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Abstract
We present a real-time microfluidic permeability characterization device for quantifying effects of bacterial deposition on 
permeability of porous media. Here, we demonstrate a microfluidic approach that allows the effect of bacterial deposition 
on permeability alteration to be quantified via the measurement of pressure difference, coupled with direct visualization of 
bacterial distribution. Our experiments reveal three main findings. First, we observe the average percent of cell trapped to be 
44.8 ± 9.7%, independent of the average bacterial density at three levels of concentration between 2.05 × 107 and 2.85 × 108 
cells/ml. Second, the deposited bacterial cell count appears to follow an exponential reduction in permeability, where the 
reduction of permeability approaches a pseudo-steady state when a critical number of bacterial cell deposited is achieved. 
Last, the experiment discerned that bacterial cells tend to preferentially get deposited in regions with larger voids within the 
porous medium. A theoretical model is developed to determine the relationship between the spatial distribution of voids in 
the porous medium and the resultant bacterial cell density distribution. The approach described here shows good potential 
for better understanding the relationship between the spatial distribution of voids and deposited bacteria. More work can 
be done to further investigate these interactions, such as strategically designed voids to enhance the deposition of bacterial 
cells, or quantification of inflow bacterial density required to achieve a desired level of pseudo-steady state permeability 
reduction under various environmental conditions.
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1  Introduction

Soil permeability measures the ability of soil to allow fluid 
to pass through pores between soil grains (Arora 1987) 
and is a fundamental physical property in geotechnical 
engineering applications such as drainage management 
(Subba Rao and Wadhawan 1953) and land reclamation 
(Ivanov and Chu 2008). The process of bacterial clogging 
in porous media often leads to modifications to the soil per-
meability (Thullner 2010; Bloetscher et al. 2014; Lappan 
and Fogler 1996; Achal and Kawasaki 2016). Bio-clogging 
typically consist of two stages. The first stage involves the 

deposition of bacterial cells entrained in the fluid as it flows 
through the porous medium. Porosity of the medium and 
spatial distribution of deposited bacterial cells are dynami-
cally related as the localized distribution of bacterial cells 
tends to reduce local porosity, leading to a re-direction of 
subsequent bacterial cells to adjacent locations. In general, 
bacterial deposition is a function of hydrodynamics and the 
flow field within the porous medium microstructure, and 
biochemical effects pertaining to the porous medium and 
cell surface properties. The former category may involve 
average grain size and heterogeneity (Tufenkji 2007), as well 
as porosity, tortuosity and the presence of hydrodynamically 
disconnected regions (Torkzaban et al. 2008). On the other 
hand, biochemical effects may be dependent on the specific 
porous medium material, bacterial species and phenotype, 
composition of surface-adhesion macromolecules (Tufenkji 
2007), as well as hydrophobicity and ionic strength of the 
entraining fluid (Bai et al. 2016; Jacobs et al. 2007). Further-
more, appendages such as flagella and pili have commonly 
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been observed to assist in reversible binding between cells 
and surfaces (Knights et al. 2021), although such phenomena 
has not extensively been studied in the context of deposition 
in porous media.

The second stage of bio-clogging occurs at larger time-
scales, where the deposited cells proliferate and secrete 
extracellular polymeric substances to form biofilms. In the 
case of Bacillus subtilis utilized in the present study, specific 
polysaccharides in the secreted EPS are linked to enhanced 
adhesivity relating to biofilm formation (Harimawan and 
Ting 2016). However, it is unclear if such EPS substances 
play a significant role in the earlier stage of bacterial depo-
sition by mediating reversible binding between the cell and 
porous medium surfaces. As a whole, the resultant effect of 
the two stages of bio-clogging is the reduction of perme-
ability of the porous media.

The effects of biofilm formation on the structure altera-
tion of the porous media have been studied extensively thus 
far. However, relatively little attention has been given to the 
time period prior to biofilm formation, in which the clog-
ging of microorganisms may impose transient effects on the 
hydraulic properties of porous media. Interactions between 
microorganisms and their surrounding environment are com-
plex, being controlled by processes such as physical strain-
ing, as well as physical or biological properties such as the 
size and shape of the bacterial cells (Rinck-Pfeiffer et al. 
2000; Bitton et al. 1974; Lawrence and Hendry 1996; Kin-
nari et al. 2009). To address this issue, many conventional 
experimental methods employing Darcy column or per-
meameter setups (Bai et al. 2016; Jeong et al. 2018; Vande-
vivere and Baveye 1992; Wadsworth et al. 2019; Zhou et al. 
2009) have been implemented to measure the time-depend-
ent adsorption rate of the influent (such as the breakthrough 
curve) (Deng et al. 2013; Yang et al. 2021; Bai et al. 2016), 
biomass accumulation and reduction of permeability (Lap-
pan and Fogler 1996; Kim and Fogler 2000; Taylor and Jaffé 
1990; Jeong et al. 2018). All these studies give good insights 
on the relationship between the microorganism deposition 
and permeability of the porous media. However, the lack 
of direct visualization is unable to reveal the mechanism 
that affects the deposition of bacteria in the porous media. 
It remains unclear if bacteria are preferentially deposited 
within certain regions of a porous environment based on 
physical conditions such as local pore size.

The recent development of microfluidic technologies, 
particularly soil-on-chip devices, opens doors toward better 
visualization of bacterial transport in terms of the real-time 
spatial distribution of bacterial cells. Past studies adopting 
microfluidic setups using evenly or randomly distributed 
arrays of circular micropillars (Mann et al. 2012; Lockery 
et al. 2008; Coyte et al. 2017; Gaol et al. 2021; Creppy et al. 
2019; Lam et al. 2012), as well as tightly packed hydrogel 
(Bhattacharjee and Datta 2019) have revealed interactions 

amongst the flow, surrounding environment, and resultant 
behavioral response of bacterial cells (Creppy et al. 2019; 
Bhattacharjee and Datta 2019; Coyte et al. 2017; Yap et al. 
2006). Nevertheless, few works have been performed to 
quantify the effect of pore size and distribution on the depo-
sition of bacteria cells, and conversely how bacterial cell 
deposition reduces the permeability of the porous medium in 
turn. Furthermore, there are very limited reports that explore 
the use of experimental designs involving three-dimensional 
representation of porous media, in efforts to better mimic a 
typical soil structure.

In this work, we quantify the bacteria deposition in 
porous media in-situ and its effect of permeability altera-
tion through a microfluidic device integrated with pressure 
differential measurements. Our study focuses on the primary 
influence of hydrodynamics on bacterial deposition and does 
not explicitly consider effects due to surface properties of 
the porous medium and bacterial cells or other biochemical 
mechanisms such as reversible binding. We show, first, how 
the pore size and distribution of the porous medium affects 
the initial spatial distribution of bacteria in the pre-clog-
ging stage. Second, we investigate the mutualistic dynamics 
between spatial distribution of pores and deposition of bac-
terial cells and the resultant profile of reduction in perme-
ability of the porous medium. Our developed approach may 
serve to probe fundamental questions pertaining to spatial 
distribution of pores that facilitate bacteria deposition, esti-
mation of number of cells required to decrease a specific 
value of permeability and the correlation between spatial 
distribution of bacteria and structural configuration of the 
porous medium.

2 � Material and methods

2.1 � Design and fabrication

The schematic diagram of the permeability detection 
device is shown in Fig. 1a. The setup comprises of cas-
cading microfluidic devices, the T-junction and the main 
device with two in-parallel channels, fabricated with soft-
lithography method (Whitesides et al. 2001; Tran et al. 
2018; Marcos and Stocker 2006; Kong et al. 2020). The 
photoresist, SU-8 3005 of thickness 20 μm is spin-coated 
onto a silicon master, the microfluidic devices are molded 
by pouring PDMS (Sylgard 184, Dow Chemical, Mid-
land, MI, USA) over the wafer and curing at 60 °C for 
2 h. Holes of diameter 1.5 mm (Harris Uni-Core puncher, 
USA) are punched through the PDMS, and the PDMS 
is then bonded to the microscope glass slide by plasma 
cleaning treatment. The main device comprises a main 
channel and a side channel in parallel Fig. 1b. The main 
channel of width 200 μm contains a square observation 
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chamber located at the midpoint between inlet and outlet 
branches, with dimensions of 300 × 300 μm. Porous media 
(collagen or microbeads) is injected and packed into the 
chamber via inlet #1. A set of 3 × 4 arrays of micropillars 
are deployed at each of two regions, respectively located 
up- and down-stream from the chamber. The diameter 
of each micropillar is 35 μm and the separation distance 
between adjacent micropillars is 15 μm. The side channel 
of length 2630 μm and width 50 μm is introduced between 
inlets #4 and #5 to prevent excessive pressure buildup in 
the device. The pressure difference, denoted as ∆p, is 
measured via two manometers (HD 755–0.5 psi, Extech 
Instruments, MA, USA) connected to inlets #4 and #5. 
The measurement is used to evaluate the permeability of 
the porous media (Supplementary).

2.2 � Bacteria culture and preparation

The bacteria used is Bacillus subtilis OI1085 (Ullah and 
Ordal 1981). B. subtilis is a rod-shaped bacterium of length 
5 μm, radius 1 μm and swimming speed 25 μm/s (Turner 
et al. 2016). B. subtilis is cultured by transferring the fro-
zen stock into culture tube with 5 ml of Nutrient Broth 
(BD234000). This culture tube is incubated at 37  °C, 
250 rpm for 24 h. The concentration of the stock bacteria 
culture is sampled to be in the order of 108 cells/ml. In this 
experiment, the infusion speed is kept constant while vary-
ing the bacterial concentration flowing into the device per 
unit time. Stock solution is centrifuged at 5000 rpm for 
5 min (Eppendorf, Centrifuge 5804R) and sedimented bac-
teria is resuspended into 5 ml of autoclaved DI water which 

Fig. 1   a Schematic diagram of cascading setup of microfluidic 
devices. Two syringe pump are connected to a T-junction and the 
outlet is connected to inlet #2 of the main device. Porous media are 
packed via inlet #1 to the square chamber. Microscope objective is 

focused at chamber to capture images of bacterial cells deposition. b 
Dimension of observation chamber and parallel side channel. c Image 
of microbeads in the observation chamber
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minimizes bacterial reproduction over the course of experi-
ment. The experiment is conducted at flowrate of 2 μl/min 
with three levels of bacterial concentration, 4 × , 2 × and 1 × , 
respectively.

2.3 � Experimental setup and operation

The device is operated in three steps. First, microbeads of 
diameter 14–20 μm (Cospheric PSMS-1.07) are infused into 
the observation chamber (Fig. 1c) via inlet #1, where they 
are packed in a random order and subsequently sealed. Next, 
DI water is infused for 90 min via syringe pump 1 into the 
T-junction which is connected to inlet #2 of the main cham-
ber. Pressure readings are recorded at 1-s intervals between 
readings from the manometers connected to inlets #4 and 
#5. This step calibrates the steady-state permeability of the 
porous media formed from the randomly packed micro-
beads. The flow is stopped to allow the device to rest for 
15 min. Last, bacteria suspension is infused for 90 min via 
syringe pump 2 and pressure readings are recorded at the 
same intervals as the previous step. Image sequences are 
captured by the microscope objective at 45-s intervals. In 
total, quintuplicate sets of experimental runs were conducted 
at a flowrate of 2 μl/min and varying three levels of bacterial 
concentration.

2.4 � Bacteria counting

Samples of flow media were captured from the inlet and 
outlet to estimate the concentration and trapping efficiency. 
First, for the three levels of concentration, bacterial suspen-
sion is diluted in DI water by 4 × , 2 × and 1 × , respectively. 
Next, 20 μl of each solution is transferred onto a micro-
scope glass slide and a glass cover slip is applied. The result-
ant height of the sandwiched liquid film is approximately 

17 μm. The microscope viewfinder is approximately circular 
with diameter 618 μm. The objective used is 20 × , Optovar 
1.6 × and depth of focus is approximately 28 μm (Meinhart 
et al. 2000; Marcos and Stocker 2006). Finally, the resultant 
images are used to count the bacterial cells and estimate the 
bacterial density and number of cells trapped by comparing 
inlet and outlet samples.

3 � Results and discussion

A total of 15 experimental runs were conducted based on 5 
replicates per dilution level of bacteria-containing solution 
(stock, 2 × and 4 ×). For each experimental run, the initial 
permeability of the bacteria-free porous medium configura-
tion was determined from the steady-state value of measured 
pressure during DI-water calibration. After a brief relaxation 
period of 15 min, the flow of bacterial-containing solution 
was applied for 90 min and the gradual increase in pressure 
difference was recorded at 1-s intervals. One replicate per 
dilution level was selected at random (runs i to iii) as a rep-
resentative for discussion throughout this chapter, whilst the 
other 12 experimental runs (runs iv to xv) are retained in the 
Supplementary text.

3.1 � Estimation of number of bacteria at inlet, outlet 
and the percentage of bacteria trapped

We first sought to quantify the average number of bacterial 
cells trapped in the porous medium across the 5 replicates 
per dilution level (Fig. 2a), as well as to calculate the average 
ratio of cells trapped versus introduced (Fig. 2b). In Fig. 2a, 
we plot the average number of bacteria collected at each of 
the three concentration levels – stock solution, two times 
dilution in DI water, and four times dilution in DI water, 

Fig. 2   a Average number of bacterial cells sampled in the inlet and outlet. b Average percentage of bacteria trapped in the porous media
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denoted by “stock”, “2 × ” and “4 × ” in the horizontal labels, 
respectively. The grey (white) bar represents the concentra-
tion of bacteria at the inlet #2 (outlet #3), denoted by nin 
(nout). The average sampling of stock solution (4 × diluted 
solution) has the highest (lowest) number of bacteria col-
lected, however, we note that the ratio between the number 
of bacteria in stock solution and 4 × diluted solution is not 
exactly 4 × . Such variations could arise from the initial size 
of the inoculum transferring from frozen stock to culture 
medium and also losses during the bacteria harvesting pro-
cess via centrifuge.

In Fig. 2b, we plot the percentage of bacteria trapped, 
expressed as TE = (1 – nout/nin) × 100%, at each of the three 
bacterial dilutions, represented using a typical box plot. We 
observe a difference in the average percentage of bacteria 
trapped among the three levels. Based on experiments con-
ducted, the average percentage of bacteria trapped at “stock”, 
“2 × ”, “4 × ” is 56.11%, 38.79% and 39.77%, respectively. 
The variation in the TE over 15 runs could be due to het-
erogeneity in the spatial distribution of voids occurred from 
randomly packed microbeads in the observation chamber. 
However, we note that total average of bacteria trapped is 
44.89 ± 9.72%. Based on this finding, we discern that higher 
bacterial concentration sample does not lead to a signifi-
cantly higher average percentage of bacteria trapped (left-
most and rightmost percentile plots in Fig. 2b).

3.2 � Bacteria deposition causes pressure increase

Through microscopic observation, we investigated the 
change in pressure difference across the porous medium 
when bacteria are deposited. First, we infused DI water 
to calibrate the permeability of the porous media, κDI, via 
measurement of upstream and downstream pressure differ-
ence, denoted by ∆pDI. A higher ∆pDI signifies that the fluid 
faces high resistance to flow through the porous media, con-
sequently resulting in lower κDI, and vice versa. Thereafter, 

we infused the flow containing bacterial cells to determine 
the effect of bacteria deposition on the reduction of perme-
ability of the porous medium, recording the measured pres-
sure difference, denoted by ∆pBact, as well as recording the 
spatial distribution of trapped bacterial cells.

The abovementioned steps were repeated for three lev-
els of bacterial density and tabulated in Fig. 3 alongside 
the corresponding bacterial distribution at 30-min inter-
vals in Fig. 4b-d. The black crosses in Fig. 3 represent the 
calibration pressure difference ∆pDI. First, we observe that 
the pressure gradually rises over approximately 2000 s, 
which is attributed to the high hydraulic resistance due to 
the small microchannel height of 20 μm. As Figs. 3 and 4 
depict the pressure trends for only three individual experi-
mental runs selected at random, the pressure rise due to the 
intrinsic hydraulic properties for the other twelve runs can 
be observed in the panels (a) of Figures S6-S9 as well. Sec-
ond, ∆pDI is observed to fluctuate slightly within a nomi-
nal average range across each run (see the cross marks in 
Fig. 3a and the panels (a) of Figures S6-S9), possibly due to 
environmental disturbances. Therefore, for all experimental 
runs, we assume that ∆pDI reaches the steady state when the 
fluctuation is within ± 5% of the nominal average value in 
each trial. Last, the average steady-state ∆pDI varies among 
runs (black crosses in Fig. 3 (i-iii)) which arises from hetero-
geneity in the porous media configuration due to the random 
arrangement and spatial distribution of microbeads (Fig. 4a 
(i-iii) and the corresponding spatial distribution analysis in 
first row of Fig. 6).

The change in pressure due to infusion of bacteria, ∆pBact, 
is positively correlated with the estimated number of depos-
ited bacteria in the observation chamber. The time-depend-
ent ∆pBact is represented by gray dots in Fig. 3. We observe 
a similar trend of gradual increase in ∆pBact in the first 2000s 
as reported for ∆pDI (black crosses and gray dots in Figs. 3 
and S6(a) to S9(a). While ∆pDI reaches steady state at about 
4000 s, ∆pBact continues to rise across the entire experiment 

Fig. 3   The pressure measurement of DI water, ∆pDI, and bacterial suspension, ∆pBact, represented by black crosses and gray dots, respectively, at 
(i). stock (ii). 2 × dilution (iii). 4 × dilution
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duration (gray dots in Figs. 3 and S6(a) to S9(a)). We plot 
the differential images to visualize the bacterial deposition 
at 30-min intervals in Fig. 4b–d (i-iii) to explain the differ-
ence in slope of gray dots in Fig. 3(i-iii). Each snapshot is 

converted to grayscale and the differences in the numeri-
cal pixel values between the snapshot at time t and 0 are 
plotted. Black pixels indicate no bacterial deposition while 
illuminated pixels indicate bacterial presence and the pixel 

Fig. 4   a Image of microbeads in the observation before commencement of experiment. b–d Differential image showing number of bacterial cells 
deposited in the observation chamber at time, t 
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intensity is representative of the number of deposited bac-
teria at a given location. We find that, first, the differential 
images get brighter over time (Fig. 4b, d), indicating the 
number of bacteria deposited increases over time, resulting 
in the increment of ∆pBact. Second, the differential image 
is brightest (dimmest) for Fig. 4d (i) (Fig. 4d (iii)) due to 
the three levels of inlet bacterial concentrations. Hence, we 
expect the first (third) run traps most (least) bacteria, which 
leads to the largest (smallest) slope in ∆pBact of the cor-
responding experimental data in Fig. 3(i) and (iii). Similar 
findings have also been obtained from the other experimen-
tal runs as shown in Figures S6(a) to S9(a).

3.3 � Effects of bacterial deposition 
on the permeability of the porous medium

Here we develop the relationship between the numbers of 
deposited bacteria with the pressure increase, hence the 
reduction of permeability of the porous medium. The total 
hydraulic resistance, Rtot, of the porous medium can be 
expressed as

where Q = 2 μL/min is infused into the device, ∆p is the dif-
ferential pressure measured at the outlets #4 and #5 shown 
in Fig. 1b.

Since our device setup involves a parallel configuration 
of main and side channels, we express the total resistance, 
Rtot, as

where Rm and Rs is the resistance of the main and side chan-
nel, respectively. The side channel resistance is calibrated 

(1)Rtot = Δp∕Q

(2)1
/

Rtot = 1
/

Rm + 1
/

Rs

in prior by blocking the main channel with PDMS and 
measuring the pressure drop across the side channel (Sup-
plementary Figure S2(a)). We find that Rs = (4.86 ± 0.49) × 
1013 Nm/s, which is assumed to be constant throughout this 
study (Tran et al. 2018). We further relate Rm to the fluidic 
viscosity μ, permeability, κ, and geometry of observation 
chamber using Darcy Law (Larson 1981),

where the observation chamber of length, L, = 0.3 mm and 
cross sectional area, A = 0.006 mm2. By substituting Eqs. (1) 
and (3) into Eq. (2), we therefore obtained the permeability 
of the porous media:

In our experiment, we use Eq. (4) to evaluate κ for DI 
water and bacterial runs, denoted by κDI and κBact, respec-
tively, and obtain the FINAL reduction of permeability of 
the porous media, ∆κ = κBact – κDI. In Fig. 5a, we plot ∆κ 
for 15 experiments as a function of the number of bacteria 
trapped in the observation chamber, n. Each set of crosses in 
Fig. 5 represents an experimental run. We find that, first, the 
number of deposited bacteria has a weak relationship with 
bacteria concentration introduced. The number of deposited 
bacterial cells ranges from 7 × 103 to 1.5 × 105 cells in the 
observation chamber packed with microbeads. The stock 
solution contains the highest bacteria concentration, and 
hence the number of deposited bacteria is expected to be 
the largest. At 2 × and 4 × dilution, we are not able to con-
clusively determine the relationship between the bacterial 
concentration and the resultant estimated number of depos-
ited bacteria. This could arise from significant variation of 

(3)Rm = �L∕(�A)

(4)� =
�L

A

(

Q

Δp
−

1

Rs

)

Fig. 5   a Reduction of permeability vs number of bacterial cells deposited. b Normalized reduction of permeability vs number of bacterial cells 
deposited
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the stock bacterial concentration before dilution, and the 
heterogeneous spatial distribution of voids amongst runs. 
(based on Fig. 2).

Second, we observe that the reduction of permeability 
of the porous media in Fig. 5 varies in a non-linear trend to 
the number of deposited bacteria that can be expressed as

where C and D are experimentally determined constant, 
-2.51 × 10–13 m2 and −5.40 × 10–5, respectively, in 15 runs. 
The R2 is 0.102. We noted that the outlier points deviating 
from the fitting curve (Fig. 5a) may suggest that there are 
some effects on reduction of permeability due to spatial dis-
tribution of microbeads, initial permeability, and its resultant 
spatial distribution of bacterial cells. We plot ∆κ normalized 
with κDI as a function of n in Fig. 5b and obtain the normal-
ized non-linear relation, which is expressed as

where the normalized coefficient C̃ and D -0.26 and 
-3.96 × 10–5, respectively. The R2 for the normalized plot is 
0.295. The normalized plot eliminates the effect of the initial 
permeability on ∆κ, and demonstrates that the number of 
deposited bacteria is the primary contributing factor in the 
reduction of permeability. More bacterial cells deposited, 
the less permeable the porous media is and vice versa. How-
ever, taking into further account the noticeable variation in 
∆κ/κDI, we hypothesize that the spatial distribution of the 
deposited bacteria has a secondary effect on ∆κ/κDI and this 
effect is analyzed in the following section.

We observed that the onset of significant reduction of 
permeability does not occur immediately as it requires an 
initial minimum number of bacterial cells to first be depos-
ited. This deposition leads to the increase in flow resistance 
through the porous media. However, when the number of 
bacterial cells reaches a critical number (specific to the char-
acteristics of the porous medium used in this experiment), 
the rate of the reduction of permeability decreases. Based 
on our experiment results and the curve fitting, the critical 
number of bacterial cells is approximately 5000. The first 
5000 bacterial cells deposited in the porous media signifi-
cantly reduce the permeability, after reaching this number 
of cells, the reduction of permeability approaches a pseudo-
steady state, where any further increase in the number of 
cells deposited results in minimal further reduction to the 
measured permeability.

3.4 � Correlation between the bacterial distribution 
and pore size

We mapped the spatial distributions of voids and bacteria, pij 
(Figs. 6 and S6(d-e) to S9(d-e)). We evaluated the average 

(5)Δ� = C
[

1 − e−Dn
]

(6)Δ𝜅∕𝜅DI = C̃
[

1 − e−Dn
]

light intensity, Iij, in the chamber and discovered that it is 
inversely correlated to the amount of microbeads accumu-
lated and positively correlated to the amount of space occu-
pied by void regions (Supplementary Figure S4). The micro-
beads in chamber are depicted in gray, with void regions 
being of a lighter shade while densely packed microbeads 
are darker, corresponding to Fig. 4a. We obtain the contour 
plots of the microbeads and bacterial spatial distribution in 
Figs. 6 and S6(d-e) to S9(d-e) to analyze the effect of void 
size on bacterial distribution. We find that void distribu-
tion is non-uniform in the observation chamber. The plots 
in Figs. 6 and S6(d-e) to S9(d-e) show that pij are larger at 
the edges of the chamber (see lighter colored region), indi-
cating that the gaps between microbeads and edge are large. 
The microbeads progressively build up near the entrance 
where they are introduced (inlet #1); however, regions with 
densely packed microbeads are random in location, shape 
and size. For example, Fig. 6(i) shows “lung” patterns, while 
Fig. 6(iii) exhibits a densely packed region in the bottom 
right corner. The findings from these contour plots are con-
sistent with the microscopic observations of the microbeads 
distributions in Fig. 4a (i-iii).

We also find that bacteria are likely to clog in the regions 
with loosely packed microbeads. From the bacterial distribu-
tion plots in Fig. 6, we observe that the spatial distribution 
patterns of bacteria are similar to those of the microbeads. It 
appears that the majority of bacterial cells settle at the edges, 
where the voids are large. A minority of bacteria in Fig. 6(i) 
are deposited at the lung-shaped region and few bacteria in 
Fig. 6(ii) and Fig. 6(iii) clog at the region where microbeads 
are densely packed.

This finding runs contrary to the more intuitive expecta-
tion that bacterial deposition is likely to occur preferentially 
at voids with narrow gaps due to physical confinement (Liu 
and Ford 2009), as our experimental results indicate instead 
that bacteria are more likely to be trapped in region with 
larger voids. One possibility is that bacterial accumulation 
in the wider void is related to the velocity distribution in the 
porous medium, with flow velocity being inversely related 
to the cross-sectional area available. This is supported by 
the findings of (Coyte et al. 2017) where flow is diverted to 
regions with lesser hydraulic resistance. The flow through a 
porous medium can be routed through either active or inac-
tive paths, where the former have lesser hydraulic resistance 
and the latter have higher resistance. The fact that flow pri-
marily passes through regions with lower resistance (larger 
voids), coupled with reduced flow velocity, suggests that 
enhanced bacterial deposition can be attributed to large 
quantities of cells that are experiencing favorable conditions 
for wall adhesion. Conversely, the evidence does not point 
to bacterial deposition occurring as a result of narrow voids 
becoming physically plugged by bacterial bodies. From this 
work, we thus raise the possibility that the mechanism of 
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bacteria deposition is more dependent on flow velocity, pore 
size and bacterial cell adhesion than on direct trapping due 
to constriction in narrow passageways.

Aside from preferential flow paths through the porous 
medium space, another possibility is that there may be a 
degree of inertial trapping effects occurring in the large 
void spaces. As the narrow ways through the gaps between 
closely packed microbeads open up into a void space, the 
microstructure here resembles a series of channels and cavi-
ties (Haddadi and Di Carlo 2017), suggesting the presence 
of vortices in the void space that increase the probability 
of free-swimming cells becoming trapped by the circulat-
ing flow as a precursor to wall attachment. In general, the 
bacterial cells experience a shear-gradient lift force and a 
wall effect lift force in opposing directions, the balance of 
which determines the cell’s position along the channel cross-
section (Hur et al. 2011). During the abrupt transition to the 
much larger void (cavity) space, the loss of wall effect lift 
force results in a net movement toward the center of the void 
space. However, more work is required to verify the pres-
ence of micro-vortices, the extent to which cells experience 
circulation or trajectory alteration within the large voids, 
and ascertain if enhanced cell deposition can be positively 
correlated to said experience.

We adopted the two-dimensional (2D) correlation 
analysis for the light intensity matrix pij to determine the 
correlation between the spatial distribution of voids and 
bacteria. (Supplementary Figure S4). The correlation coef-
ficient, R = 0, -1, + 1 represents none, perfectly negative, 
and perfectly positive correlation respectively between the 
light intensity matrices compared. We plot the 2D correla-
tion coefficient, R, for 15 runs, with an average R value of 
0.526 ± 0.22, and thus identify a mild positive correlation 
between the spatial distribution of voids and bacterial depo-
sition. (Supplementary Figure S5).

3.5 � Future work

The present work has focused on the macroscale property 
of permeability and how it is reduced, as a whole, by the 
deposition of organic matter in the form of bacterial cell 
bodies within the porous medium matrix. In this exploratory 
study, all parameters were kept constant except for the inher-
ent heterogeneity in the actual arrangement of microbeads 
within the porous medium chamber and the subsequent ran-
domness in bacterial distribution. With the promising results 
obtained thus far, it is a reasonable next step to extend the 
study by conducting a parametric analysis of the problem. 

Fig. 6   Contour plot mapping the distribution of experiment (i). stock (ii). 2 × dilution (iii). 4 × dilution. (For experimental runs (i) to (iii), cor-
responding to Figs. 3 and 4)
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From the perspective of porous medium configuration, it 
would be valuable to find out how bacterial deposition is 
affected by microbead size, which is a question of comparing 
length-scales (Dehkharghani et al. 2022), as well as to relate 
bacterial deposition and permeability reduction to other key 
measurements such as porosity and tortuosity.

One limitation of the porous medium based on micro-
beads is that it may not closely resemble a naturally occur-
ring porous medium sample such as real soil. Firstly, there 
is an issue of biocompatibility as the microbead material 
may not promote or sustain long-term bacterial growth and 
subsequent formation of biofilm as the subsequent phase of 
bio-clogging. Secondly, the spherical profile of microbeads 
generates a relatively simple porous medium microstructure 
with a well-defined minimum gap size, reasonably consistent 
packing density, and lack of dead-end passages. Conversely, 
a real soil sample consists of particles of widely varying 
sizes and shapes, often angular and close-fitting, and hence 
introducing much more heterogeneity in tortuosity and inter-
connectivity of paths through the porous medium, while 
introducing significant complexity in terms of characteriza-
tion and direct visualization. One possibility is to conduct 
subsequent studies using porous media based on transpar-
ent soil such as Nafion (Downie et al. 2012). Additionally, 
fluorescent tracer methods (Bhattacharjee and Datta 2019) 
can be employed for probing the path network of the trans-
parent porous medium, allowing quantification of tortuosity 
and mean path length for detailed characterization of each 
randomly packed configuration of transparent soil grains, as 
well as characterization of bacterial transport through the 
porous medium.

One may also consider next steps from the perspective of 
bio-engineering. From the knowledge that bacterial deposi-
tion can be quantified and actively controlled, the question 
of optimizing permeability reduction or enhancement arises. 
This could be achieved by varying the surface characteristics 
the particles making up the porous medium, such as hydro-
phobicity (Bai et al. 2016) or adhesive surface coatings, 
as well as by extending the scope to consider deposition 
of more species of bacteria and microorganisms (Tufenkji 
2007).

Lastly, it would be valuable to examine the early-stage 
dynamics of bacterial deposition to a deeper level of detail. 
For example, while the present study utilized dilutions to 
produce a range of deposited cell counts, it does not consider 
possible transient effects of the rate of bacterial deposition, 
or bacterial flux, on the internal flow field. It may be inter-
esting to examine the significance of elasticity of the com-
bined structure of porous medium and attached cells, where 
the cumulative effect of gradual blockage of the porous 
medium network may be different from that of abrupt and 
large-scale blocking events when a high bacterial density 
load is applied.

4 � Conclusion

In conclusion, we have developed a microfluidic device 
and experimental technique that is able to characterize 
the permeability of a porous medium sample. By inte-
grating the pressure differential measurement apparatus 
within the microfluidic channel configuration of the main 
experiment, our device allows simultaneous in-situ visu-
alization of bacteria deposition and permeability quantifi-
cation. First, from experimental results, we discerned that 
the average cell trapping efficiency of the porous medium 
is 44.89 ± 9.72%, and appears to be independent of bacte-
rial concentration within the tested range of 2.05 × 107 to 
2.85 × 108 cells/ml. Second, we observed that the number 
of bacterial cells deposited correlated to a linear reduction 
of permeability of the porous medium. Third, contrary to 
expectations, we observed that the majority of bacterial 
cells were preferentially deposited at regions correspond-
ing to larger voids rather than smaller ones. We raised the 
possibility that this could be attributed primarily to fluid 
dynamics, where regions with smaller voids presented 
higher flow resistance and thus actively diverted the main 
flow through channels of larger cross-sectional area, and 
additionally to inertial trapping effects. From mass con-
servation, we expect that there is significant reduction in 
flow velocity through such regions, which may potentially 
further contribute to the likelihood of cell deposition due 
to surface adhesion. These findings suggest that bacterial 
deposition may actively be directed to occur selectively 
by strategically designing void regions and controlling 
parameters such as the shape, size and distribution of voids 
within porous media.
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