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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Phosphate filters released fewer bacteria 
than groundwater filters. 

• Phosphate biofilms were thicker and 
rougher than groundwater biofilms. 

• Overall porosity did not differ between 
groundwater and phosphate biofilms. 

• Phosphate biofilms had fewer pores per 
volume of biofilm than groundwater 
biofilms. 

• Phosphate biofilms had shorter pore- 
connecting channels than groundwater 
biofilms.  
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A B S T R A C T   

Point-of-use (POU) filters certified to remove lead are often composed of activated carbon and have been shown 
to release high concentrations of bacteria, including opportunistic pathogens. In this study, we examine the 
impacts of the common corrosion inhibitor phosphate on biofilm characteristics and the relationship between 
biofilm structure and bacterial release from POU filters. This knowledge is essential for understanding how best 
to use the filters and where these filters fit in a system where other lead contamination prevention measures may 
be in place. We measured the bacterial release from activated carbon POU filters fed with groundwater - a 
common source of drinking water - with and without phosphate. We used optical coherence tomography (OCT) 
to quantitatively characterize biofilm growing on activated carbon filter material in which the biofilms were fed 
groundwater with and without phosphate. Phosphate filters released significantly less (57–87 %) bacteria than 
groundwater filters, and phosphate biofilms (median thickness: 82–331 μm) grew to be significantly thicker than 
groundwater biofilms (median thickness: 122–221 μm). The phosphate biofilm roughness ranged from 97 to 142 
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% of the groundwater biofilm roughness and was significantly greater in most weeks. Phosphate biofilms also 
had fewer pores per biofilm volume and shorter channels connecting those pores.   

1. Introduction 

As drinking water infrastructure continues to age and degrade, 
commercially available point-of-use (POU) filters, such as those made by 
Brita and PUR, have become increasingly popular as a temporary solu-
tion to address drinking water quality problems. Major concerns about 
lead and other drinking water contaminants have contributed to 77 % of 
Americans filtering their drinking water at home (Carollo, 2022). POU 
filters certified to remove lead are often composed of activated carbon 
and have been shown to increase bacteria in drinking water (Chaidez 
and Gerba, 2004; Clark et al., 2022; Nriagu et al., 2018; Tobin et al., 
1981; Wu et al., 2017). While not all bacteria are harmful, previous 
studies have shown that opportunistic pathogens can break through 
POU filters (Geldreich et al., 1985; Molloy et al., 2007; Wu et al., 2021). 
In places where lead is a concern, corrosion inhibitors such as ortho-
phosphates and polyphosphates are often applied to control the release 
of lead into drinking water (McNeill and Edwards, 2002). It is important 
to understand how the usage of POU filters will pair with other lead 
contamination prevention measures concerning microbiological drink-
ing water quality. 

Biofilms are collections of microorganisms that accumulate and grow 
on almost any surface (Flemming, 2011; Wingender and Flemming, 
2011) and are known to harbor and protect opportunistic pathogens 
(Cargill et al., 1992; Cooper and Hanlon, 2010; Falkinham, 2015; 
Wingender and Flemming, 2011). Previous studies have shown that 
increasing phosphorus concentrations can increase the growth of bac-
teria and biofilms (Chu et al., 2005; Fang et al., 2009; Hozalski et al., 
2005; Noh et al., 2020). Extracellular polymeric substances (EPS) are 
important for biofilm adhesion (Flemming and Wingender, 2010), and 
research has shown that adding phosphorus can decrease the production 
of EPS (Douterelo et al., 2020; Fang et al., 2009; Noh et al., 2020). This 
may have concerning implications for the combination of using POU 
filters (which can exacerbate bacteria concentrations in drinking water) 
and adding phosphate corrosion inhibitors (which may increase bacte-
rial growth and decrease bacterial adhesion to a filter). 

Numerous studies have examined biofilm growth on activated car-
bon as biological activated carbon can be intentionally used in 
centralized drinking water treatment systems to remove organics (Gibert 
et al., 2013; Korotta-Gamage and Sathasivan, 2017; LeChevallier et al., 
1992; Stringfellow et al., 1993; Urfer et al., 1997; Weber et al., 1978). 
Biological activated carbon has also been shown to release bacteria 
(Servais et al., 1994; Stringfellow et al., 1993; Zhang et al., 2015), 
especially when filtration velocity increases as high shear forces can 
slough bacteria off of a biofilm (Abe et al., 2012; Paul et al., 2012; Zhang 
et al., 2015). However, no research has yet examined the characteristics 
of biofilms growing on POU filters. Biofilm characteristics, such as 
biofilm thickness, roughness, and pore structure, can influence bacterial 
adhesion and detachment, biofilm growth, and nutrient transport within 
the biofilm (Ammar et al., 2015; Carrel et al., 2018; Huang et al., 2020; 
Huang et al., 2023; Nerenberg, 2016; Picioreanu et al., 2000; Shen et al., 
2015; Stewart, 2003; Wu et al., 2012). Understanding the factors gov-
erning bacterial release and biofilm growth on activated carbon is key to 
controlling bacterial release from these popular filters and protecting 
public health. 

To fill this gap in research and understand how phosphorus may 
affect biofilm characteristics and bacterial release from filters, we have 
characterized the surface structure and the spatial pore structure of 
biofilm grown on POU filters using optical coherence tomography (OCT) 
and compared these results to bacterial release from POU filters over 
time. Experiments were performed using groundwater – a common 
drinking water source – with and without phosphate, which has 

previously been shown to affect the structure of biofilm grown on 
polyvinyl chloride (PVC) (Huang et al., 2023). Our results show how 
phosphate affects biofilm characteristics of activated carbon biofilm and 
how these differences affect the release of bacteria from activated car-
bon POU filters. 

2. Material and methods 

2.1. Measuring bacteria release from water bottle filters 

We measured the concentrations of bacteria entering and exiting 
Brita water bottle filters (Brita Model BB10) composed of porous solid 
block activated carbon (Fig. S1a-b), much like those used in larger faucet 
filters by Brita and other POU filter companies. The total volume of the 
filter and water bottle cartridge was 750 mL as determined by a tracer 
test. The filter itself was a smaller cylinder (17.5 mm outer diameter, 8 
mm inner diameter, 80 mm long) and housed in a hollow plastic straw 
within the water bottle. The flow in the water bottle filters was radial 
from the outside of the activated carbon cylinder to the inside, where 
filtered water exited through the straw. Sixteen water bottle filters were 
assembled with controllable influent: eight replicates were fed with 
groundwater (groundwater filters), another eight with groundwater 
containing 2 mg/L as PO4 of phosphate (phosphate filters) to simulate 
the use of a phosphate corrosion inhibitor (McNeill and Edwards, 2002). 
The groundwater without disinfectant treatment came from a well 
beneath Newmark Civil Engineering Laboratory (Urbana, IL) after being 
passed through a greensand filter to remove iron precipitates. The 
groundwater’s pH ranged from 7.4 to 7.7, alkalinity was typically 
around 280 mg/L as CaCO3, and the water temperature ranged from 12 
to 15 ◦C, which is within the range of typical household cold water (Bors 
et al., 2017). Additional water chemistry parameters for this ground-
water, including total organic carbon averaging 1–2 mg/L as C, have 
been reported in previous studies (Clark et al., 2022; Shen et al., 2017). 
Sodium phosphate dibasic (Sigma-Aldrich) was mixed with ground-
water at a final concentration of 2 mg/L as PO4 for the phosphate filters. 

The water bottle filters were operated at room temperature 
(20–23 ◦C), which falls within typical household heating and cooling 
temperatures of 19–24 ◦C (Booten et al., 2017). A peristaltic pump was 
used to pump fresh groundwater, or groundwater with 2 mg/L as PO4 of 
phosphate, through the filters at a flow rate of 6.5 mL/s for 2 min 3–5 
times per week. The flow rate corresponded to a Reynolds number of 
1200 for water that flows over the inner surface of the activated carbon 
cylinder (Text S1). This value is within the range of Reynolds numbers 
calculated from filter flow rates observed in the field (Clark et al., 2022). 
At the beginning of each week, 100-mL samples of water entering and 
exiting each filter were collected before the two-minute filter flushing. 
The filter flushing acted to displace any stagnant water, introduce new 
nutrients and bacteria from the groundwater, and simulate infrequent 
but consistent filter usage with long stagnation periods that one might 
observe in an office drinking fountain or break room sink. 

Aliquots of 700 μL from the 100-mL samples were taken to measure 
the total cell counts (TCC) and intact cell counts (ICC) from each sample 
via flow cytometry (Sysmex Partec). TCC were measured by staining the 
samples with 1X SYBR Green (Invitrogen), and ICC were measured by 
staining samples with 1X SYBR Green and 30 μM propidium iodide 
(Invitrogen) (Berney et al., 2008; Hammes et al., 2008). Samples were 
incubated in the dark at 37 ◦C for 10 min between staining and mea-
surement (Van Nevel et al., 2013). Concentrations of bacteria were 
quantified using the flow cytometer’s volumetric counting and the 
FloMax (Sysmex) software’s electronic gating (Hammes et al., 2008). 
QA/QC calibration beads (Sysmex) were used to check the alignment of 
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the instrument’s lasers and the consistency of the instrument settings. 
Before sample measurements, the flow cytometer was cleaned with 10 % 
bleach, nanopure water, and Sysmex Cleaning Solution. Nanopure water 
was used as a negative control and also used to rinse the instrument in 
between samples. The limit of quantification was 20 cell counts/mL and 
the limit of detection was 5 cell counts/mL. 

Every two weeks, each of the remaining volumes of the 100-mL 
samples after flow cytometry processing were filtered through a 0.2- 
μm cellulose nitrate filter (mdi Membrane Technologies). We used a 
FastDNA SPIN Kit for Soil (MP Biomedicals) to extract DNA from the 
filter’s surface and performed qPCR on the DNA extract targeting the 
16S rRNA universal bacteria gene (Table S1, Text S2) to complement the 
flow cytometry results. Primers and standard sequences were taken from 
Shen et al., 2017. Every qPCR plate contained a standard curve made 
from triplicate serial dilutions of the 16S gene standard and triplicate 
negative controls. Triplicates of each sample were measured. Each re-
action well contained 15 μL of solution containing 2 μL of the sample, 
standard, or negative control; 4.3 μL of molecular grade water, 0.6 μL of 
10 μM forward primer, 0.6 μL of 10 μM reverse primer, and 7.5 μL of 2X 
PowerUp SYBR Green (Applied Biosystems). The limit of quantification 
was 5 gene copies (gc) per mL sample, and bacteria were not detected in 
any of the negative controls. The qPCR efficiency ranged from 92 % to 
97 % (R2 = 0.989–0.999). 

2.2. Growing biofilm in reactors to acquire biofilm characteristics 

In parallel with the water bottle setup, CDC biofilm reactors (Bio-
Surface Technologies) were used to grow biofilm on slices of the acti-
vated carbon water bottle filters. The biofilm reactors with sliced filter 
material were used so that the biofilm could be characterized at regular 
time intervals without sacrificing the entire filter and so that the filter 
apparatus would not have to be deconstructed - and therefore the bio-
film disturbed - in preparation for the characterization methods. Water 
bottle filters (identical to those used in the water bottle setup in Section 
2.1) were cut into 3–5 mm thick slices and glued to polycarbonate 
coupons that were inserted into polypropylene rods (Fig. S1c). The re-
actors were autoclaved, and then the activated carbon slices were sub-
merged in groundwater or groundwater containing 2 mg/L as PO4 of 
phosphate. Autoclaving the activated carbon filters may have opened 
more pores in the filter, as steam does during the activation of producing 
activated carbon. Although the polymers holding the activated carbon 
block together may have been heat sensitive, the filter did not break or 
change in any form detected by optical coherence tomography (OCT). 
Fresh groundwater with or without phosphate was pumped into the 
reactors from 10 L tanks that were replenished with fresh influent every 
2–3 days. The reactors contained a 45 mm agitator that was set to 40 
rpm, which corresponds to a Reynolds number of 1200 for water flowing 
over the surface of the activated carbon slices (Text S1). The matching 
Reynolds number in the biofilm reactors and the water bottle filters was 
used to standardize the approximate flow that would pass over the 
biofilm surface. These reactors were wrapped in aluminum foil to limit 
algal growth and photosensitive reactions and operated at room tem-
perature (20–23 ◦C). 

Optical coherence tomography (OCT) is a noninvasive imaging 
technique that has previously been used to characterize biofilm struc-
ture and development (Huang et al., 2020; Huang et al., 2023; Janjaroen 
et al., 2013; Nguyen et al., 2013; Nguyen et al., 2010; Shen et al., 2016; 
Shen et al., 2015; Xi et al., 2006). At various time intervals (2, 4, 5, 6, 7, 
8, 11, and 15 weeks), a slice of activated carbon was removed from each 
reactor fed with groundwater or groundwater with phosphate. Each 
week that slices were removed from the reactors, three sets of 100 cross- 
sectional images of the biofilm were taken using OCT (Fig. S2) for each 
biofilm type (groundwater biofilms or phosphate biofilms) at different 
locations to account for the heterogeneity of the biofilm. Using previ-
ously described methods (Huang et al., 2020; Huang et al., 2018), OCT 
images with scanning dimensions 3.13 mm × 4.18 mm × 4 mm were 

collected. 

2.3. Calculating biofilm thickness and roughness from OCT images 

A total of 3000 OCT images were analyzed in this study: 1500 from 
groundwater biofilms and 1500 from phosphate biofilms. The 100 cross- 
sectional OCT images of each biofilm were preprocessed in ImageJ 2.3 
(Fiji) using the following successive steps (Fig. S3): 

1) We removed specular artifacts caused by the light from the super-
luminescent diode reflecting off water droplets at the biofilm surface.  

2) Using the segmented line tool, we marked the interface between the 
activated carbon surface and the biofilm with pure black (R: 0, G: 0, 
B: 0) as shown in Fig. S2. Biofilm was differentiated from activated 
carbon by comparing images of samples with biofilm to control im-
ages of fresh activated carbon without biofilm.  

3) We used the thresholding function in ImageJ to produce a binary 
black-and-white image that distinguishes the surface of the biofilm 
(white) from the air (black) above. 

After each successive step, we exported each slice in the image stack 
to a single file. A MATLAB code (Derlon et al., 2012; Folmli, 2011) for 
analyzing OCT images of biofilm was translated into Python and upda-
ted to process our image stacks (Fig. S3). The updated Python code was 
verified by processing a subset of images with the MATLAB code and 
Python code. The difference between the results of the two codes 
averaged <10− 12 μm which is well below the resolution of the OCT 
imaging system. 

The new Python code read in all images produced in each of the three 
successive steps above. Although thresholding was done manually with 
ImageJ in the third step, an auto-thresholding function was an option in 
the code. The biofilm interface with the air was detected from the binary 
image. For each pixel column in the image, the biofilm thickness was 
calculated by subtracting the marked biofilm‑carbon interface from the 
biofilm-air interface. Finally, the average biofilm thickness (Eq. 1), 
roughness (Eq. 2), and relative roughness (Eq. 3) were calculated for 
each image slice using the following equations obtained from previous 
studies (Derlon et al., 2012; Janjaroen et al., 2013; Picioreanu et al., 
1998; Shen et al., 2018): 

Average biofilm thickness = z =
1
n
∑n

i=1
zi (1)  

Absolute biofilm roughness = Ra =
1
n
∑n

i=1
(|zi − z|) (2)  

Relative biofilm roughness = Ra
′ =

1
n

∑n

i=1

(
|zi − z|

z

)

(3)  

where n is the number of pixel columns (thickness measurements 
counts), zi is the biofilm thickness for the ith pixel column (μm), and z is 
the mean biofilm thickness (μm). 

The biofilm thickness produced by this code was the optical biofilm 
thickness. To calculate the physical biofilm thickness, we divided by the 
refractive index 1.3, which was previously determined for biofilms 
(Huang et al., 2020). Both the absolute and relative biofilm roughness 
were calculated from the profile of the biofilm’s surface and were 
therefore not affected by the refractive index. 

The Python code produced a set of images which were used to verify 
that the biofilm was correctly identified by the code. This included a set 
of images marking the location of the biofilm surface (biofilm-air 
interface), and a set of black-and-white images in which the biofilm was 
white and everything else was blacked out including the air above and to 
the sides of the biofilm, and the activated carbon marked below the 
biofilm. The blackout image set was used when constructing a three- 
dimensional biofilm model. 

G.G. Clark et al.                                                                                                                                                                                                                                



Science of the Total Environment 914 (2024) 169932

4

2.4. Reconstructing the biofilm 

Biofilm reconstruction was performed in Avizo (Thermo Fisher Sci-
entific) by adapting methods developed in previous studies (Carrel et al., 
2018; Huang et al., 2020) to fit our biofilm grown on activated carbon. A 
flow diagram of the biofilm reconstruction methods is shown in Fig. S3. 
First, we uploaded the raw OCT image stack and the blackout image 
stack from the Python code to Avizo. Using the thresholding function on 
the blackout images, we defined the biofilm volume (biomass and 
pores). We examined each slice in the image stack to correct for any 
image artifacts produced by the code, and this corrected image made up 
the biofilm volume. To reduce noise in the raw OCT image stack, we 
used the Avizo “despeckle” function. From this despeckled image, we 
defined the pore spaces using the Avizo “top-hat” function every ~20 
image slices in the 100-image stack. Pixels with an intensity of zero were 
considered to be pores. Some of the pixels with an intensity of zero 
include locations outside of the biofilm such as in the air or the activated 
carbon. Therefore, we removed these points from the pore space with 
the Avizo “mask” function using the defined biofilm volume. This yiel-
ded the biomass space and the pore space. The defined biomass space 
and pore space were then used to construct a three-dimensional model of 
the biofilm. The porosity of the biofilm was calculated from the volume 
of pore spaces divided by the volume of the biofilm. From the pore 
space, we analyzed the pore network further by modeling the spatial 
distribution of pores, represented by spheres, and channels connecting 
the pores, represented by cylinders. 

2.5. Statistical analyses 

The data were analyzed using R (version 4.0.4). Independent sam-
ples were compared with two-sample t-tests if they were normally 
distributed or the Wilcoxon rank-sum test if either sample was not 
normally distributed. Dependent samples were compared with paired- 
sample t-tests if they were normally distributed or Wilcoxon signed- 
rank tests if they were not. Shapiro-Wilk tests were used to determine 
the normality of the samples. A significance level of α = 0.05 was used 
for all statistical tests. 

3. Results and discussion 

3.1. Phosphate-fed filters released less bacteria than groundwater-only 
filters 

The cell counts entering both groundwater and phosphate filters in 
Week 0 were significantly higher than those exiting (p < 0.05), indi-
cating that new filters trap bacteria and thereby remove bacteria from 
the filtered effluent (Fig. 1). However, in subsequent weeks, effluent 
bacteria concentrations were significantly higher than influent bacteria 
concentrations for both the groundwater filters (2.6–6.6 times higher) 
and the phosphate filters (1.4–4.7 times higher) (p < 0.05). 

The means, standard deviations, medians, and ranges of the absolute 
bacteria concentrations released from the groundwater and phosphate 
filters are shown in Table 1. Absolute bacteria refer to the raw measured 
bacteria concentrations; normalized bacteria refer to the effluent bac-
teria divided by the influent bacteria and are shown in Table S2. All 
samples measured with flow cytometry exceeded the 20 counts/mL limit 
of quantification. In Weeks 4, 6, 8–11, 13–14, the absolute concentra-
tions of total bacteria released from groundwater filters were signifi-
cantly greater than those released from phosphate filters (p < 0.05) with 
phosphate filters releasing 57–87 % of the bacteria released by 
groundwater filters (Table 1). In Weeks 1–3, 5, 7, 12, and 15, there was 
not a significant difference between the total bacteria released from the 
groundwater or the phosphate filters (p > 0.05). When normalized by 
the concentration of bacteria entering the filters, the total bacteria 
released from groundwater filters was greater than that from phosphate 
filters in Weeks 2, 3, 7, and 12 as well (p < 0.05) (Table S2). However, 
after normalizing by the influent bacteria concentrations, bacteria 
released from groundwater filters was less than that from phosphate 
filters in Week 8 (p < 0.05) and not significantly different in Week 11 (p 
> 0.05). The trends of the intact bacteria were similar to those of the 
total bacteria when comparing bacteria released from groundwater and 
phosphate filters using both the absolute and normalized data (Table 1). 

The trends from the qPCR results generally support the findings 
observed in the flow cytometry data (Table 1) with bacteria released 
from groundwater filters being greater than that released from 

Fig. 1. Time series of average bacteria released (solid lines with square markers) from filters and the bacteria in the feedwater entering the filters (dashed lines with 
circle markers). Total cell counts are shown in red and blue for the groundwater and phosphate filters, respectively. Intact cell counts are shown in yellow and cyan 
for the groundwater and phosphate filters, respectively. “G” refers to the groundwater filters and “P” refers to the phosphate filters. Error bars show the standard 
deviation across 8 filters for each week. 
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phosphate filters in about half of the weeks sampled. All but two samples 
in Weeks 2 and 14 from the phosphate filter effluent exceeded the 5 gc/ 
mL limit of quantification. The absolute bacteria released from 
groundwater filters was higher than that from phosphate filters in Weeks 
8, 10, and 14 (p < 0.05); lower in Week 6 (p < 0.05); and not signifi-
cantly different in Weeks 2, 4, and 12 (p > 0.05). After normalizing by 
the concentration of bacteria entering the filters (Table S2), the con-
centrations of bacteria exiting groundwater filters were higher than 
those exiting phosphate filters in Weeks 2, 6, and 12 (p < 0.05); lower in 
Week 8 (p < 0.05); and not significantly different in Weeks 4 and 10 (p 
> 0.05). The concentrations of bacteria determined by qPCR were 
100–1000 fold lower than those determined by flow cytometry because 
the DNA extraction process resulted in consistent losses of DNA to 
remove qPCR inhibitors while the flow cytometry method measured 
bacteria cells directly. 

The rapid elevation of bacterial release with filter age is consistent 
with previous findings from both the field and laboratory (Clark et al., 
2022; Reasoner et al., 1987; Snyder et al., 1995; Su et al., 2009). 
Numerous studies have reported that phosphate can contribute to in-
creases in microbial growth (Chu et al., 2005; Hozalski et al., 2005; 

Miettinen et al., 1997); however, the influence of phosphate on micro-
bial activity can actually depend on the environment (Appenzeller et al., 
2001; Fang, 2010; Noh et al., 2020). In carbon-limited systems, phos-
phate addition can have limited impact on bacterial density and biofilm 
growth (Batté et al., 2003; Noh et al., 2020). The concentrations of 
carbon and phosphorus in this system were 1–2 mg/L as C and 0.6 mg/L 
as P (2 mg/L as PO4), respectively, resulting in a 100:60 to 100:30 
carbon to phosphorus ratio. Noh et al., 2020 found a carbon to phos-
phorus ratio of 100:20 to be an excess phosphorus condition. Although 
having excess phosphorus could have limited the magnitude by which 
phosphate increases bacterial growth and release from the filter, the 
lower release of bacteria from the phosphate filters is likely more 
attributable to the biofilm structure, which is discussed in Sections 3.2 
and 3.3. The results of this study show that filters increase bacteria 
concentrations after two weeks of usage, but the addition of a phosphate 
corrosion inhibitor would neither accelerate nor further increase the 
release of bacteria from POU filters. 

Table 1 
Absolute concentrations of bacteria in filter effluent. 

Week 
±  

med (min-
max) 

Absolute TCC Absolute ICC Absolute 16S 
groundwater 

(x105 cell 

counts/mL) 

phosphate  

(x105 cell 

counts/mL) 

groundwater 

(x105 cell 

counts/mL) 

phosphate  

(x105 cell 

counts/mL) 

groundwater 

(x102 gene 

copies/mL) 

phosphate  

(x102 gene 

copies/mL) 

0 
3.1 ± 0.1 4.1 ± 0.2 2.9 ± 0.3 3.5 ± 0.2 6.3 ± 6.9 2.0 ± 2.3 

3.1 (2.9-3.3) 4.1 (3.7-4.4) 2.7 (2.6-3.6) 3.5 (3.1-3.8) 3.8 (1.4-22.8) 1.0 (0.1-6.3) 

1 
3.8 ± 1.2 4.6 ± 1.2 3.5 ± 1.3 4.0 ± 1.0   

3.2 (2.8-6.5) 4.8 (2.9-6.8) 2.9 (2.5-6.4) 4.2 (2.4-5.7)   

2 
6.2 ± 3.4 4.5 ± 2.4 5.4 ± 3.0 3.8 ± 2.1 88.1 ± 111.3 86.5 ± 192.9 

6.0 (2.3-11.0) 3.5 (2.0-8.1) 5.2 (2.0-10.6) 3.0 (1.4-7.2) 36.9 (1.7-287.0) 22.4 (<LoQ-562.1) 

3 
11.7 ± 2.6 10.3 ± 3.3 11.3 ± 2.6 9.5 ± 2.8   

11.7 (8.3-15.9) 9.8 (6.3-17.2) 11.3 (7.7-15.2) 9.2 (5.7-15.2)   

4 
9.9 ± 1.9 7.1 ± 0.9 9.3 ± 1.8 6.5 ± 0.8 15.7 ± 26.7 11.9 ± 6.3 

9.8 (7.7-12.2) 7.2 (5.8-8.5) 9.4 (7.1-11.6) 6.4 (5.5-7.9) 7.8 (0.2-80.8) 13.4 (0.8-20.0) 

5 
12.6 ± 5.8 10.9 ± 3.6 13.3 ± 3.8 9.9 ± 2.6   

12.4 (1.0-20.0) 9.0 (7.8-16.8) 12.0 (10.0-19.2) 8.7 (7.4-14.2)   

6 
10.3 ± 1.6 6.0 ± 2.0 8.8 ± 2.0 5.5 ± 1.9 16.2 ± 17.5 699.5 ± 813.6 

9.3 (8.9-12.4) 5.3 (3.9-9.3) 8.7 (4.7-10.7) 4.8 (3.4-8.7) 6.7 (1.5-47.4) 224.3 (4.2-1785.6) 

7 
11.1 ± 2.4 10.7 ± 2.3 10.2 ± 2.6 10.1 ± 2.2   

10.4 (7.4-15.6) 10.7 (8.2-15.0) 9.6 (7.0-15.3) 9.9 (7.7-14.3)   

8 
11.4 ± 1.8 8.2 ± 1.4 10.8 ± 1.7 7.8 ± 1.4 39.4 ± 55.6 6.5 ± 7.9 

10.9 (9.6-15.4) 8.5 (5.9-10.1) 10.4 (8.9-14.7) 8.0 (5.4-9.9) 19.5 (0.3-171.3) 2.8 (0.5-20.7) 

9 
9.5 ± 1.3 7.3 ± 0.9 8.8 ± 1.2 6.8 ± 1.0   

9.7 (7.2-10.8) 7.0 (6.4-9.1) 9.0 (6.9-10.1) 6.5 (5.7-9.0)   

10 
11.4 ± 1.8 8.6 ± 0.8 10.5 ± 1.7 8.1 ± 0.7 6.8 ± 4.8 1.7 ± 1.1 

11.3 (9.2-14.4) 8.3 (7.6-10.2) 10.6 (8.3-13.6) 7.9 (7.2-9.5) 5.3 (1.1-14.7) 1.5 (0.6-3.9) 

11 
13.5 ± 3.3 10.0 ± 1.8 12.6 ± 3.4 9.1 ± 1.4   

12.3 (10.4-20.1) 9.8 (7.5-13.2) 11.5 (9.2-19.2) 8.9 (7.2-10.9)   

12 
9.8 ± 2.6 7.7 ± 1.2 8.0 ± 2.5 6.9 ± 1.2 10.8 ± 15.2 3.0 ± 4.1 

9.0 (6.2-14.8) 7.3 (6.5-10.0) 7.3 (4.6-12.8) 6.6 (5.8-9.4) 3.4 (0.3-39.4) 1.0 (0.3-11.1) 

13 
10.2 ± 2.1 7.9 ± 1.0 9.0 ± 1.8 7.1 ± 0.8   

10.1 (6.4-13.8) 7.9 (6.5-9.4) 8.8 (5.8-12.0) 6.8 (6.0-8.3)   

14 
9.7 ± 1.5 8.1 ± 1.1 8.3 ± 1.3 6.9 ± 0.9 3.5 ± 2.9 1.1 ± 1.1 

9.8 (6.5-11.5) 8.6 (6.1-9.0) 8.4 (5.8-9.9) 6.8 (5.4-8.0) 2.6 (0.5-9.5) 0.5 (<LoQ-2.9) 

15 
16.0 ± 2.9 14.2 ± 3.6 14.1 ± 3.0 11.8 ± 3.5   

15.8 (12.2-21.8) 13.4 (10.0-20.6) 14.0 (8.7-19.0) 10.0 (8.8-18.3)   

Rows are highlighted in red on weeks in which the concentration of bacteria was significantly greater in groundwater filter effluent and highlighted in 
blue on weeks in which phosphate filter effluent was significantly greater. Rows highlighted orange indicate there was no significant difference 
between the absolute groundwater and phosphate filter effluent bacteria concentrations that week. TCC and ICC stand for total cell counts and intact 
cell counts, respectively. 16S refers to bacteria measured by qPCR. Values are presented as mean ± standard deviation in the first row of each week 
and median (minimum-maximum) in the second row of each week. TCC and ICC are in units of 10,000 cell counts/mL and 16S qPCR data are in units 
of 100 cell counts/mL. <LoQ indicates qPCR samples were below the 5 gc/mL limit of quantification. 

G.G. Clark et al.                                                                                                                                                                                                                                



Science of the Total Environment 914 (2024) 169932

6

3.2. Phosphate biofilms were thicker and rougher than groundwater 
biofilms 

Within two weeks, biofilm had visibly and quantifiably grown on the 
activated carbon filter media (Fig. 2a, Fig. 3, Fig. S2) to a median 
thickness of 154 μm in groundwater biofilms and 82 μm in phosphate 
biofilms (Table S3). Although biofilms were imaged on the outside of the 
filter, it is reasonable to assume that the biofilm can grow on the inside 
and outside of the filter because bacteria have been shown to break 
through the filter (Wu et al., 2021). The median groundwater biofilm 
thickness ranged from 122 to 221 μm over 15 weeks and the median 
phosphate biofilm thickness ranged from 82 to 331 μm over the same 
period (Fig. 2a). In Week 2, the groundwater biofilms were significantly 
thicker than the phosphate biofilms (p < 0.05). Every week thereafter, 
the phosphate biofilms were significantly thicker than the groundwater 
biofilms (p < 0.05). The periodic rise and fall of the biofilm thickness 
and the bacterial release were likely due to a combination of natural 
variation and the filters cycling through stages of filters trapping bac-
teria and biofilm growth (periods of low bacterial release and thick 
biofilm) and filters releasing bacteria and biofilm detachment (periods 
of high bacterial release and thin biofilm). 

The absolute roughness of the phosphate biofilms was significantly 
greater than that of the groundwater biofilms in Weeks 2, 4, 5, 6, and 7 
(p < 0.05), not significantly different in Weeks 8 and 11 (p > 0.05), and 
significantly lower in Week 15 (p < 0.05, Fig. 2b). The mean and median 
absolute roughness of the phosphate biofilms were 97–142 % and 89 %– 
145 % that of the groundwater biofilms, respectively. The median ab-
solute roughness ranged from 65 to 79 μm in phosphate biofilms and 
from 54 to 73 μm in groundwater biofilms (Table S4). When normalizing 
by the average biofilm thickness to calculate the relative roughness, 
phosphate biofilms were still significantly rougher than groundwater 
biofilms in Weeks 2, 4, and 7 (p < 0.05, Fig. S4). 

Three-dimensional models of the biofilms (Fig. 3a-b) and the pore 
network (Fig. 3c-d) were developed from the OCT images to further 
characterize the biofilm. These models provided a visual representation 
of the biofilm structure and allowed us to quantify the pore structure of 
the biofilms. Porosity was calculated from the pore volume divided by 
the total biofilm volume. Biofilm porosity rose and fell over time 
(Fig. 2c) and ranged from 0.28 to 0.58 in groundwater biofilms (median 
0.45) and 0.23–0.58 in phosphate biofilms (median 0.49). There was no 
significant difference between the porosities of the groundwater and 
phosphate biofilms in any week (p > 0.05). Meanwhile, the total biofilm 
volume (made up of biomass and pores) of the phosphate biofilms was 
significantly greater than that of the groundwater biofilms in every week 
except Week 2 (p < 0.05, Fig. 2d, Fig. 3). 

Our finding that biofilm thickness and biofilm volume increased with 
the addition of phosphate aligns with previous studies showing phos-
phate can increase bacterial activity, biofilm growth, and biofilm 
thickness (Chu et al., 2005; Fang et al., 2009; Hozalski et al., 2005). This 
increase in biofilm thickness and volume when phosphate was added 
was likely due to an increased abundance of phosphorus as a key 
nutrient for bacterial growth. The addition of phosphate has also been 
shown to decrease the production of EPS (Douterelo et al., 2020; Fang 
et al., 2009). EPS has been found to aid biofilm adhesion and bacterial 
aggregation (Flemming and Wingender, 2010). While decreases in EPS 
production with the addition of phosphate would indicate that bacteria 
would be less likely to attach to the fresh activated carbon or biofilm 
surface, the lower release of bacteria from phosphate filters can be 
explained by the greater roughness of the phosphate biofilms. 

Phosphate biofilms were rougher than groundwater biofilms in most 
weeks (Fig. 2b, Fig. S4), and phosphate filters released less bacteria than 
groundwater filters (Fig. 1, Table 2, Fig. S4). Increases in phosphate 
have been shown to affect species composition in biofilms, favoring 
microorganisms that can metabolize phosphate (Douterelo et al., 2020; 
Li et al., 2016). The species composition of a biofilm can be decisive in 
determining a biofilm’s structure, including the biofilm thickness and 

Fig. 2. (a) Biofilm thickness, (b) absolute biofilm roughness, (c) biofilm 
porosity, and (d) biofilm volume for groundwater and phosphate biofilms after 
2, 4, 5, 6, 7, 8, 11, and 15 weeks of biofilm growth in the CDC biofilm reactors. 
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roughness (Murga et al., 1995). The higher roughness of the phosphate 
biofilms observed in our study may have resulted in less bacterial release 
from the phosphate filters because of greater bacterial adhesion to and 
less bacterial detachment from the biofilm. 

The relationships observed between higher substrate surface 
roughness and greater bacterial colonization – including greater adhe-
sion and less detachment – are in agreement with previous studies 
(Ahmad et al., 2017; Korotta-Gamage and Sathasivan, 2017; Oder et al., 
2015; Percival et al., 1999; Shen et al., 2015; Tong and Derek, 2022). 
The increase in bacterial adhesion to rougher biofilms can be attribut-
able to greater interception of the bacteria by the rough edges of the 
biofilm and an increased surface area onto which the bacteria could 
attach (Saranya et al., 2011; Shen et al., 2015; Webster et al., 1999). 
Rougher biofilms can protect bacteria from detaching by reducing col-
lisions with other particles and reducing the liquid shear (Al-Amshawee 
et al., 2021; Gjaltema et al., 1997; Shen et al., 2015; Wu et al., 2012). A 
schematic illustrating this hypothesized influence of roughness on bac-
terial release is shown in Fig. S5. Our findings suggest that the addition 
of a phosphate corrosion inhibitor creates a rougher biofilm on the 
activated carbon POU filter and may help reduce the release of bacteria 
from the filters. 

The overall porosity did not have a clear impact on the bacterial 
release from filters as there were no consistent differences in the overall 
porosity between groundwater and phosphate biofilms. After analyzing 
the pore network of the groundwater and phosphate biofilms, the pore 
structure of the biofilm could have been influential. 

3.3. Phosphate biofilms had fewer pores and shorter pore-connecting 
channels than groundwater biofilms 

The axial resolution of the OCT imaging system was 5 μm. OCT can 
both image structures that are within its imaging resolution (or larger) 
and detect object structures that are below the optical resolution 
because of the scattering that comes from sub-resolution structures and 

results in a “texture” or graininess in the OCT images. This texture in 
OCT images includes speckle, which is the constructive/destructive 
interference of coherent light waves scattering off sub-resolution parti-
cles or structures within the sample. While we cannot physically resolve 
or visualize the sub-resolution structures below 5 μm, these structures 
can still be detected based on the difference in the speckle pattern or 
texture, as shown in a previous study (Zaki et al., 2023). Given this 
limitation of the OCT system, pores and channels with equivalent radii 
below 5 μm were included in the counts of pores and channels but not 
compared quantitatively. 

The number of pores and channels normalized by the biofilm volume 
for both groundwater and phosphate biofilms were steady over time 
(Fig. S6). Although the total number of pores were not significantly 
different in groundwater and phosphate biofilms (p > 0.05), ground-
water biofilms had significantly more pores normalized by biofilm vol-
ume than phosphate biofilms (p < 0.05). A distribution of the 
normalized pore and channel numbers of the groundwater and phos-
phate biofilms is shown in Fig. 4a. The number of pores per 106 μm3 

biofilm ranged from 8.1 to 11.5 (median of 10.5) and 0.2 to 18 (median 
of 8.7) in groundwater and phosphate biofilms, respectively. The num-
ber of channels per 106 μm3 biofilm ranged from 1.0 to 2.4 (median of 
1.7) and 0.6 to 4.2 (median of 2.0) in groundwater and phosphate bio-
films, respectively. 

The distributions of pore equivalent radii, channel equivalent radii, 
and channel equivalent length are shown in Fig. 4b-d. As shown in the 
split violin plots with short bodies and long necks, the equivalent radii 
and lengths were skewed right. Quantitatively, the median equivalent 
radii and lengths each week (pore equivalent radii: 6–8 μm, channel 
equivalent radii: 20–26 μm, channel equivalent length: 131–166 μm) 
were all lower than the mean equivalent radii and lengths in that same 
week (pore equivalent radii: 10–26 μm, channel equivalent radii: 22–30 
μm, channel equivalent length: 148–191 μm). 

In Weeks 2, 4, 5, 7, and 15, the channel equivalent length of 
groundwater biofilms was significantly greater than that in phosphate 

Fig. 3. 3D reconstruction of (a) groundwater biofilms and (b) phosphate biofilms, and the corresponding pore networks for the (c) groundwater biofilm and (d) 
phosphate biofilm for 15-week old biofilm. 
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biofilms (p < 0.05). In other weeks, there was no significant difference 
between groundwater and phosphate channel lengths (p > 0.05). There 
were some differences in the distributions of pore equivalent radii and 
channel equivalent radii calculated to be statistically significant when 
comparing groundwater biofilms against phosphate biofilms. However, 
the median differences were smaller than the resolution of the OCT 
imaging system and so the results of those statistical comparisons are not 
reported. The median pore equivalent radius ranged from 6.7 to 7.0 μm 
in groundwater biofilms and 6.4–8.0 μm in phosphate biofilms over the 
15-week growth period. The median channel equivalent radius ranged 
from 21 to 25 μm in groundwater biofilms and 20–26 μm in phosphate 
biofilms. The median channel equivalent length ranged from 149 to 161 
μm in groundwater biofilms and 131–166 μm in phosphate biofilms. 

In our study, groundwater biofilms had more pores per biofilm vol-
ume than phosphate biofilms, and groundwater biofilms had longer 
channels connecting the pores than phosphate biofilms had. The 
porosity and pore structure of a material, including biofilms, can affect 
the stiffness of the material or its ability to resist deformation (Huang 
et al., 2020; Huang et al., 2023; Laspidou and Aravas, 2007; Savchenko 
et al., 2014; Schaffler and Burr, 1988). More porous biofilms with longer 
and larger pore channels can lead to less stiff biofilms (Huang et al., 
2020; Huang et al., 2023; Laspidou and Aravas, 2007). Decreases in 
stiffness can result in more bacteria detaching from the biofilm (Shen 
et al., 2018; Tierra et al., 2015). This is because the EPS structure be-
comes more complex with increasing elasticity or decreasing stiffness 
and forms biofilm streamers that are easier to detach (Tierra et al., 
2015). Our findings suggest that the addition of phosphate led to bio-
films grown on activated carbon with fewer pores and shorter con-
necting channels, which may have resulted in a stiffer biofilm less likely 
to detach bacteria. The structure that a biofilm grows into is likely 
substrate dependent. Previous studies have shown how bacterial 
composition dictates biofilm structure (Murga et al., 1995). Our study 
found that phosphate led to a thicker biofilm with fewer pores and 
shorter connecting channels when grown on activated carbon. However, 
a previous study with the same growth conditions found that phosphate 
led to a thinner and more porous biofilm when grown on PVC (Huang 
et al., 2023). Our study presents results from Brita activated carbon POU 
filters. The general structure of commercially available activated carbon 
POU filters will be similar; however, the impacts of phosphate on the 

structure of biofilms grown on other filter materials may be different. 

4. Conclusions 

As POU filters become increasingly popular to remove lead from and 
improve taste in drinking water, it is essential that we understand the 
broader impacts of using these filters and how these filters fit in a system 
with other methods for addressing elevated lead levels in drinking 
water, such as adding a corrosion inhibitor. Numerous studies have 
shown that activated carbon POU filters increase concentrations of 
bacteria in filtered drinking water (Chaidez and Gerba, 2004; Clark 
et al., 2022; Nriagu et al., 2018; Tobin et al., 1981; Wu et al., 2017), 
some of which may be opportunistic pathogens (Geldreich et al., 1985; 
Molloy et al., 2007; Wu et al., 2021). Our study is the first to characterize 
biofilm grown on activated carbon POU filters and assess the impacts of 
phosphate on these biofilms. Phosphate filters released significantly less 
bacteria than groundwater filters in most weeks. Phosphate biofilms 
were thicker and had a greater surface roughness, which may have 
resulted in less bacterial release from the phosphate filters. Phosphate 
biofilms also had fewer pores per biofilm volume and shorter channels 
connecting the pores, which may have contributed to a less stiff biofilm 
than the groundwater biofilms, thereby causing less bacterial release 
from the phosphate filters. In summary, the presence of a phosphate 
corrosion inhibitor in systems with commercially available activated 
carbon POU filters could reduce the bacterial release from the filters. 
This knowledge is important for limiting exposure to and infection from 
bacteria in drinking water when using POU filters. This study also has 
broader implications for installing new POU filters in systems where 
corrosion inhibitors are already in use: that adding a POU filter will not 
elevate bacteria in drinking water any more than adding a filter would if 
no corrosion inhibitors were in use. 
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