel Aal and Atekwana (2013) suggested that several byproducts 426 

associated with the biodegradation of asphaltene (e.g. sulphur, nitrogen, oxygen, nickel and 427 

vanadium) may serve as a mechanism affecting imaginary conductivity (σ” S m-1) response. 428 

Further evaluation of how charged molecules influence SIP signal and normalized chargeability 429 

have yet to be completed. In addition, we observed in the presence of both high concentrations of 430 

phenazine (50-100 mM) and P. aeruginosa cells resulted in a 2-5 fold (50 mM and 100mM 431 

respectively) increase in imaginary conductivity (σ” S m-1) values in relation to the 5 mM 432 

treatment (Fig. 4C), the combination of cells and phenazine greatly reduced imaginary 433 

conductivity (σ” S m-1) values when compared to the phenazine only treatments (Fig. 4A and 434 

4C). Furthermore, we observed a 4-7 fold (25 mM and 50 mM respectively) increase in 435 

normalized chargeability (S m-1) in relation to the 5mM treatment (Fig. 6E.). A possible 436 

explanation suggests that increasing concentrations of phenazine modulate elevated secondary 437 

metabolism (i.e. electron shuttles, modifying redox states and cell signaling) in P. aeruginosa 438 

cells, the products of which reduce the imaginary conductivity (σ” S m-1) signal while increasing 439 

normalized chargeability (S m-1). Wang et al. (2010) reported that micromolar concentrations of 440 

phenazines can support anaerobic survival of P. aeruginosa by transferring electrons to an 441 
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extracellular oxidant, the addition of 25 - 50 mM of phenazine potentially increased metabolic 442 

rates of P. aeruginosa in turn producing byproducts that suppress imaginary conductivity (σ” S 443 

m-1) while increasing normalized chargeability (S m-1). Our regression results suggest a strong 444 

correlation (p = 0.01) between concentrations of phenazine and imaginary conductivity (σ” S m-
445 

1) within both treatments (Fig 7D). No significant relationship was observed between phenazine 446 

and real conductivity (σ’ S m-1) for either treatment (Fig. 7E), suggesting limited effect of 447 

phenazine on fluid conductivity, although leaving a possibility that if the incubation time of the 448 

cell/phenazine mixtures were increased, changes in fluid chemistry could be detected as a result 449 

of possible phenazine effect on cell metabolism.  450 

Extracellular DNA (eDNA) is released via cellular transport mechanisms or cell lysis. In 451 

the environment, eDNA can be utilized as C, N and P source for microorganism/plant growth 452 

(Ceccherini et al. 2003), or incorporated into bacterial genomes (de Vries and Wackernagel, 453 

2005). eDNA can also play a significant role in bacterial biofilm formation as a matrix 454 

component. Whitchurch et al. (2002) observed that eDNA is required for the initial establishment 455 

of P. aeruginosa biofilms. The net charge of eDNA is significantly influenced by pH of the 456 

physical environment: eDNA maintains a net negative charge at pH above 5 (isoelectric point), 457 

at pH less than 5, the phosphate moieties of DNA become protonated, resulting in a net positive 458 

charge (Greaves and Wilson, 1969). Our results indicate a reduction in both imaginary 459 

conductivity (σ” S m-1) and normalized chargeability (S m-1) suggesting a reduction in the 460 

capacity of DNA to hold a charge. This trend became more pronounced as concentrations of 461 

DNA increased (Fig. 5A-B and 6G). These observations are further supported by the regression 462 

analysis indicating a significant negative linear relationship between imaginary (p = 0.10) and 463 

real (p= 0.03) conductivity (Fig. 7F).  We hypothesize that the physical conditions of the tested 464 
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DNA suspensions: ~ 7.0 pH and the condition that cations are not absorbed to DNA but are 465 

localized in a dense cloud (Morfin et al. 2004) restricted the SIP polarization potential. A similar 466 

suppression but to a lesser degree of both phase (φ mrads) and imaginary conductivity (σ” S m-1) 467 

response was observed when DNA was mixed with P. aeruginosa cells (Fig. S8B and Fig.5C) 468 

and supported by regression analysis (Fig 7G) however, a modest increase in normalized 469 

chargeability (S m-1) was also observed in this treatment (Fig. 6G). We conclude that this is the 470 

result of the net negative charge of DNA coupled with the charge potential of P. aeruginosa cell 471 

walls. The protonation-deprotonation of surface ionizable groups at pH > 3.0 (Revil et al. 2012) 472 

of the cell surface was responsible for the slight increase in both phase (φ mrads) and imaginary 473 

conductivity (σ” S m-1) when compared to the DNA only treatments. The observed negative 474 

phase (φ mrads) and imaginary conductivity (σ” S m-1) results are in line with the research 475 

efforts evaluating SIP potential aiming to detect organic solvent contamination (Brown et al. 476 

2004; Ustra et al. 2012; Personna et al. 2013). This connection is reasonable as DNA is a 477 

negatively charged organic compound similar in polarization potential to the majority of organic 478 

solvents analyzed (e.g. ethanol, toluene, trichloroethylene). Finally, the presence of eDNA could 479 

aid in detecting biofilm collapse as cell lysis would result in large concentrations of DNA 480 

release.  481 

5. Conclusions 482 

We have performed spectral induced polarization (SIP) measurements and Cole-Cole modeling 483 

using a non-mucoid biofilm forming strain of P. aeruginosa, in order to determine which biofilm 484 

components (cells, metabolites, alginate, DNA) are responsible for the detectable SIP responses. 485 

The measurements were done with colloidal suspensions of cells and cells mixed with the 486 

different biofilm components. The following conclusions have been reached: 487 
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(1) The imaginary conductivity (σ” S m-1), phase (φ mrads), and normalized chargeability (S m-1)  488 

are highly dependent on cell number, with their amplitudes increasing with increasing cell 489 

density.  490 

(2) The imaginary conductivity (σ” S m-1), phase (φ mrads), and normalized chargeability (S m-1) 491 

varied inversely with alginate concentration. However, the addition of cells mixed with the 492 

alginate reversed this trend. 493 

(3) The imaginary conductivity (σ” S m-1), phase (φ mrads), and normalized chargeability (S m-1) 494 

increases with greater concentrations of phenazine, a metabolite. This trend was further enhanced 495 

with the addition of cells. 496 

(4) The imaginary conductivity (σ” S m-1), phase (φ mrads), and normalized chargeability (S m-1) 497 

varied inversely with DNA concentration. The addition of cells mixed with the DNA modestly 498 

reversed this trend.  499 

(5) The real conductivity (σ’ S m-1) and relaxation time was relatively insensitive to the different 500 

biofilm components. 501 

We conclude that cell density and metabolite concentrations are the main factors responsible for 502 

the polarization response in P. aeruginosa PAO1 biofilms. Nonetheless, under our experimental 503 

conditions, these responses are very small and cannot account for the large magnitude responses 504 

proposed by other researchers. Instead, we hypothesize that the production of bacterial metabolic 505 

byproducts and biofilm trapping of conductive materials (i.e. cations) and metals might 506 

potentially explain the large SIP responses observed by other researchers. Future research will 507 

assess the SIP response to biofilm trapping of conductive materials. 508 

 509 
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Table: 1  738 

Experimental Treatment 
 
 

Concentration 

Cells+ Alginate*+ Phenazine*+ DNA*+ 
1.5 x 10-9 CFU ml-1 
2.85 x 10-9 CFU ml-1 
4.20 x 10-9 CFU ml-1 
5.55 x 10-9 CFU ml-1 

50 µg ml-1 
150 µg ml-1 
300 µg ml-1 
600 µg ml-1 

5.0 mM 
25 mM 
50 mM 
100 mM 

0.2 µg ml-1 
1.0 µg ml-1 
5.0 µg ml-1 
25 µg ml-1 

+ Frequency Range Hz: 0.1 – 1000 739 

* Cell treatments: 4.20 x 109 CFU ml-1 740 
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Table: 2 762 

   Potential SIP Response 
Biofilm 

Component 
% of 

Matrix 
 

Functional Relevance 
Imaginary 

conductivity 
Real 

conductivity 
Water >  97%  Low Low 

Microbial Cells 3-5% colony formation 
maintenance 

*Low-Moderate *Low 

Polysaccharides 1-2 % adhesion, structure **High **Low 
Proteins 1-2% structure, enzymatic function Unknown Unknown 

DNA and RNA 1-2% gene replication, expression Unknown Unknown 
Metabolites < 1.0 % antibiotic, pigments, 

signaling, 
Unknown Unknown 

 763 

Imaginary conductivity (σ” S m-1) : Low < 1.0 x 10-4 S m-1. Moderate > 1.0 x 10-3 S m-1,  764 

High > 1.0 x 10-1 S m-1 
765 

Real conductivity (σ’ S m-1): Low 1.0 x 10-3 S m-1, Moderate > 1.0 x 10-3 S m-1, High > 1.0 x 101 
766 

S m-1  767 

*Abdel Aal et al. 2004, Davis et al. 2006, Revil et al. 2012, and Zhang et al. 2014  768 

**Ntarlagiannis D, and Ferguson A, 2008 769 
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Figure Captions  778 

Figure 1: Schematic of column setup and instrumentation used in Spectral Induced Polarization 779 

(SIP) measurements. The SIP measurements were obtained using a dynamic signal analyzer 780 

(DSA) (National Instruments (NI) – 4461) and AD620 preamplifier to boost the input impedance 781 

on the voltage channel and prevented current leakage into the circuitry (the system sensitivity is 782 

less than 0.1 mradat frequencies below 100 Hz). 783 

Figure 2: % change of spectral induced polarization imaginary (σ’’) and real conductivity (σ’ S 784 

m-1)  response to increases in P. aeruginosa cells as a function of complete frequency range (A).  785 

Figure 3: % change of spectral induced polarization, imaginary (σ’’) and real conductivity (σ’ S 786 

m-1) response to alginate (A-B) and alginate combined with P. aeruginosa cells (C-D) as a 787 

function of the complete frequency range (0.01-1000 Hz).  788 

Figure 4: % change of spectral induced polarization imaginary (σ’’ S m-1)) and real conductivity 789 

(σ’ S m-1) response to phenazine concentrations (A-B) and phenazine combined with P. 790 

aeruginosa cells (C-D) as a function of frequency range (0.01-1000 Hz).   791 

Figure 5: % change of spectral induced polarization imaginary (σ’’S m-1)) and real conductivity 792 

(σ’ S m-1) response to increasing concentrations of DNA (A-B) and DNA combined with P. 793 

aeruginosa cells (C-D) as a function of frequency range (0.01-1000 Hz) 794 

Figure 6: Cole-Cole model parameters including normalized chargeability (S m-1) for optical 795 

density (A), alginate alone and combined with P. aeruginosa cells (C), increasing phenazine 796 

concentrations and phenazine combined with P. aeruginosa cells (E), increasing concentrations 797 

of DNA and DNA combined with P. aeruginosa cells (G). Relaxation time t (mSec) assessed for 798 

optical density (B), alginate alone and combined with P. aeruginosa cells (D), increasing 799 
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phenazine concentrations and phenazine combined with P. aeruginosa cells (F), increasing 800 

concentrations of DNA and DNA combined with P. aeruginosa cells (H).   801 

Figure 7: Regression analysis of imaginary (σ’’) and real conductivity (σ’ S m-1)  at 10.0 Hz on 802 

(A) cell density, (B) alginate, (C) alginate combined with P. aeruginosa cells, (D) Phenazine, (E) 803 

Phenazine combined with P. aeruginosa cells, (F) DNA, and DNA combined with P. aeruginosa  804 

cells. Significance accepted at p < 0.10 and significant trend reported and p < 0.15.   805 
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Figure 2: SIP response to increases in cell density  827 
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Figure: 3 SIP responses to shifts in alginate concentrations  832 
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 Figure: 4 SIP response to increase in phenazine concentrations 834 
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Figure: 5 SIP response to increase in concentrations of DNA 836 
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Figure: 6 Cole-Cole Analysis 838 
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Figure: 7 Regression Analysis 840 
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