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A B S T R A C T   

In situ monitoring techniques can provide new insight into bacterial transport after inoculating exogenous 
bacteria into contaminated soils for bioremediation. A real-time and non-destructive optical sensor (the optrode) 
was employed to monitor in situ transport of two fluorescently labelled bacteria – Green Fluorescent Protein 
(Gfp)-labelled, hydrophilic Pseudomonas putida and Tomato Fluorescent Protein (td)-labelled, hydrophobic 
Rhodococcus erythropolis, in a saturated sand column with and without rhamnolipid surfactant. In situ mea
surements were made at three sampling ports in the column with the optrode in two sets of column experiments. 
In Experiment 1, liquid samples were extracted for ex situ analyses (plate counts and fluorescence), while in 
Experiment 2 no liquid samples were extracted. Extracting liquid samples for ex situ analyses in Experiment 1 
disturbed in situ measurements; in situ measured bacterial concentrations were lower, or a significant lag in 
breakthrough occurred relative to ex situ measurements. In Experiment 2, the optrode worked well in monitoring 
bacterial transport, which gave consistent transport parameters at each sampling port. Moreover, the optrode 
enabled the impact of bacterial hydrophobicity and rhamnolipid surfactant on bacterial transport to be observed. 
Specifically, hydrophilic P. putida was transported faster through the column than hydrophobic R. erythropolis; 
we infer from this result that fewer P. putida cells adsorb to sand particles than do R. erythropolis cells. The 
rhamnolipid surfactant enhanced the transport of both hydrophilic and hydrophobic bacteria. These two ob
servations are consistent with Lifshitz–van der Waals forces and acid-base interactions between bacteria and 
sand.   

1. Introduction 

In situ bioremediation has emerged as a potentially cost-effective and 
environmentally friendly treatment method when compared to ex situ 
bioremediation (Mohan et al., 2006). Inoculating contaminated soil 
with exogenous bacteria is a common approach to stimulate in situ 
bioremediation by expanding the population of bacteria able to degrade 
the contaminant. Understanding the transport behaviour of exogenous 
bacteria is a key aspect to determining the success of this environmental 
engineering application, because poor penetration of bacteria applied to 
soil will result in poor bioremediation performance (Li and Logan, 1999; 
Martin et al., 1996). 

The transport behaviour of bacteria within soil is a well-developed 
area of study (Bai et al., 1997; Brown and Jaffé, 2001; Guo et al., 
2021; He et al., 2019). The conventional monitoring method for bacte
rial transport is ex situ measurement where liquid samples are collected 
from the effluent or a sampling port (Guo et al., 2021; Unc and Goss, 
2003; Zhong et al., 2016) and are then analysed by various methods, e.g. 
total viable counts on agar plates, fluorescence-based microscopy, and 
flow cytometry (Banning et al., 2002; Maraha et al., 2004). As a result, 
ex situ measurement methods are constrained by factors such as diffi
culties in monitoring the bacteria attached to soil particles, limited 
sample size, and the time-consuming process of sampling and analysis 
(Barbee and Brown, 1986; Di Bonito et al., 2018). The development of in 
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situ methods for monitoring bacterial concentration, that are 
non-destructive, near real-time and cost-effective, has therefore received 
increasing research focus to allow researchers to monitor the penetra
tion of bacteria into a soil column (Beutel and Henkel, 2011; Dorn et al., 
2005; Yolcubal et al., 2000). The use of biosensors that use electrical, 
thermal or optical signals to detect specific biochemical reactions 
mediated by isolated enzymes, tissues, organelles or whole cells 
(McNaught and Wilkinson, 1997), has become well accepted in a 
number of applications for in situ analyses. For example, optical 
whole-cell biosensors were successful in monitoring the impact of salt 
stress on the genetic regulation of the quorum sensing networks (Zhang 
et al., 2018). In a stainless-steel measurement cell that simultaneously 
received a waste stream solution and maintenance medium, the overall 
bioluminescent response of an immobilised biosensor (a Pseudomonas 
fluorescens carrying a nahG:luxCDABE gene fusion) was found to be 
proportional to the naphthalene profile (Heitzer et al., 1994). A nah-lux 
reporter constructed in Pseudomonas putida RB1353 went a step further, 
as this bacterium can metabolise naphthalene and salicylate. In a col
umn study, the in situ increase in the luminescence response of Pseudo
monas putida RB1353 was measured using a fibre optic system, and was 
correlated with the decrease in salicylate and dissolved oxygen con
centrations during biodegradation of salicylate (Yolcubal et al., 2000). 
Later, the fibre optic system successfully captured the growth of the 
P. putida RB1353 biosensor during naphthalene catabolism (Dorn et al., 
2005). A fibre-optic spectroscopic probe (optrode) has previously been 
used to rapidly identify and quantify green and red fluorescently 
labelled Pseudomonas. putida NZRM 852, Escherichia coli 536, Escherichia 
coli MG165 in a liquid suspension and sand (Hewitt et al., 2012). Optical 
biosensors offer the possibility of in situ analysis because they enable 
real-time quantification, require no laboratory analysis of liquid samples 
and allow for non-destructive signal detection, particularly in tradi
tionally light-impenetrable environments (Beutel and Henkel, 2011; 
Hewitt et al., 2012). As shown by the studies we mentioned above, 
although much attention has been given to the bacterial transport in 
substrate environments and optical biosensors have been used to study 
specific processes involved in bioremediation, almost no information is 
available in the literature regarding in situ monitoring bacterial trans
port for the purpose of bioremediation. Moreover since bacterial trans
port monitoring has been mainly based on liquid samples extracted from 
the system (Unc and Goss, 2003; Zhong et al., 2016) without concurrent 
in situ measurements, the impact of ex situ measurements on bacterial 
transport has not been clarified. 

Hence, we investigate the hypothesis that bacterial cells in a column 
can be quantified by the optrode and that the optrode can be used to 
monitor bacterial transport in situ. We compare the behaviour of bac
terial transport between experiments where ex situ samples are or are not 
taken to highlight the benefit of using the optrode for in situ monitoring 
and the impact of ex situ measurements on the bacterial transport. The 
hydrophobicity of bacteria and soil are important factors that can affect 
the penetration of bacteria (Chen and Strevett, 2001; Zhong et al., 
2016), where hydrophobic bacteria have a stronger affinity to soil par
ticles than hydrophilic bacteria (Chen and Zhu, 2004; Huysman and 
Verstraete, 1993). The addition of surfactants was found to alter the 
surface hydrophobicity of bacteria and soil (Bai et al., 1997; Chen et al., 
2004; Zhong et al., 2016). Therefore, the second research objective is to 
use in situ monitoring by the optrode to investigate the effect of bacterial 
hydrophobicity on bacterial transport in the presence or absence of 
surfactant. Two representative fluorescently labelled bacteria, hydro
philic Pseudomonas putida KT2442 tagged with green fluorescent protein 
and hydrophobic Rhodococcus erythropolis tagged with Tomato fluores
cent protein were used in the study. These two bacterial strains were 
selected because (1) hydrophobic bacteria have a stronger affinity to soil 
particles than hydrophilic bacteria (Abu-Zreig et al., 2003; Chen and 
Zhu, 2005; Gross and Logan, 1995), (2) rhamnolipid surfactant can 
modify bacterial surface hydrophobicity (Feng et al., 2013), (3) they are 
commonly found in natural soil environments and (4) have pedigree for 

PAH degradation (Aitken et al., 1998; Dennis and Zylstra, 2004; Lang 
et al., 2016; Trzesicka-Mlynarz and Ward, 1995). In this study, the pa
rameters of bacterial transport, Lifshitz-van der Waals and acid-base 
interaction energy between bacteria and sand particles were studied to 
understand the behaviour of bacterial transport. 

2. Materials and methods 

2.1. Surfactant and bacterial strains 

Rhamnolipid (JBR 210, JENEIL ® Biosurfactant Co.), a water solu
tion with 25%, was used as biosurfactant in the model column system. 
Rhamnolipid is a rhamnose-containing glycolipid surfactant that is 
primarily produced by Pseudomonas aeruginosa and has low toxicity to 
bacteria (Zhang et al., 1997; Zhao et al., 2011) . A 1000 mg/L rham
nolipid solution was prepared, which is considerably larger than the 
critical micelle concentration (CMC) of rhamnolipid (40 mg/L) (Clifford 
et al., 2007; Zhang and Miller, 1994). The prepared rhamnolipid solu
tion was then adjusted to pH ~7 and an ionic strength of 0.01 M to 
simulate the typical soil environment. 

Two pure strains of bacteria were used: hydrophilic Gram negative 
P. putida ATCC 47054 (also known as KT2440) was obtained from the 
American Type Culture Collection (ATCC) via Cryosite (Australia) and a 
spontaneous rifampicin-resistant mutation was selected to recreate 
KT2442 for counter selection (de Lorenzo et al., 1993). The strain was 
labelled with Gfp using mini-Tn7 transposon system according to Lam
bertsen et al. (2004) to create P. putida KT2442-Gfp. Hydrophobic Gram 
positive R. erythropolis DSM 43066 was obtained from the New Zealand 
Reference Culture Collection, (ESR, Porirua, New Zealand) and trans
formed with pTEC27 plasmid DNA encoding the red fluorescent protein 
tdTomato (pTEC27 is a mycobacterial plasmid containing the red fluo
rescent protein tdTomato, resistant to hygromycin) (Takaki et al., 2013), 
using the electroporation protocol previously described by Goude, and 
Parish (2009) to create R. erythropolis (pTEC27). pTEC27 was a gift from 
Lalita Ramakrishnan (Addgene plasmid # 30182; http://n2t.net/addg
ene:30182; RRID:Addgene_30182). 

2.2. Bacterial culture conditions and preparation of column inocula 

For the column trials, a colony of P. putida KT2442-Gfp was grown 
overnight in a 100 mL sterile flask with 20 mL of fresh tryptic soy (TS) 
broth at 28 ◦C, and constant shaking at 200 rpm. To ensure enough 
bacteria were prepared for each column experiment, 10 aliquots of 
overnight culture (2 mL) were taken, and each used to inoculate 200 mL 
of fresh TS broth in 1000 mL flask. These flasks were incubated over
night at 28 ◦C. P. putida KT2442-Gfp was harvested by centrifugation 
(8000×g, 10 min). R. erythropolis (pTEC27) was grown on fresh TS agar 
plates containing 0.1% of 50 mg/mL hygromycin B and then incubated 
at 28 ◦C for 72 h until red colonies formed. Four plates of R. erythropolis 
(pTEC27) were harvested using a moistened cotton swab for each trial to 
prepare sufficient bacteria. The harvested cells were washed by sus
pending cells in saline and then centrifuging (8000×g, 10 min), this 
cycle was repeated three times to remove the soluble extracellular 
polymeric substance. The washed cells were resuspended in 0.01 M NaCl 
without or with rhamnolipid surfactant at 1000 mg/L (pH~7) for ex
periments. The bacterial concentration in column inocula and column 
eluates was determined using a PerkinElmer EnSpire 2300 multilabel 
plate reader -run with Wallace Envision Manager software. The fluo
rescence signal of P. putida KT2442-Gfp was detected using 485/5 nm 
excitation and 530/20 nm emission filters; and the fluorescence signal of 
R. erythropolis (pTEC27) was measured by 550/8 nm excitation and 580/ 
10 nm emission filters. Doubling dilutions of culture to 1/1024 dilution, 
covering 5.0 × 108–1.0 × 1011 CFU/mL, were prepared in triplicate with 
and without rhamnolipid surfactant addition. Fluorescence signal was 
measured from 0.2 mL of the diluted bacterial suspension using the plate 
reader immediately after dilution and then 10 μl of the suspension was 
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spread on nutrient agar plates. The CFU were counted the next day and it 
was assumed that a single bacterium grows into a single colony on the 
agar plate. For both P. putida KT2442-Gfp and R. erythropolis (pTEC27), a 
linear relationship was observed between fluorescence intensity and 
bacterial concentration (both without and with rhamnolipid addition), 
with R2 values greater than 0.9597. (Fig S1). 

2.3. The optrode detection system 

2.3.1. The optrode system 
The setup of the optrode (Fig. 1) has been described in previous 

studies (Guo et al., 2017; Hewitt et al., 2012). Measurement of Gfp and 
Tomato protein fluorescence used laser excitation of 473 nm (blue) and 
532 nm (green), respectively; and emission spectra with peaks at 535 
and 581 nm for P. putida KT2442-Gfp and R. erythropolis (pTEC27), 
respectively, were observed. The fluorescence signal emitted by rham
nolipid when excited at 473 nm is regarded as background and sub
tracted from the signals. The fluorescence intensity was calculated by 
integrating across an area around the peak in the emission spectra. The 
at-sample laser power was measured using a photodiode and adjusted to 
7 mW, after a laser stabilization period of 60 min. The fibre core, 
cladding and coating diameters were 200, 220, and 250 μm, respec
tively, and the fibre core has a numerical aperture of 0.22. The optrode 
probes were prepared by fitting a fibre through a 22 g flat-point needle 
(OD 0.72 mm) and filing it with epoxy to protect the fibre from damage 
when inserting the probe inside the column, as shown in Fig. S2. The 
optrode collected fluorescence intensity in liquid media from the 
collection volume of the fibre i.e., a cone with a base diameter of 200 
μm, an angle of 12◦ and a depth of 900 μm (Hewitt et al., 2012; Tai et al., 
2007). Spectra were collected from 400 to 790 nm using an Ocean Optics 
QE65000 spectrometer. The effect of external factors such as soil par
ticles and rhamnolipid surfactant can be minimized by using signal 
spectral regions where the background interference is minimal (Hewitt 
et al., 2012; Tai et al., 2007). 

2.3.2. Data collection and analysis 
A customised computer data acquisition program was developed 

using LabVIEW (National Instruments Co) to collect and analyze the 
optrode fluorescence intensity. Spectral data were collected using a 
stepped protocol over sequentially doubling integration times: 8, 16, 32, 
64, 128, 256, 512, 1024 and 2048 ms. The minimum integration time to 

achieve a signal-to-noise ratio of 10 was used in subsequent data ana
lyses. Background spectra for each sampling port were recorded before 
injecting the bacterial suspension into the column. The dark noise and 
background spectra, matched for integration time, were subtracted from 
each sample spectrum. The resulting spectrum was normalized to a laser 
power of 1 mW and an integration time of 1 ms. 

2.3.3. Calibration of the optrode fluorescence intensity to bacterial 
concentration 

As it is difficult to gain the direct calibration of the optrode fluo
rescence intensity and bacterial concentration in the sand column, two 
sets of batch experiments were conducted to obtain an indirect cali
bration. Doubling dilutions of a bacterial suspension (1.0 × 108–1.0 ×
1011 CFU/mL) were prepared in saline in the absence of sand. The first 
batch experiment consisted of recording optrode fluorescence intensity 
by dipping the fibre tip into 1.5 mL microtubes of the diluted bacterial 
suspension and the optrode intensity was plotted against the bacterial 
concentration (Fig S3). In the second batch experiment, the diluted 
bacterial suspension was mixed with sand in 1.5 mL microtube using the 
water to sand ratio (0.234) used inside the column; and the optrode 
fluorescence intensity of bacteria with sand was collected by submerg
ing the probe in the bacteria-sand system. The optrode intensity with 
sand was plotted against the optrode intensity obtained without sand 
(Fig S4). More details about the optrode signal calibration are 
provided in the supplementary information. All samples were pre
pared in triplicate, and in the absence and presence of rhamnolipid 
surfactant. Background spectra were collected from six bacteria-free 
samples: three samples without surfactant and another three samples 
with surfactant. Therefore, the calibration of the optrode fluorescence 
intensity to bacterial concentration in the presence of sand can be ob
tained indirectly through the calibration curves (Fig. S3 and S4). 

2.4. Column experiments 

A cylindrical stainless steel column (6.15 cm inner diameter (ID) ×
41 cm length (L)) was designed with three aqueous sampling ports, 
termed Port 1, Port 2 and Port 3 which are located at 3.0, 15.5 and 30.5 
cm from the inlet of the column, respectively (Fig. 1). The sampling port 
for the optrode probe is positioned opposite to the location of the liquid 
sampling ports (Fig. 1). For each experiment, the column was uniformly 
packed with 1852.4 g of sterilized sand with particle size ranging from 

Fig. 1. Schematic diagram of the optrode detection system to study bacterial transport in a column model.  
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0.0625 to 2 mm. The porosity (α) of the packed column was 0.234 as 
determined from the dry and wet weight of the column. The same sand 
was used in all column experiments, however, the column was washed 
with at least 10 L of deionized water until no bacteria or surfactant were 
detected in the effluent. Comparison of the background spectra collected 
before all column experiments confirmed the column was free of bac
teria after washing. 

The background fluorescence signal intensity inside of the column 
was collected by the optrode after the column had been pre-equilibrated 
with bacteria-free solutions. To maintain enough cell for in situ mea
surement, approximately 3.5 × 1010 CFU/mL of P. putida KT2442-Gfp 
and 8.0 × 109 CFU/mL of and R. erythropolis (pTEC27) were pumped 
into the column for 40 min at a flow rate of 0.432 cm/min, followed by 
eluting with 700 mL of bacteria-free solution at the same flow rate. The 
reservoir bacterial suspension was mixed using a magnetic stirrer during 
each experiment to maintain bacteria in suspension. Two sets of column 
experiments were conducted to compare the performance of the optrode 
and ex situ measurements in monitoring bacterial transport in the col
umn. Both the optrode and ex situ measurements were carried out in the 
first set of column experiments (Experiment 1). In the second set of 
column experiments (Experiment 2), the optrode measurements were 
conducted without sampling for ex situ measurements. Results of the 
optrode presented data of at least 3 runs because the optrode is not able 
to collect data for all ports in the same run. Results of ex situ measure
ments were averaged data from two runs. The transport of bacteria was 
expressed as bacterial cell concentration (CFU/mL), which was calcu
lated from fluorescence vs CFU/mL calibration curves in Fig S1, against 
the pore volumes of eluent liquid agent that were passed through the 
column. These plots are known as breakthrough curves (BTCs). The pore 
volumes of eluent liquid agent that passed through the column at time t 
were calculated using: 

pore volume =
Q × t

π ×

(
d
2

)

2 × L × a
(1)  

where Q is pumping rate in mL/min, t is time (min), d is the diameter of 
the column (6.15 cm), α is the porosity of column and L is the length of 
the column (41 cm). 

2.5. The calculation of interaction energy 

Because the addition of the surfactant solution did not significantly 
affect the electrophoretic mobility of the bacteria (Zhong et al., 2016), 
this study only considered the Lifshitz-van der Waals and acid-base 
(LW-AB) interactions (ΔGbls) between bacteria and sand particles. The 
Lifshitz-van der Waals (ΔGLW

bls ) and acid-base energy (ΔGAB
bls ) can be 

calculated from the surface tension parameters (Absolom et al., 1983; 
Busscher et al., 1984; Sharma and Hanumantha Rao, 2002; Van Oss, 
1995). Then ΔGLW

bls , ΔGAB
bls and ΔGbls can be described as: 

ΔGLW
bls = − 2 ×

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γLW
b γLW

l

√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γLW
S γLW

l

√

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γLW
b γLW

S

√

− γLW
l

)

(2)  

ΔGAB
bls = 2 ×

( ̅̅̅̅̅

γ+1
√

̅̅̅̅̅
γ−b

√
+

̅̅̅̅̅γ−s
√

−
̅̅̅̅̅
γ−l

√
+

̅̅̅̅̅

γ+1
√ ̅̅̅̅̅

γ+b
√

+
̅̅̅̅̅
γ+s

√

−

̅̅̅̅̅

γ+l
√

−
̅̅̅̅̅̅̅̅̅̅
γ−b γ+s

√
+

̅̅̅̅̅̅̅̅̅̅

γ+b γ−s
√ ) (3)  

ΔGbls =ΔGLW
bls + ΔGAB

bls (4)  

where the subscript b denotes bacteria, l denotes liquid, and s denotes 
sand particles. 

The three unknown surface free energy components, γLW (LW apolar 
component), γ- (electron donor), γ+ (electron acceptor), in Equations (2) 
and (3) can be determined using the LW-AB approach and Yong’s 
equation (Absolom et al., 1983; Busscher et al., 1984; Sharma and 

Hanumantha Rao, 2002; Van Oss, 1995) based on the contact angle 
measurement of three diagnostic liquids with known surface tension 
components. The contact angle measurement for bacteria followed the 
same method as previously described by Busscher et al. (1984). Briefly, a 
homogenous bacterial lawn was prepared and the contact angle was 
measured using a digital goniometer after placing a drop of diagnostic 
liquid onto the bacteria lawn. Quartz was used because it is the major 
component of silica sand and offers a uniform surface for estimating the 
surface hydrophobicity of silica sand. Details of contact angle results are 
provided in Table S1. 

2.6. Data analysis 

The bacterial concentrations obtained by ex situ and in situ mea
surements were compared for equality of means by one-way analysis of 
variance (ANOVA) with a confidence level of 95% using the statistical 
program SPSS. To investigate the effect of the liquid sample removal, the 
proportion of bacteria and liquid withdrawn from the column for ex situ 
measurements was calculated according to the following parameters: 
the frequency and size of sampling, the number of cells in the liquid 
sample and the total amount of liquid and bacteria that had been 
pumped into the column. 

To understand the effect of the liquid sampling on the velocity of 
each sampling port, we assume that the liquid sample came from the top 
of the sampling port due to gravity which results in the reduction of the 
velocity at the port located at a higher position. The velocity at a specific 
port could be expressed as the sum of the pumping velocity and the 
accumulation of reduction in velocity due to sampling at the ports 
located at a lower position. Thus the velocity of a specific sampling port 
at time t could be calculated using Equation (5): 

qt = q0 +
(n − nt) × ​ qs × ts

t
(5)  

where q0 is the pumping flow rate (0.432 cm/min), qs is the velocity of 
the sampling (cm/min), ts is the time to take each liquid sample (0.167 
min). n is the sum of sampling times at the specific sampling port and at 
ports located at a higher position at time t (min), and nt is the sum of 
sampling times at all sampling ports at time t (min). 

Thus, velocity caused by sampling (qs) depends on the volume of 
each liquid sample, sampling time and the properties of the column, 
which could be expressed as Equation (6): 

qS =
VS

π ×

(
d
2

)2

× a × ts

(6)  

where Vs is the volume of each liquid sample, which is 0.2 mL, d is the 
inner diameter of the column (6.15 cm), and α is the porosity of column 
(0.234). 

The mathematical model used in this study considered bacterial 
transport in the column as the result of convection and diffusion of liquid 
through the silica sand due to the concentration gradient (Chen and Zhu, 
2004) as well as any liquid taken out. Bacteria were considered to be 
transporting through a uniform, one-dimensional, saturated porous 
media, and in a steady-state flow. Accordingly, the one-dimensional 
convention-dispersion equation (CDE) is reduced to (Van Genuchten 
and Alves, 1982): 

Rd
∂C
∂t

=D
∂2C
∂x2 − v

∂C
∂x

− μC + γ (7)  

where C is the bacterial concentration, Rd is retardation coefficient, D is 
the dispersion coefficient (includes both diffusion and hydrodynamic 
dispersion), t is the time, v (LT− 1) is the average velocity inside the 
column, x is the distance (L), and μ is the rate constant for the first-order 
decay (T− 1), γ is the production rate (T− 1), which is zero as the growth of 
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bacteria is not considered during column experiment. 
The equilibrium equation was solved using CXTFIT 2.0 in STudio of 

ANalytical MODels (a public domain Windows-based software package) 
(Parker and Van Genuchten, 1984; Toride et al., 1995) to obtain the 
parameters of bacterial transport (e.g. D, Rd, μ and R2). This approach 
has been used previously to successfully predict the adsorption and 
transport of Escherichia coli and Pseudomonas fluorescens (Chen and Zhu, 
2004). 

3. Results and discussion 

3.1. Comparison of ex situ and in situ measurements in experiment 1 

3.1.1. Comparison of BTCs 
BTCs produced by ex situ and in situ measurements in Experiment 1 

were compared, as shown in Figs. 2–5 (a and b). ANOVA tests suggest 
the bacterial concentrations observed by these two techniques were 
significantly different (P < 0.05). For P. putida KT2442-Gfp, a lower cell 
concentration was measured by the optrode in situ (Fig. 2b) than by plate 
reader using ex situ samples (Fig. 2a), particularly at Ports 2 and 3. The 
breakthrough point in the BTCs for P. putida KT2442 Gfp transport 
monitored by the optrode was delayed compared to those detected using 
ex situ samples at Port 2 and Port 3 (Fig. 2 a vs. b and Fig. 3a vs. b). A 
maximum delay of 0.5 pore volume in the BTCs of P. putida KT2442-Gfp 
in the presence of rhamnolipid surfactant (Fig. 3b) was observed using 
the optrode. The fitted transport parameters for the in situ and ex situ 
measurements at different sampling ports are presented in Table 1. No 
trend was found in the value of dispersion coefficients between the in situ 
and ex situ measurements. However, the values of the retardation co
efficient and first-order decay obtained by fitting BTCs collected by the 
optrode were greater than the values of ex situ measurements in all cases 
(Table 1). The in situ-ex situ trend observations for the transport of 
P. putida-Gfp in Figs. 2–3 (a vs b) were similar for the transport of 
R. erythropolis (pTEC27) (Figs. 4–5 (a vs b)). These results reveal that the 
optrode is capable of in situ detection of bacterial mobility but the BTCs 
measured are different from those measured using ex situ liquid samples 
and the plate reader when measurements are recorded simultaneously. 
To understand the difference between BTCs measured in situ by the 
optrode and ex situ measurements in Experiment 1, the next two sections 
discuss the homogeneity of column and sampling scale of these two 
techniques. 

3.1.2. The homogeneity of column 
One possible explanation for the difference between the in situ and ex 

situ measurement in Experiment 1 could be heterogeneity within the 
packed sand column. This possibility was tested by comparing data 
obtained at horizontal probe depths of 17 mm and 10 mm at the same 
vertical position within the column. No significant difference was 
observed between these two data sets (P ˃ 0.05); the correlation 

coefficient between the two datasets was 0.8631 (Fig. S5). These ob
servations indicate that the column was homogeneously packed and 
probe depth does not contribute to the difference between ex situ and in 
situ measurements observed in Experiment 1. 

3.1.3. The effect of sampling scale 
Sampling scale refers to the effect of sampling volumes when 

comparing different monitoring devices. Campbell et al. (1999) 
observed dissimilar transport behaviour when comparing results pro
duced by monitoring methods with different sampling scales. We hy
pothesized that the sampling scale might lead to different transport 
behaviour when monitored with in situ optrode and ex situ plate reader 
measurements in Experiment 1. The optrode collects the emission 
spectra in a tiny volume around the optical fibre (approximately 0.009 
mL3) (Hewitt et al., 2012; Tai et al., 2007), which can be regarded as a 
sampling point. Each ex situ measurement collects 0.2 mL of the liquid 
sample from the sampling port, which could represent the average 
concentration in a relatively large area above the sampling port. Ex situ 
measurements removed 2.7% of the total injected cell mass, and 6.0% of 
the total injected liquid from the column, respectively. No impact on the 
velocity was found at Port 1 (0.432 cm/min) when withdrawing ex situ 
samples (Fig. S6). Ex situ measurements slightly decreased the averaged 
velocity at Port 2 and Port 3 (0.423 and 0.420 cm/min, respectively). 
Therefore, the difference in BTCs obtained by the optrode and ex situ 
measurements in Experiment 1 may be the result of the disturbances in 
bacterial concentration and flow rate on pore scale, and slight prefer
ential flow through the column, which is only captured by the optrode 
when these two techniques are simultaneously applied in Experiment 1. 

3.2. Comparison of in situ measurements in experiment 1 and experiment 
2 

To eliminate the effect of ex situ measurements on the performance of 
the optrode, the optrode measurement was taken without withdrawing 
liquid samples from the column in Experiment 2, as shown in Figs. 2–5 
(c). BTCs collected by the optrode in Experiment 2 are significant 
different (P < 0.05) to those obtained in Experiment 1, as shown in 
Figs. 2–5 (b vs. c), The values of first-order decay (μ) obtained by the 
optrode in Experiment 1 were smaller than those obtained in Experiment 
2 (Table 1), the same is true for the retardation coefficients. No 
consistent trend was found in the value of dispersion coefficients. These 
findings are consistent with the hypothesis that taking liquid samples 
affects the bacterial concentration inside the column, meaning that this 
technique is not adequate for accurate monitoring of bacterial transport 
in column. 

The optrode in Experiment 2 occasionally obtained fluctuating 
concentrations in the BTCs (e.g. bacterial concentrations were collected 
by the optrode between 0.2 and 0.5 pore volumes in Fig. 5c), which is 
likely caused by the shielding of the probe by sand particles. Meanwhile, 

Fig. 2. Comparison of the observed and fitted breakthrough curves of P. putida KT2442-Gfp in no surfactant obtained by ex situ measurements (a), the optrode in 
Experiment 1 (b) and the optrode in Experiment 2 (c). □, Δ and ⋄ shows the data obtained at Port 1, Port 2 and Port 3, respectively; lines are the fitted data. Cell 
concentration is normalized by a normalisation factor (1.0 × 1010 CFU/mL). 
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ANOVA test suggested that value of the dispersion and retardation co
efficients estimated using the optrode data show less variability and are 
more consistent among the three sampling ports (P > 0.05) (Table 1). 
These findings reveal that the optrode can efficiently perform in situ 
monitoring of bacterial transport in laboratory experiments to provide 
proof of concept evidence to design formulation for effective 
bioremediation. 

3.3. The effect of bacterial hydrophobicity and rhamnolipid surfactant on 
bacterial transport behaviour in experiment 2 

The effect of the hydrophobicity of bacteria and rhamnolipid 

addition on bacterial transport was compared using the results of 
experiment 2. Similar patterns were observed for all BTCs, as shown in 
Figs. 2–5(c). The maximum concentration of bacteria in BTCs decreased 
with increasing travel distance (Figs. 2–5 (c)). The CDE model per
formed reasonably well in describing the BTCs as the R2 values ranged 
from 0.757 to 0.982 (Table 1). The fitted parameters showed similar 
patterns where the highest value of first-order decay (μ) was always 
observed at Port 1, and values decreased with increasing travelling 
distance (Table 1). This finding is in agreement with a previous study 
(Gargiulo et al., 2008) showing that most bacterial cells were retained 
near the inlet and that the rate of deposition rapidly decreased with the 
increase in travelling distance. No significant difference was found in the 

Fig. 3. Comparison of the observed and fitted breakthrough curves of P. putida KT2442-Gfp in rhamnolipid surfactant obtained by ex situ measurements (a), the 
optrode in Experiment 1 (b) and the optrode in Experiment 2 (c). Symbols and lines are the same as the described in Fig. 2. Cell concentration is normalized by a 
normalisation factor (1.0 × 1010 CFU/mL). 

Table 1 
Comparison of dispersion coefficients (D),retardation coefficient (Rd), first-order decay (μ), and coefficient of determination (R2) in BTCs of P. putida KT2442-Gfp and 
R. erythropolis (pTEC27) that were monitored by ex situ measurements and the optrode.  

Bacteria stains Experiment condition D (cm2/min) Rd μ (/min) R2 

P. putida KT2442-Gfp No surfactant Ex situ measurement Port 1 0.12 ± 0.04 1.73 ± 0.06 0.030 ± 0.005 0.952 
Port 2 0.20 ± 0.04 1.30 ± 0.02 0.012 ± 0.001 0.964 
Port 3 0.14 ± 0.02 1.24 ± 0.01 0.008 ± 0.001 0.957 

Optrode with ex situ sampling Port 1 0.07 ± 0.01 1.76 ± 0.03 0.1000 ± 0.0030 0.986 
Port 2 0.10 ± 0.04 2.27 ± 0.04 0.0424 ± 0.0020 0.917 
Port 3 0.42 ± 0.06 1.68 ± 0.02 0.0088 ± 0.0006 0.928 

Optrode without ex situ sampling Port 1 0.20 ± 0.06 1.30 ± 0.06 0.0472 ± 0.0056 0.896 
Port 2 0.15 ± 0.04 1.26 ± 0.02 0.0338 ± 0.0011 0.757 
Port 3 0.12 ± 0.03 1.28 ± 0.01 0.0134 ± 0.0005 0.892 

Rhamnolipid Ex situ measurement Port 1 0.23 ± 0.05 1.90 ± 0.06 0.007 ± 0.004 0.960 
Port 2 0.29 ± 0.05 1.09 ± 0.02 0.003 ± 0.001 0.965 
Port 3 0.35 ± 0.06 1.19 ± 0.02 0.004 ± 0.001 0.911 

Optrode with ex situ sampling Port 1 0.48 ± 0.02 2.55 ± 0.23 0.0010 ± 0.0100 0.795 
Port 2 0.28 ± 0.05 1.87 ± 0.05 0.0122 ± 0.0019 0.886 
Port 3 0.50 ± 0.08 1.69 ± 0.03 0.0004 ± 0.0007 0.881 

Optrode without ex situ sampling Port 1 0.22 ± 0.04 1.20 ± 0.07 0.0411 ± 0.0057 0.915 
Port 2 0.26 ± 0.06 1.24 ± 0.06 0.0046 ± 0.0008 0.982 
Port 3 0.30 ± 0.07 1.22 ± 0.02 0.0076 ± 0.0007 0.911 

R. erythropolis-pTEC27 No surfactant Ex situ measurement Port 1 0.05 ± 0.02 1.08 ± 0.03 0.031 ± 0.004 0.961 
Port 2 0.20 ± 0.04 1.12 ± 0.02 0.019 ± 0.001 0.927 
Port 3 0.11 ± 0.01 1.11 ± 0.01 0.013 ± 0.001 0.984 

Optrode with ex situ sampling Port 1 0.17 ± 0.08 1.47 ± 0.13 0.1652 ± 0.0062 0.946 
Port 2 0.11 ± 0.05 1.38 ± 0.04 0.0500 ± 0.0015 0.903 
Port 3 0.03 ± 0.02 1.48 ± 0.02 0.0313 ± 0.0012 0.791 

Optrode without ex situ sampling Port 1 0.14 ± 0.05 1.35 ± 0.04 0.0700 ± 0.0044 0.836 
Port 2 0.16 ± 0.03 1.30 ± 0.02 0.0332 ± 0.0012 0.941 
Port 3 0.10 ± 0.02 1.25 ± 0.01 0.0200 ± 0.0003 0.896 

Rhamnolipid Ex situ measurement Port 1 0.25 ± 0.08 1.34 ± 0.06 0.010 ± 0.003 0.932 
Port 2 0.24 ± 0.02 1.18 ± 0.08 0.0001 ± 0.001 0.990 
Port 3 0.25 ± 0.03 1.14 ± 0.01 0.0001 ± 0.0003 0.940 

Optrode with ex situ sampling Port 1 0.17 ± 0.02 1.79 ± 0.05 0.1781 ± 0.0019 0.993 
Port 2 0.13 ± 0.03 1.31 ± 0.01 0.0525 ± 0.0004 0.993 
Port 3 0.25 ± 0.04 1.59 ± 0.02 0.0247 ± 0.0006 0.936 

Optrode without ex situ sampling Port 1 0.15 ± 0.07 1.30 ± 0.03 0.0380 ± 0.0028 0.894 
Port 2 0.15 ± 0.04 1.24 ± 0.01 0.0184 ± 0.0008 0.946 
Port 3 0.15 ± 0.02 1.20 ± 0.01 0.0089 ± 0.0003 0.921 

Estimated value ± standard deviation. 
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dispersion and retardation values between the different ports (Table 1), 
indicating that the column was homogeneously packed (Huang et al., 
2006), which is consistent with the observation in Section 3.1.2 . 

3.3.1. Bacterial transport with different hydrophobicity 
The fitted transport parameter of hydrophilic P. putida KT2442-Gfp 

and hydrophobic R. erythropolis (pTEC27) in the absence of surfactant 
solution was compared to assess the effect of bacterial hydrophobicity 
on their transport in the column. Without the addition of rhamnolipid 
surfactant, the value of μ for hydrophilic P. putida KT2442-Gfp decreased 
as the increase of travelling distance (Table 1). Larger respective values 
of μ were observed for hydrophobic R. erythropolis (pTEC27) as shown in 
Table 1, which is consistent with previous studies that more hydro
phobic bacteria have a stronger affinity to porous media during trans
port without surfactant solution (Chen et al., 2004; Chen and Zhu, 2005; 
Gargiulo et al., 2008). These observations indicate that hydrophilic 
P. putida KT2442-Gfp tends to transport faster through columns than 
hydrophobic R. erythropolis (pTEC27) does. 

3.3.2. The effect of rhamnolipid surfactant on bacterial transport 
Rhamnolipid surfactant was introduced to study the effect of sur

factants on bacterial transport. The trends observed for the BTCs were 
similar in the absence and presence of rhamnolipid surfactant for both 
hydrophilic P. putida KT2442-Gfp (Figs. 2c and 3c) and hydrophobic 
R. erythropolis (pTEC27) (Figs. 4c and 5c). However, the addition of 
surfactant resulted in a higher peak bacterial concentration in the BTCs 
for both bacteria, smaller μ values and greater D values for both bacteria 
(Table 1). Rhamnolipid surfactant did not influence Rd values (Table 1). 
When comparing the transport behaviour of hydrophobic and hydro
philic bacteria, BTCs of hydrophilic P. putida KT2442-Gfp showed a 
greater value of D and Rd than that of hydrophobic R. erythropolis 
(pTEC27). While a smaller value of μ was observed for hydrophilic 

P. putida KT2442-Gfp compared to hydrophobic R. erythropolis 
(pTEC27). These findings revealed that rhamnolipid surfactant 
enhanced the transport of both hydrophobic and hydrophilic bacteria 
which is consistent with the observations of earlier studies where 
rhamnolipid surfactant promoted the transport of bacteria (e.g. Lacto
bacillus casei, Streptococcus mitis and Pseudomonas aeruginosa ATCC 9027, 
ATCC 27853, and ATCC 15442) (Bai et al., 1997; Chen et al., 2004; 
Zhong et al., 2016). Rhamnolipid surfactant modifies the surface tension 
parameters of both bacteria and sand particles by changing the contact 
angle (Table S1). The Lifshitz-van der Waals and the acid-base energy 
(LW-AB) interactions which are based on the surface tension parameters 
of bacteria and sand particles were calculated (Fig. 6). Hydrophobic 
bacteria have an attractive LW-AB interaction (ΔGbls) (− 34.6 and − 5.9 
mJ/m2 in the absence and presence of rhamnolipid surfactant, respec
tively) with sand particles (Fig. 6). While a repulsive LW-AB interaction 
(ΔGbls) (10.2 and 32.6 mJ/m2 in the absence and presence of rhamno
lipid surfactant, respectively) was calculated between hydrophilic bac
teria and sand particles. The results for the LW-AB interaction energy 
support the observation that hydrophilic bacteria tend to transport more 
easily inside the column than hydrophobic bacteria. Rhamnolipid sur
factant increased the value of the LW-AB interaction energy between 
bacteria and sand particles thereby weakening the attraction between 
hydrophobic R. erythropolis (pTEC27) and sand particles while 
enhancing the repulsive interaction between hydrophilic P. putida 
KT2442-Gfp and sand particles. As a consequence, enhanced bacterial 
transport was obtained with the addition of rhamnolipid surfactant for 
both bacterial strains. These results further demonstrate that the optrode 
can monitor the impact of bacterial hydrophobicity (e.g. hydrophilic 
and hydrophobic) and rhamnolipid surfactant on bacterial transport. It 
is expected that the in situ monitoring of bacterial transport under 
different conditions in column would be helpful for optimizing param
eters of the engineering design of bioremediation applications. 

Fig. 4. Comparison of the observed and fitted breakthrough curves of R. erythropolis (pTEC27) in no surfactant obtained by ex situ measurements (a), the optrode in 
Experiment 1 (b) and the optrode in Experiment 2 (c). Symbols and lines are the same as the described in Fig. 2. Cell concentration is normalized by a normalisation 
factor (1.0 × 109 CFU/mL). 

Fig. 5. Comparison of the observed and fitted breakthrough curves of R. erythropolis (pTEC27) in rhamnolipid surfactant obtained by ex situ measurements (a), the 
optrode in Experiment 1 (b) and the optrode in Experiment (c). Symbols and lines are the same as the described in Fig. 2. Cell concentration is normalized by a 
normalisation factor (1.0 × 109 CFU/mL). 
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4. Conclusion 

The optrode provides a tool for in situ characterisation and moni
toring of bacterial transport in a substrate environment owing to its 
unique advantages of allowing real-time and non-invasive detection of 
fluorescent bacteria. For accurate in situ characterisation it is important 
to not remove samples for ex situ analysis during the experiment. Using 
the optrode the effect of bacterial hydrophobicity and rhamnolipid 
surfactant on bacteria transport in sand columns was observed. In future 
studies, we hope to further investigate the application of the optrode in 
more complex column environments, e.g. columns with small flow rate, 
and 2D or 3D columns, to gain more in depth information on the dis
tribution of exogenous bacteria after they are introduced for bioreme
diation purposes. The optrode also has great potential to become an 
alternative means to monitoring the transport of virus, fungi and pro
tozoa once they are fluorescently labelled. 
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