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Abstract

We investigated the relative effect of differenttaaial biofilm components to influence
spectral induced polarization (SIP) signals ance@dble model parameters (i.e. normalized
chargeability (S ) and relaxation time)) in order to reduce the ambiguity associated with
interpretation of SIP signatures in biostimulataediemnments. SIP measurements were collected
over a frequency range, (i.e. 0.1 Hz - 1 kHz) frexperimental columns containing
Pseudomonas aerugino®AO1 (non-mucoid bacterial strain) cell suspensialone and cell
suspensions mixed with different molecules assediatithP. aeruginosaiofilm matrix
(alginate, DNA and phenazine). Results from SIPsueaments of cell density investigations
suggest an increase in phase (~ 200 %), imaginamyuativity (" S m), and normalized
chargeability (S M) values as cell densities increase (1.50 — 5.58 xCFUmI™), yet no
significant change in the real conductiviey & m?) or relaxation time was observed. The
addition of alginate resulted in a suppressiontafge ¢ mrads), imaginary conductivity'( S
mY), and normalized chargeability (SYrresponse. However, a mixture of cells and alginat
increased all parameters but with no significaranges in real conductivity'(S m™) or
relaxation time. Similar trend was observed inDiA treatments; increasing concentrations of
DNA reduced the imaginary conductivity’(S m*), phase¢ mrads), and normalized
chargeability (S i) response. In contrast, the addition of phenazirsecondary metabolite of
P. aeruginosaresulted in a significant increase in both imagjnconductivity ¢” S m™), phase
(¢ mrads), and normalized chargeability (S)malues especially at larger concentrations (>50
mM). Our work suggests that cell density and mdttsoare significant factors increasing the
polarization response in biofilms and advancesrtezpretation of electrical signals associated

with biofilms in the subsurface.
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Highlights
. SIP measurements of different biofilm componéoédls, DNA, alginate,
metabolites).
. Cells and metabolites (phenazine) drive the 8#ponse.

. Alginate showed decrease in SIP and normalizedggtability (S rit), but

response increased with cells.

. DNA showed a decrease in imaginary conductivityg m*), phase ¢ mrads),

and normalized chargeability (Snresponse.

. Biofilm components had minimal effect on real daativity (¢ S m*) and

relaxation time.
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1. Introduction

Microbial biofilms are defined as complex three-dimsional structures composed of
communities of microorganisms embedded in an eglitdar matrix of mainly polymeric
substances typically occurring at the surface-flntdrface (O’'Toole et al. 2000; Hall-Stoodley
et al. 2004). Current estimates suggest that 97&teolbiofilm matrix is composed of water
(Table: 2; Schmitt and Flemming 1999). Accordingtgherland (2001) the remaining biofilm
constituents can be divided into two functionalugr®: macromolecules (i.e. proteins, DNA-
RNA, phospholipids) and extracellular polymericysaccharides (EPS). Production of EPS is
of considerable significance for the formation atability of biofilm architecture (Kreft and
Wimpenny, 2001). EPS is also important for surfattachment (O'Toole et al., 2000). During
biofilm development, bacteria alter their physiglagcreasing the production of several
secondary metabolites (e.g. antibiotics and pigmeviartin and Liras 1989). Phenazines, a class
of secondary metabolites producedmyaeruginosahave been described as molecules
facilitating electron transfer (Hernandez and NewrB@01), having antibiotic qualities (Price-
Whelan et al., 2006), and involved in signalingidgiofilm development (Dietrich et al.,
2008). Under favorable conditions, the growth gmetad of biofilm can significantly alter the
hydraulic conductivity of porous media (Cunninghanal.1991). This may lead to bioclogging
of flow paths, which represents a substantial oental industrial issue (Coetse and Cloete
2005). However, controlled biofilm formation das$er potential benefits with regard to
bioengineering, such as soil improvement (Dejong.€2006; Phillips et al. 2013),
bioremediation (Singh et al. 2006), €€@questration (Mitchell et al. 2009; Phillips et2013),
and enhanced natural resource recovery (i.e. metadsoil), and remediation applications (Diels

et al. 1995; Gray et al. 2008).
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Currently,in situtechniques for evaluating and mitigating the intddiofilms on
subsurface flow characteristics remain a challendeld settings. This stems from the paucity
of appropriate techniques that can monimositu growth and metabolism of bacterial biofilms in
porous media and resulting microbial mediated agemical process. Conventional
techniques available for direct assessment underl@boratory (microscopy, plate counts, and
tracer tests) and field conditions (pump and sbsgs) do not provide adequate information
regarding either spatial or temporal variation ioffims within porous media. Due to these
limitations there is increasing interest in ideyitiff near surface geophysics techniques capable
of assessing biofilm development in field settin@sophysical methodologies such as seismic
(Davis et al., 2009; 2010; Kwon and Ajo-Frankli®13, Noh et al., 2016), nuclear magnetic
resonance (Sanderlin et al., 2015; Kirkland et28115) and spectral induced polarization ([SIP],
Davis et al., 2006; Ntarlagiannis et al., 2009; alb#al et al., 2010; Zhang et al., 2012; 2014,
Mellage et al., 2018) techniques offer significardmise in providing effective detection of
establishment and development of microbial biofilmithin porous media. Of all geophysical
techniques, SIP has proven to be uniquely sengiitiee presence of microbial cells and
microbial driven physico-chemical processes ocograt mineral grain-fluid interfaces and
within pores. Indeed, a number of studies have shitvat the imaginary conductivity’(S m™)
component calculated from SIP measurements istesent the presence of bacterial cells
(Davis et al., 2006; Abdel Aal et al., 2009ab) aad be used as a quantitative indicator of
bacterial cell density in porous media (Abdel Aahle, 2009; Revil et al., 2012; Zhang et al.,
2014). Ntarlagiannis and Ferguson (2009) used arocgpiofilm simulation and showed that a
polarization developed in response to increasingltn volume. The authors explained the

polarization response as resulting from a poregitagmechanism as biofilms filled and blocked
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all available pore throats. Nonetheless, in anathety, Abdel Aal et al. (2010) showed that
during bioclogging experiments, the polarizatiorswore likely associated with the density of
cells and the geometry/architecture of the biofiimthe sand surfaces. Albrecht et al. (2011)
proposed that phase shift is a good indicator afabial growth and biofilm formation. During
their studies, they reported large phase shifts (mB@d) analogous to what is typically
observed for disseminated metal deposits, whiclnbabeen reported before in the literature in
association with biofilms. They hypothesized tmatividual bacterial cells act as single
capacitors: when cells aggregate into biofilms,sytem reacts similar to capacitors connected
in parallel increasing phase shift. In contrasipgtonic cells resemble capacitors connected in
series and their capacity to continuously enhamhes shift is limited. A study by Regberg et al.
(2012) demonstrated the potential to use bulk cotnty measurements to quantitatively infer
biogeochemical reaction rates. The authors repattih column experiments, changes in fluid
conductivity could not explain the rapid increasebulk conductivity measurements, which
were not accompanied by a similar increase in ftwidductivity. Hence, the authors attributed
the increase in electrical conductivity to the gtlmand the volume increase of biofilms. Biofilm
conductivity was estimated at ~5 S/m. Both Regle¢a. (2012) and Albrecht et al. (2011)
raise important questions regarding biofilm condutgt For example, what components of
biofilms [(i.e. cell density, alginate, metabolite8\|A) are responsible for the high conductivity
response? How can we use this information to opgmemediation programs that seek to

stimulate or decrease biofilm production?

In this study, we investigated the spectral induyseldrization signatures and assessed
the normalized chargeability (Shand relaxation time via Cole-Cole modeling oflcilal

suspensions d?seudomonas aeruginosalls. We then amended the cell suspensions with
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increasing concentrations of characteristic bioftlomponents. Our goal was to de-convolve the
contribution of the different biofilm componentsttee measured signal and quantitatively assess
what biofilm constituents (i.e. cell density, algia, metabolites, DNA) have the greatest

influence on SIP response.
2. Materialsand Methods
2.1 Electrical Theory

Induced polarization corresponds to the reversgitgage of electrical charges within a
material, whereas conductivity represents the tgtoli the material to conduct electrical current.
Spectral induced polarization (SIP) investigatesafiwation mechanisms in the frequency
domain. Low-frequency SIP electrical properties pase the measurements of both properties:
(1) the resistivity (or conductivity), magnitudg| |(or p|), and the phase shift between a
measured voltage sinusoid using two voltage eldesdvl and N and (2) an impressed current
sinusoid using two current electrodes A and B. @dmplex conductivity of a porous material is
defined awo* = (1/ p*) (p* is the complex resistivity) byg” =¢’ +ig” imaginary conductivities,

o' ando ", respectively, are frequency dependent andheéfirom the measured parametels |

and ¢, by, a’=|a1005¢, a":|o1 sig. The in-phase (real’) conductivity component represents

ohmic conduction currents, whereas the out-of-pl@saginaryc”) conductivity represents the

polarization term (Knight and Nur, 1987; Slater &rdmes, 2002).
2.2 Sour ce of microor ganisms:

Pseudomonas aeruginostain PAO1 was the model organism used duringstioidy
due to its environmental ubiquity and biofilm fortioa propertiesP. aeruginosas a Gram-

negative rod known to produce a variety of extiatal metabolites. The genome of the PAO1

7



153  strain has been fully sequenced (Stover et al. 2@aditionally, Several studies have used

154  aeruginosao assess complex conductivity response withiopemedia. Abdel Aal et al (2009)
155 demonstrated a rapid increase in imaginary condtic(e” S i) whenP. aeruginosaells

156  attach to iron coated sands. Changes in imagirenghuctivity (" S m™) were also detected as a
157  result ofP. aeruginosaioclogging of porous media (Abdel Aal et al 2010)

158 2.3 Growth Media:

159 P. aeruginosacultures were grown on Luria Bertani (LB) agar etatn order to obtain
160 individual colonies. Single colonies were inocutaiato 10 ml of Biofilm Minimal Medium
161  with low salt (BMMLS), a modification of the Biofih Minimal Medium (BMM), reported
162  earlier (Sarkisova et al. 2005) and containing (jper): 7.48 mM sodium glutamate, 86.87 mM
163  glycerol, 0.02 mM MgS@ 0.15 mM NaHPQ,, 0.34 mM KHPQ,, and 3.4 mM NaCl, 20 ul
164 trace metals, 1 ml vitamin solution. Trace metduson (per liter of 0.83 M HCI): 5.0 g
165 CuSQ.5H0, 5.0 g ZnSQ7H;0, 5.0 g FeSQ7H,0, 2.0 g MnCJ.4H,0. Vitamins solution (per
166 liter): 0.5 g thiamine, 1mg biotin. The pH of thedum was adjusted to 7.0.

167

168 2.4 Experimental Column set-up:

169 Sample holder/column was constructed from polyvahfbride (PVC) pipe with an inner
170  diameter of 3.17 cm and a length of 12 cm (FigFbur non-polarizing Ag-AgCl electrodes

171 housed in electrolyte (agar gel mixed in 3M coneaian of KCI) filled chambers were placed 2
172 cm apart along the length of the column and locatstdoutside the current flow path (Fig. 1).

173 The outer two electrodes were used to inject tmeeatisinusoid, and the two inner electrodes
174  were used to record the output voltage sinusoi fvober stoppers capped the two ends of the

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

Cell suspensions were initially cultured in thekjarithout shaking for 48 h at room
temperature (~ 20 300 pl of middle log culture was inoculated iB@0 ml of BMMLS in 1
L flasks. The cultures were then incubated for 7@ntil middle log phase growth. Cells were
harvested by centrifugation at 10,000 rpm for 2@.raell pellets were washed twice with 50 %
BMMLS (conductivity 513 uS cff) and resuspended in 50 % BMMLS until desirableg§D
measured using spectrophotometer (BIOMATE). Fodl sespensions were prepared with
different cell densities corresponding to desiretbmy forming units (CFU): 1.50 x2@CFU mI
1 2.85x18 CFUmI*, 4.20 x18 CFU mi*, and 5.55 x1DCFU mi* (Table: 1).

2.6 Alginate purification:

Alginate (e.g. anionic polymer) was purified frdtnaeruginos&RD1 cultures as
described by (Knutson and Jeanes 1968; Sarkisaaa €005). Briefly, 200 ml of culture were
grown until mid-log and induced by 10 mM CaC®arkisova et al. 2005) and centrifuged in 50
ml portions (12,000 rpm for 20 min) to discard tbp layer of supernatant and collect cells with
alginate (10-20 ml). The latter were mixed with IdDof saline (0.85% NacCl) to reduce
viscosity, vortexed and centrifuged (12,000 rpomZ0min) to remove cells. Alginate was
precipitated with 75 ml of 2 % cetylpyridinium chide (Sigma), dissolved in 75 ml of 1 M
NaCl by shaking at 3%C overnight, and precipitated again in 75 ml oficsbpropanol
following by dissolving in 20-25 ml of saline at 32 overnight. The conductivity of alginate
was 20 — 50 mS cth To decrease the conductivity, 60 ml of the padfalginate was dialyzed
using Spectra/Por molecular porous membrane tuiMvg cut off 8 kDa) in 2L cylinder against
MQ water for 6-8 h at room temperature. The condiigtof the dialyzed alginate was 0.4-0.45

mS cmt.
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2.7 Alginate quantification assay:

The concentration of alginate was assayed usingititified carbazole method (Knutson
and Jeanes 1968; Franklin et al., 1993). For pusfied alginate (30 pul) was mixed with 1.0 ml
of borate-sulfuric acid reagent (10 mMBOs in concentrated $$0;,), and 30 ul of carbazole
reagent (0.1% in ethanol). The mixture was thenduktn 55°C for 30 min, and the alginate
concentration was determined spectrophotometrieal500 nm usinl. pyriferaalginate
(Sigma) as a standard. Upon quantification, algicanductivity was adjusted to 0.50 mStm

with 10x concentrated BMMLS.
2.8 Spectral Induced Polarization (SIP) M easur ements:

Electrical measurements were made with PC-baseadigrsystem signal analyzer
constructed by National Instruments. The impedanagnituded| and phase angieof the
amended sediments were measured relative to aoreif00Q) at 51 frequency intervals
between 0.01 and 1000 Hz (Fig. 1). Current wasiagkinto the samples through Ag-AgCl coils
located at both ends of the column (Fig. 1). Thasuead reals() and imaginary £”)

conductivity values were calculated froshdndg.

For SIP measurements of alginate alone, the destmecentration of alginate (0.0 - 600
g mit) were obtained by diluting the purified alginates0% BMMLS with conductivity of
0.50 mS crit. Each alginate suspension was then added to tgles@older/column. In order to
evaluate the SIP response of alginate and PAO4, eelll suspension with 4.20 X1I0FU mi*
was mixed with the alginate at increasing concéiotna (0.0 - 600 pg ritl[Table:1]), average

fluid conductivity across all alginate/ PAO1 cebatments approached 1.0 mStm

10
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Phenazine, purchased from Fisher scientific ansbtlied in Dimetyl sulfoxide (DMSQO)
at concentrations of 0; 5; 25; 50; 100 uM. DMS@ ommon solvent utilized in numerous cell
biology studies (i.e. antibiotic sensitivity, merahe permeability, and cell differentiation) due to
its non-lethal status. In order to evaluate ther@8ponse of phenazine without PAOL1 cells, each
phenazine/DMSO solution was added to the sampleneblumn. DMSO alone was measured
providing a negative control. To assess the Slporese of phenazine combined with PAO1
cells, cell suspension with 4.20 XIOFU mi* was mixed with phenazine/DMSO solution at
increasing concentrations (0.0 - 100 mM [Table; &yerage fluid conductivity across all

Phenazine/PAO1 cell treatments was approximatélyr® cnf.

To test the effect of DNA on the SIP measuremddit$A test solutions were prepared by
adding DNA (Sigma-Aldrich) to BMML media at increag concentrations 0.0; 0.2; 1.0; 5.0; 25
ig mi* (Table: 1). DNA at different concentrations wasrt added to the sample holder/column
for the measurements, The SIP response of DNA amedbwith PAOL1 cells was assessed by
mixing DNA at treatment concentrations (0.0 — 25¢0mI*) with PAO1 cell suspension with

4.20 x16 CFU mI* (Table: 1). BMMLS medium alone served as a negatorerol.

2.9 Electrical data modeling

The macroscopic phenomenological model Cole-Cali@R et al., 1978) was used to
evaluate the frequency dependence of impedancptest shift during SIP measurements for
alléxperimental freatmerits. The Cole-Cole modglpically expressed in terms of [S mi']:

(1)
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2005)),o [rad s'] is the angular frequen@ndc [dimensionless] is a constant describing the

three model parameters of interesta@yer (an indicator of the polarizable particle size)l am

(the normalized chargeability)mx o, provides a measure of the polarization magniartis
associated with interfacial charge storage, analsgos" over measured frequency range

(Pelton et al., 1978; Slater et al., 2005; Wu gt24108).
2.10 Data Analysis

To compare the selected factors, we expressedihee§ponse as percent change
relative to geometric mean of the different biofimatrix components multiplied by the control
treatment. The geometric mean was selected as thearigest estimator of % change for SIP
response due to its dampening effect on data eataining large variations (e.g. treatment vs.

control), whereas use of arithmetic mean oftenddadverestimation.

treatment—control

% change = 100 x (2)

Vtreatment x control

Linear regression analysis was performed acrogeealiment (e.g. cell density, DNA
etc.) concentrations at 10 Hz. Regression anadylsiged visualize of SIP % change response
compared to control treatments for both imaginaty§ m™) and real conductivitys{ S m*)
(JMP SAS Institute 201pb Relationships between the % change in SIP resgpand increasing
treatment concentrations were considered signifiaa® < 0.10 suggestifgithat treatmenteifects
influenced eitheimaginary ¢” S m") and/or real conductivity{ S m") (i.e. rejection of null
hypothesis).

3. Results

12
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3.1Increasesin Cell density resultsin greater SIP response:

To compare the effect of different biofilm compotsean the SIP measurements, we
chose to represent our data as percent changea(th#ata are presented in supplementary
figures S1-S4) relative to the control column cantey only BMMLS. An increase in both
phase ¢ mrads) and imaginary conductivity’(S m™) was observed as cell densities of PAO1
increased (Fig. S5 and Fig. 2A) with the phasenads) and imaginary conductivity’(S m*)
increasing by 200% for the highest cell densit$%5« 10 CFU mlY). Additionally, we observed
a well-defined peak in phase ifirads) and imaginary conductivity’(S m™) occurring between
frequencies 1.0-100 Hz, the maximum percent changeth¢ andes” significantly decreased at
lower cell density treatments. Real conductivity§ m*) remained relatively stable in the

PAOL1 cell suspensions fluctuating < 1.0% as ceiceatrations increased (Fig. 2B).
3.2 Alginate suppresses SIP response:

As alginate concentrations increased this resifteddecrease in both phagenirads)
and imaginary conductivity{ S m™) values (~ -15% to -140%). The largest decrease was
observed between 1.0-10 Hz (Fig. 3A). Real condlitgt{c’ S m™*) values in the alginate only
treatments remained stable across all frequeneigs-\8.0% difference was observed between
highest and lowest alginate concentrations (Fig. 3#hen PAOL1 cells were combined with
alginate we observed a greater negative percengeh@l20% to -80%) at the lowest alginate
concentrations (i.e. 50 to150 pgthlhowever, at larger alginate concentrations (© 3§ mi*),
both phase¢) and imaginary conductivityt S m') were less suppressed in the presence of
PAOL1 cells (Fig. S6 and Fig. 3C). Real conductiyityS m*) remained relatively stable (<

1.0% change) across all alginate and PAOL1 cellrtresats (Fig. 3D).

13
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3.3 Phenazine combined with PAO1 cellsincreases SIP response:

The addition of phenazine alone resulted in a Sgant percent change (> 400%) in both
phase ¢ mrads) and imaginary conductivity’(S m™) response as concentrations increased, this
trend had greater prominence between frequendles1l Hz (Fig S7A and Fig. 4A). A minor
suppression (~ 1.0%) of real conductivity $ m?) values were also observed in the phenazine
solutions as concentrations increased above 50 g 4B). The combination of PAO1 cells
and phenazine (100 mM) resulted in the largesesse in both phase (nrads), and imaginary
conductivity " S m?) values (> 300%) between 1-100 Hz (Fig. S7B am 4C). Real
conductivity ¢ S m?) values however, remained relatively stable (€@.6or all phenazine

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

3.4 DNA suppresses SIP response in the presence of PAO1 cells

When DNA was added alone, we observed a slighedserin both phase (nrads) and
imaginary conductivity€’ S m™) values as DNA concentrations increased from 6.9 g
ml™ (Fig. S8A, Fig. 5A). We also observed a modeskpeal steady increase in both phase (
mrads) and imaginary conductivity’(S m™) values between 1.0-100 Hz (Fig. S8A, Fig. 5A).
The peak is similar to the observations from th€&RAells alone (Fig. S5A, and Fig 2A). Real
conductivity ¢° S m*) remained stable slightly decreasing by 1.5% aseotrations of DNA
increased (Fig. 5B). The combining DNA with PAO1lseesulted in a significant decrease
between 0.1- 10 Hz in both phagenirads) and imaginary conductivity’(S m*) values as

concentrations of DNA increased (Fig. S8B, Fig..3®al conductivityd S m™) varied

14



306 slightly between treatments with the largest chan8e0% at largest DNA concentration (Fig.

307 5D).
308 3.5 Cole-Cole model responseto treatments

309 Fitted normalized chargeability (SThand relaxation timeg) extracted from the Cole-
310 Cole model suggest changes due to biofilm compsrmrhbined with microbial cells. In the
311 cell density treatments normalized chargeabilityn(§ steadily increased as the concentration as
312  of cells increased (Fig. 6A) however, the relaxatilme ) was unaffected by the presence of
313 increasing microbial cell densities (Fig.|6B). Tauition of microbial cells influenced the

314 alginate treatments, as concentrations of algimateased we observed a modest decrease in
315 normalized chargeability (S within the alginate only treatments (Fig. 6Cewver, when

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

317 normalized chargeability (S especially at largest alginate concentratiores 800 — 600 pg
318 ml™). Relaxation timet) was unaffected by the presence of alginate cdratéms or the

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

320 phenazine also influenced Cole-Cole response, werebd a modest increase in normalized
321  chargeability (S M) in phenazine only treatments as concentratiotre@sed however, a 4-fold
322 increase was observed at largest phenazine coatientfi.e. 100 mM, Fig, 6E). The

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

324 chargeability (S m) within the 25 and 50 mM treatments respectiveig.(6E). Relaxation time
325 (1) was unaffected by the presence of phenazine atnat®ns or the combination of microbial
326 cell/phenazine apart from the 100 mM phenazinefbied treatment (Fig. 6F). In the DNA

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

328 chargeability (S m) however, normalized chargeability (S'increased when microbial cells

15
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were combined with greater concentrations of DN®.(BG). Relaxation timer] was
unaffected by the presence of DNA concentratiorth@icombination of microbial cell/DNA

treatments (Fig. 6H).
4. Discussion

The SIP method shows promise as an effective maa&l+nonitoring technique for
measuringn situ biofilm formation and development. However, sigraht variability reported
by previous research efforts (Regberg et al., 28ddrecht et al. 2011) suggests an incomplete
understating of the mechanisms responsible forrgbdeshifts in imaginary and surface
conductivity. The reported variation in SIP measugats is both reasonable and expected as
biofilms are a complex mixture of numerous faci@rable: 2) that vary in response to
environmental conditions (e.g. nutrient contentyperature, flow velocity etc.) and are modified
through numerous and simultaneous metabolic preseS§aur results clearly demonstrate that
SIP measurements are distinctively sensitive tersgwiofilm compounds when tested alone
and in combination with increasing bacterial celhsities suggesting, that besides its capacity to

detect the presence of microbial cells, SIP coakgss specific biofilm developmental changes.

Bacterial cell growth and attachment to sedimentigdas have been suggested as
potential mechanisms responsible for changes otredal properties within geologic systems
(Ntarlagiannis et al. 2005, Davis et al. 2006, Attt et al. 2011 Based on this observation,
Revil et al. (2012) hypothesized that increasdsaicterial cell density will directly affect SIP
imaginary conductivity4” S m'") dlieto the presence of highly charged striictalasg the'ce |
surface (i.e fibrillar, surface proteins, and liptysaccharide) suggesting, that imaginary
conductivity ¢” s m') bellised to'assess bacterial'growthKinetics. gleaal. (2014) evaluated

this observation by measuring the SIP responseltsf suspensions with increasing density of

16
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Gram-negativ&ymomonasnobilis. Their results indicate a steady increase in imagina
conductivity ¢” S m') response as cell densities increased. Additipnahiang et al. (2014)
recorded two distinct peaks in imaginary condugit” S m™) values, attributing the initial
peak at lower frequency range (0.1 Hz) to the jmd#ion of bacterial cells and the secondary
peak (1.0-10 Hz) to the polarization of organic ewoles along the surface of the bacterial cells.
Our study indicates similar findings (Fig. S5 and.R2A), including steady increase in both
phase ¢ mrads) and imaginary conductivity’(S m™) as densities d®. aeruginosaells
increased and two distinct peaks identified atsdn@e frequencies. The similarity of our results
to those of Zhang et al. (2014) suggests that coebpacell wall characteristics may exist
betweerP. aeruginosaandZ. mobilis Figure 7A shows a significant relationship betwee
changes in imaginary conductivity’(S m™) and increases in cell density (p = 0.04), however

we observed no relationship between real condigtiyi S m™*) and cell density (p = 0.82). The

increase in imaginary conductivity’(S m™*) observedlinloUr Studyis potentially duetocharg
along the bacterial cell surface as suggested ¥grakstudies including: Revil et al. 2010, Revil

et al., 2012, Zhang et al. 2014; Mellage et al1®0ncreases in normalized chargeability ($m

derived from the Cole-Cole model suggests thatrfzaiion of microbial cell'Surface could Be a

controlling influence throughout all of our expesintal incubations (Fig 6B, D, F, H). Revil et
al., 2012 and Mellage et al., 2018 suggest thapttarization is largely controlled by
mechanisms acting at the cell surface. Finally aibsence of an observed relationship between
cell density, real conductivity(S m*) and relaxation time is a reasonable observatioeng

that the real conductivitys{ S m?) is influenced by fluid conductivity changes whigkre kept

constant in our experiments.

17



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

Alginate is a naturally occurring anionic polymgpically produced by several bacterial
species (e.gAzotobactemandPseudomongsas well as many brown algae (Lee and Mooney
2012). The chemical structure of alginate is defias a consortium of linear unbranched binary
copolymers of (1,4) -linked 3-D-mannuronic acid @ipao-L-gulutonic acid (G) residues;
varying in both composition and sequence, depenalintpe organism and tissue in which they
are produced (Smidsrad and Skjak-Braek 1990). ®heantration of G residues within alginate
are hypothesized as critical to gel stability; ggpating in intermolecular cross-linking with
divalent cations (e.g., &a Cuf*, Zn*") to form hydrogels (Lee and Mooney 2012). The SIP
response to alginate and alginate combined Ritbutidacells was initially investigated by
Ntarlagiannis and Ferguson (2009), their resuliicate an increase in both imaginatyS m™)
and real conductivitys{ S m™) as a result of increasing concentrations of alginThe authors
suggest the increase in real conductivity m™) was in response to the increase ii'Ca
concentration resulting from alginate crosslinkiagd the observed changes in imaginary
conductivity 6" S mi') were the result of alterations in interfacial pedies. In contrast, our
results from alginate measurements indicate a ldegesase in imaginary conductivity’[S m
1) -20% to -140%] and a 2 — fold decrease in normedlichargeability (S 1) as concentrations
of the polymer increased (0 pg i 600 pg mf). In contrast, real conductivity’(S m™)
increased by 7.0%. The observed differences betaeeresults and those of previous research
efforts could be due to the nature of media (sand)high concentration of alginate used in the
Ntarlagiannis and Ferguson study (2009). Additibynahe dialysis step used to decrease the
conductivity of our alginate mixture could haveuedd the concentration of €aons thereby

influencing imaginary/real conductivity’'(S m™) and Cole-Cole model response.
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In the presence of both the increasing concentratid alginate an®. aeruginosaells
we observed a steady increase in imaginary condtycts” S mit) and normalized chargeability
(S m%) across the entire frequency range (Fig. 3C ar)Jd B€gression analysis further suggests
a significant positive linear relationship (p =8,®ig 7C) between increasing concentrations of
alginate combined with bacterial cells, which isitadictory to the negative linear relationship
we observed in the alginate alone measurements @iginitially, we hypothesized that the
greater concentrations of alginate would encaps®aaeruginosaells in turn insulating the
interfacial properties of individual bacterial e#ind lowering imaginary conductivity”(S m™)
and normalized chargeability (Svalues. Alginate encapsulation of bacterial cedls been
widely utilized to increase the delivery and suatigf microbial cells in soil (Van Elsas et al.
1992) and gastrointestinal environments (Sultared. &000; Chandramoul et al. 2004). Our
results suggest the likely possibility of a diffierenechanism. We therefore postulate that
increases in imaginary conductivity’(S m*) and normalized chargeability (S%nwere due to
P. aeruginosaells incorporation into the alginate structurethis example, the greater
abundance of bacterial cells would lead to incré&@sess-linking within the alginate complex,
thus increasing imaginary conductivig®’ @ m*) and normalized chargeability (S%npotential.
However, at lower alginate concentratidhsaeruginosaells would be less likely to cross-link
alginate due to encapsulation thus reducing imagioanductivity ¢ S m*) and normalized

chargeability (S i) response.

Phenazines are classified as a large group ofgair@ontaining heterocyclic compounds
produced by multiple bacterial species (MavrodleR006; Pierson and Pierson 2010).
Numerous cellular functions are influenced by plzeames, including electron shuttles, modifying

redox states (Wang and Newman 2008), cell signategulating gene expression (Dietrich et al.
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419  2006), and modulating biofilm formation and arcbitee (Maddula et al. 2006; Ramos et al.
420  2010). In the phenazine only treatments, a largee@se in imaginary conductivity”(S m'Y)

421  values was observed (i.e. frequency 1.0 — 10 H#)@soncentrations of phenazine increased
422 (Fig. 4A). Additionally, a steady increase in notizmed chargeability [(S M) Fig. 6E)] was also
423  observed as concentration of phenazine increasedeifihancement of both imaginary

424  conductivity ¢” S m*) and normalized chargeability (S’nsignal may have been influenced by
425  the presence of nitrogen within phenazine ringcstme affecting the dipolar polarization of

426  permanent dipole moment. Abdel Aal and Atekwand 8&uggested that several byproducts
427  associated with the biodegradation of asphalteme $alphur, nitrogen, oxygen, nickel and

428 vanadium) may serve as a mechanism affecting imagitonductivity §” S m™) response.

429  Further evaluation of how charged molecules infage8IP signal and normalized chargeability
430 have yet to be completed. In addition, we obseméhde presence of both high concentrations of
431 phenazine (50-100 mM) arl aeruginosaells resulted in a 2-5 fold (50 mM and 100mM

432 respectively) increase in imaginary conductivigy $ m*) valueslififelation to the'5'mM

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

434  Conductivity ¢” S m’) Valliés when compared to the phenazine only trestsn(Fig. 4A and

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

436 normalized chargeability (S ) ifffelation o' the smiitreatment (Figl 6E.). Aspible

437  explanation suggests that increasing concentratibpeenazine modulate elevated secondary
438  metabolism (i.e. electron shuttles, modifying regtates and cell signaling) ih aeruginosa

439 cells, the products of which reduce fRélimaginamyauictivity ¢’ S m™) signal while increasing
440 normalized chargeability (S'H. Wang et al. (2010) reported that micromolar esriations of

441  phenazines can support anaerobic survivél.aferuginosay transferring electrons to an
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464

extracellular oxidant, the addition of 25 - 50 mMpbenazine potentially increased metabolic
rates ofP. aeruginosan turn producing byproducts that suppress imagicanductivity ¢” S

m™%) while increasing normalized chargeability (S)mOur regression results suggest a strong
correlation (p = 0.01) between concentrations @natzine and imaginary conductivity' & m

1) within both treatments (Fig 7D). No significaetationship was observed between phenazine
and real conductivitys{ S m*) for either treatment (Fig. 7E), suggesting lirdiaffect of
phenazine on fluid conductivity, although leavingassibility that if the incubation time of the
cell/phenazine mixtures were increased, changtgithchemistry could be detected as a result

of possible phenazine effect on cell metabolism.

Extracellular DNA (eDNA) is releaseda cellular transport mechanisms or cell lysis. In
the environment, eDNA can be utilized as C, N ars#rce for microorganism/plant growth
(Ceccherini et al. 2003), or incorporated into baat genomes (de Vries and Wackernagel,
2005). eDNA can also play a significant role inteaial biofilm formation as a matrix
component. Whitchurch et al. (2002) observed tBaA is required for the initial establishment
of P. aeruginosaiofilms. The net charge of eDNA is significanthfluenced by pH of the
physical environment: eDNA maintains a net negativarge at pH above 5 (isoelectric point),
at pH less than 5, the phosphate moieties of DN#dilme protonated, resulting in a net positive
charge (Greaves and Wilson, 1969). Our resuliaidia reduction in both imaginary
conductivity ¢” s m*) @nd normalizedeRargeability (S yBliggesting areduction’in'the
capacity of DNA to hold a charge. This trend becanoee pronounced as concentrations of
DNA increased (Fig. 5A-B and 6G). These observatianme further supported by the regression
analysis indicating a significant negative linealationship between imaginary (p = 0.10) and

real (p= 0.03) conductivity (Fig. 7F). We hypotizesthat the physical conditions of the tested
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DNA suspensions: ~ 7.0 pH and the condition thabnatare not absorbed to DNA but are
localized in a dense cloud (Morfin et al. 2004)rieted the SIP polarization potential. A similar

suppression but to a lesser degree of both plasegds) and imaginary conductivity’(S m™)
response was observed when DNA was mixed Ritheruginosaells (Fig. S8B and Fig.5C)
and supported by regression analysis (Fig 7G) hewevmodest increase in normalized
chargeability (S M) was also observed in this treatment (Fig. 6G).osteclude that this is the

result of the net negative charge of DNA coupleth\he charge potential &. aeruginosaell

conductivity ¢” S m") When compared o the DNA'GhIY fréafimients. Theeotel negative

phase ¢ mrads) and imaginary conductivity’(S m™) results are in line with the research
efforts evaluating SIP potential aiming to detagfamic solvent contamination (Brown et al.
2004; Ustra et al. 2012; Personna et al. 2013 &tinnection is reasonable as DNA is a
negatively charged organic compound similar in ppéion potential to the majority of organic
solvents analyzed (e.g. ethanol, toluene, tricldtirglene). Finally, the presence of eDNA could
aid in detecting biofilm collapse as cell lysis Webtesult in large concentrations of DNA

release.
5. Conclusions

We have performed spectral induced polarizatioRY&leasurements and Cole-Cole modeling
using a non-mucoid biofilm forming strain Bf aeruginosain order to determine which biofilm
components (cells, metabolites, alginate, DNA)rasponsible for the detectable SIP responses.
The measurements were done with colloidal suspesgibcells and cells mixed with the

different biofilm components. The following concloiss have been reached:
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(1) The imaginary conductivity{ S m™), phase ¢ mrads), and normalized chargeability ($)m
are highly dependent on cell number, with their Btnngles increasing with increasing cell

density.

(2) The imaginary conductivity;{ S m™), phase ¢ mrads), and normalized chargeability ($)m
varied inversely with alginate concentration. Hoeethe addition of cells mixed with the

alginate reversed this trend.

(3) The imaginary conductivity;{ S m™), phase ¢ mrads), and normalized chargeability ($)m
increases with greater concentrations of phenaainggtabolite. This trend was further enhanced

with the addition of cells.

(4) The imaginary conductivity{ S m™), phase ¢ mrads), and normalized chargeability (3)m
varied inversely with DNA concentration. The adalitiof cells mixed with the DNA modestly

reversed this trend.

(5) The real conductivitys{ S m*) and relaxation time was relatively insensitivette different

biofilm components.

We conclude that cell density and metabolite cotraéons are the main factors responsible for
the polarization response h aeruginos@AO1 biofilms. Nonetheless, under our experimental
conditions, these responses are very small andbtacoount for the large magnitude responses
proposed by other researchers. Instead, we hypbpehtbsit the production of bacterial metabolic
byproducts and biofilm trapping of conductive matisr(i.e. cations) and metals might
potentially explain the large SIP responses obskipyeother researchefsuture research will

assess the SIP response to biofilm trapping of wcinde materials.
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Table: 1

Experimental Treatment

Cells’ Alginate " Phenaziné DNA™
1.5 x 10° CFU ml* 50 ug mt* 5.0 mM 0.2 ug mt"
Concentration 2.85 x 10° CFU mI* 150 pg mit 25 mM 1.0 pg mtt
420 x 1 CFUmI* 300 pg mt 50 mM 5.0 ug mtt
5.55 x 10° CFUmI* 600 pg mit* 100 mM 25 pug mt*

+ Frequency Range Hz: 0.1 — 1000
* Cell treatments: 4.20 x 2@CFU mi*
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762 Table: 2

Potential SIP Response

Biofilm % of Imaginary Real
Component  Matrix Functional Relevance conductivity conductivity
Water > 97% Low Low
Microbial Cells  3-5% colony formation *Low-Moderate *Low
maintenance
Polysaccharides 1-2 % adhesion, structure **High **Low
Proteins 1-2%  structure, enzymatic function Unknown  Unknown
DNA and RNA  1-2% gene replication, expression Unkno Unknown
Metabolites <1.0% antibiotic, pigments, Unknown Unknown
signaling,

763

764  Imaginary conductivityd” S mi') : Low < 1.0 x 1d'S mi*. Moderate > 1.0 x 1S mi’,

765 High>1.0x1dS m*

766  Real conductivityd S m*): Low 1.0 x 10°S mi*, Moderate > 1.0 x I8S m®, High > 1.0 x 18
767  Sm'

768  *Abdel Aal et al. 2004, Davis et al. 2006, Revilat2012, and Zhang et al. 2014

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

Figure 1: Schematic of column setup and instruntemaised in Spectral Induced Polarization
(SIP) measurements. The SIP measurements wer@ethiasing a dynamic signal analyzer
(DSA) (National Instruments (NI) — 4461) and ADg2@amplifier to boost the input impedance
on the voltage channel and prevented current leaidg the circuitry (the system sensitivity is

less than 0.1 mradat frequencies below 100 Hz).

Figure 2: % change of spectral induced polarizanoaginary 6”’) and real conductivity€’ S

m?) response to increasesfnaeruginosaellsas a function of complete frequency range (A).

Figure 3: % change of spectral induced polarizaiimaginary ¢”’) and real conductivity S
m*) response to alginate {B) and alginate combined wifh aeruginosaells (C-D) as a

function of the complete frequency range (0.01-18aD

Figure 4: % change of spectral induced polarizatiomginary 6” S m™)) and real conductivity
(¢ S mY) response to phenazine concentrations (A-B) aetiatine combined with.

aeruginosecells (C-D) as a function of frequency range (61000 Hz).

Figure 5: % change of spectral induced polarizatiomginary 6”S m™)) and real conductivity
(" S mY) response to increasing concentrations of DNA (48d DNA combined witt®.

aeruginosacells (C-D) as a function of frequency range (61000 Hz)

Figure 6: Cole-Cole model parameters including radized chargeability (S 1) for optical

density (A), alginate alone and combined Wathaeruginosaells (C), increasing phenazine
concentrations and phenazine combined Witaeruginosaells (E), increasing concentrations

of DNA and DNA combined withP. aeruginosaells (G). Relaxation time t (mSec) assessed for
optical density (B), alginate alone and combinethWwi aeruginosaells (D), increasing
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phenazine concentrations and phenazine combinédPwaeruginosaells (F), increasing

concentrations of DNA and DNA combined wkh aeruginosaells (H).

Figure 7: Regression analysis of imaginar) @nd real conductivity4 S m™) at 10.0 Hz on
(A) cell density, (B) alginate, (C) alginate comdéihwithP. aeruginosaells, (D) Phenazine, (E)
Phenazine combined with aeruginosaells, (F) DNA, and DNA combined with. aeruginosa

cells. Significance accepted at p < 0.10 and Sicamt trend reported and p < 0.15.
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827 Figure?2: SIPresponsetoincreasesin cell density
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Figure: 3 SIP responsesto shiftsin alginate concentrations
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Figure: 6 Cole-Cole Analysis
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Figure: 7 Regression Analysis
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