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A B S T R A C T

Overwhelming growth of bacterial biofilms on different metal-based pipeline materials are intractable and pose
a serious threat to public health when tap water flows though these pipelines. Indeed, the underlying mechanism
of biofilm growth on the surface of different pipeline materials deserves detailed exploration to provide sub-
sequent implementation strategies for biofilm control. Thus, in this study, how bacteria response to their en-
counters was explored, when they inhabit different metal-based pipeline substrates. Results revealed that bac-
teria proliferated when they grew on stainless steel (SS) and titanium sheet (Ti), quickly developing into
bacterial biofilms. In contrast, the abundance of bacteria on copper (Cu) and nickel foam (Ni) substates de-
creased sharply by 4–5 logs within 24 h. The morphological shrinkage and shortening of bacterial cells, as well
as a sudden 64-fold increase of carbohydrate content in extracellular polymeric substances (EPS), were observed
on Cu substrate. Furthermore, generation of reactive oxygen species and fluctuation of enzymatic activity de-
monstrated the destruction of redox equilibrium in bacteria. Bacteria cultured on Cu substrate showed the
strongest response, followed by Ni, SS and Ti. The oxidative stress increased quickly during the growth of
bacterial biofilm, and almost all tested metal transporter-related genes were upregulated by 2–11 folds on Cu,
which were higher than on other substrates (1–2 folds for SS and Ti, 2–9 folds for Ni). Finally, these behaviors
were compared under the biofilm regulatory molecular network. This work may facilitate better understanding
different response mechanisms during bacterial biofilm colonization on metal-based pipelines and provide im-
plications for subsequent biofilm control.

1. Introduction

The occurrence of bacteria in drinking water is undesirable due to
their potential risks to human beings. However, bacteria over-
whelmingly live as biofilms, which are one of the most common and
successful forms of life on earth, and are found on almost all natural and
artificial surfaces (Flemming et al., 2016; Nakano and Strayer, 2014;
Stewart and Franklin, 2008; Vlamakis et al., 2013). Aggregations of
bacteria are embedded in the extracellular matrix secreted by them-
selves to form biofilms (Flemming et al., 2016). Bacteria in aqueous
systems prefer to sticking on substrate surfaces and many negative ef-
fects of this tendency are becoming increasingly prominent as com-
pared with their planktonic form. Water distribution systems for
drinking water, industrial pipelines, air conditioning systems and hos-
pitals are common places where biofilm bacteria colonize, blocking
corrosion of industrial equipment (Shivapooja et al., 2013),

deterioration of drinking water quality (Isaac and Sherchan, 2020; Liu
et al., 2016), and causing medical infections (Flemming and
Wingender, 2010).

Why have biofilm formation and surface binding become such a
common phenomenon? What is the mechanism behind it? Generally,
the surface of a substrate provides a space where bacteria can steadily
grow. Furthermore, surface colonization can also concentrate nutrients
(Hall-Stoodley et al., 2004). That is, biofilm bacteria can adjust biofilm
structure through mass transfer to enter a local growth mode under
capricious environmental conditions, which ensures flexibility to adapt
quickly (Markova et al., 2018). Importantly, the of biofilm formation
provides protection for the internal bacteria under harsh environments,
including metal toxicity, acid exposure, dehydration, salinization, an-
tibiotics and disinfectants (Hall-Stoodley et al., 2004; Xiao et al., 2016;
Zhang et al., 2015). Intuitively, extracellular polymeric substance (EPS)
matrix in biofilm can reasonably represent a diffusion barrier. By
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reducing the effective bactericidal concentration to a sublethal con-
centration, the EPS inhibits antimicrobial agent diffusion, while sub-
lethal doses of bactericides can induce a more tolerant phenotype
(Flemming et al., 2016). Moreover, slow growth and dormancy of
bacteria have long been recognized as means by which bacteria can
survive in biofilms when exposed to antibiotics. Slow growth can drive
bacteria into a dormant form, but metabolic activity and membrane
integrity remain unchanged throughout the dormancy (Chen et al.,
2018; Lewis, 2007).

Surfaces of many objects, including drinking water distribution pi-
pelines, industrial equipment and medical devices, have become havens
for biofilms and could pose a major public health threat. Rather, the
formation mechanism of biofilms from planktonic cells is still under the
spotlight and intensely debated. Moreover, the impact of biofilm for-
mation and propagation on the safety of drinking water supplies is still
seriously concerning. Therefore, exploring and understanding the un-
derlying mechanisms that occur during the biofilm formation process,
i.e. attachment of planktonic bacteria to the surface of a material, are
crucial to identifying a control strategy.

The majority of pipeline networks are iron-(stainless steel and gal-
vanized steel) or copper-based materials (Liu et al., 2016). It has been
reported that although many biofilm bacteria favor iron-based pipes to
copper pipes (Jungfer et al., 2013; Ren et al., 2015), some bacteria still
aggregate on the surface of copper pipes used in both municipal and
household settings (Buse et al., 2017; Proctor et al., 2017). Corre-
spondingly, during the biofilm formation process, metals can cause
discrete and distinct injury to microbial cells as a result of oxidative
stress, protein dysfunction or membrane damage (Lemire et al., 2013;
Santo et al., 2011; Warnes et al., 2012). These phenomena are also very
similar to the state of planktonic bacteria as they are subjected to in-
activation (Sun et al. 2014, 2016), suggesting that biofilm bacteria may
also have such an inactivation mechanism when in contact with metal
substrates and some materials could inhibit biofilm development.

Nevertheless, many questions still need to be answered. For ex-
ample, are metal ions also released from different substrates during the
biofilm formation process? What do biofilm bacteria produce to fight
them? In this context, is the secreted EPS acted as a strong shelter to
reduce the growth rate and energy consumption, allowing for local
growth through sacrifice and energy transfer? Moreover, when bacteria
are not completely inactivated, what is the process of bacterial survival
and what is the mechanism behind it? How does this differ from the
normal bacterial colonization process on the surface of different sub-
strates? In a word, the whole formation process of bacterial biofilms
and the underlying response mechanisms have not been clearly ex-
plored and explained.

Therefore, this work mainly aimed to answer the above questions.
For this purpose, a model bacterial strain, Escherichia coli K-12, was
used for microbial growth and biofilm formation experiments. Four
kinds of metals (stainless steel, copper, titanium and nickel) that are
used for pipelines or are otherwise extensively used as materials were
selected as substrates. Visualization and evaluation of biofilm mor-
phology and thickness were first performed using scanning electron
microscopy (SEM) and 3D image reconstruction with a confocal laser
scanning microscope (CLSM). Furthermore, EPS was extracted and
quantified, and the intracellular reactive oxygen species (ROSs) were
detected. Superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GSH-Px) activities were also measured to indicate anti-
oxidant activities during biofilm formation. Real-time polymerase chain
reaction (qPCR) was used to quantify the expression of genes involved
in oxidative stress regulation, metal transporter and different regulatory
mechanisms of biofilm formation. This work could facilitate a better
understanding of the different strategies pursued by biofilm bacteria
when colonizing metal-based pipelines, thereby providing a control and
elimination strategy for biofilms in water distribution systems.

2. Materials and methods

2.1. Substrate material characterization

The experiment selected 304 stainless steel sheet (SS), copper sheet
(Cu), titanium sheet (Ti) and nickel foam (Ni) were all from Congyuan
Instrument co., Guangzhou, China, as biofilm growth substrates. The
surface morphology of these materials was imaged (Fig. S1) using high-
resolution SEM (SU8010, Hitachi, Japan). Material composition was
characterized using X-ray diffraction (Rigaku Co., Japan) and all the
diffraction peaks were perfectly directed to the materials (Fig. S2).

2.2. Bacterial incubation and biofilm development

Bacterial incubation procedure was similar to the typical procedure
described previously (Chen et al., 2019; Li et al., 2020). Briefly, E. coli
K-12 (Coli Genetic Stock Center, Yale University, New Haven, CT, USA)
was plated from frozen stock on nutrient agar and incubated at 37 °C. A
single bacterial colony was picked and incubated overnight in Luria-
Bertani (LB) broth at 37 °C. After centrifugation at 8000 rpm for 2 min,
the bacterial pellet was resuspended in M9 Minimal Medium (Sangon
Biotech Co., China) and then diluted to a concentration of 109 colony
forming units per milliliter (CFU ml−1).

The biofilm was cultured in a multi-channel biofilm flow chamber
(Fig. S3) at room temperature (O'Toole et al., 1999, Tolker-Nielsen
et al., 2014). Briefly, the sterilized metal material was placed in a flow
chamber and then 200 μL of bacterial suspension was added to the
surface of the material and left for 3 h to allow for attachment. A
peristaltic pump was used to feed the M9 culture solution into the re-
actor at a flow rate of 0.4 mL per minute per channel. The growth curve
of the bacterial biofilm on each material was determined to assess
viability and potential growth throughout the experiment.

2.3. Evaluation of thickness during biofilm development

Visualization and evaluation of biofilm thickness was done through
3D image reconstruction using the CLSM Z–stacks function (LSM-800,
Carl Zeiss, Germany) according to previous reference (Lee et al., 2018).
Biofilm samples were stained with ofloxacin (intrinsically fluorescent
antibiotic) for CLSM image analysis (excitation wavelength: 405 nm)
(Stone et al., 2018). Mutual matching of bacterial images in bright and
dark fields verified that ofloxacin entered bacterial cells and the
staining was successful (Fig. S4). Biofilm samples from the flow
chamber at designated times were scraped, mounted on polylysine glass
slides and then stained with ofloxacin solution. After 20 min incuba-
tion, samples were immersed in fresh phosphate buffered solution (PBS)
to remove excess dye. The biofilm samples were then dried and sealed
for testing. The entire ofloxacin treatment procedure for CLSM analysis
was completed within 3 h.

2.4. SEM sample preparation

Images were obtained at different biofilm growth stages. Surface
floating bacteria were gently washed away three times with PBS. After
fixation and dehydration, samples were freeze-dried, sprayed with gold
and then observed by SEM (SU8010, Hitachi, Japan).

2.5. Extraction and determination of EPS

Biofilms were sampled at different biofilm growth stages, bathed at
60 °C for 40 min and then cooled. After reaching ambient temperature
(23 ± 2 °C), the biofilm and PBS mixtures were transferred into 1.5-
mL tubes and then centrifuged at 4000 rpm for 20 min. EPS extracts
were filtered using 0.45 μm nylon membranes (Perez and Susa, 2017).
Total protein concentration of the EPS extracts was determined using a
modified Lowry Protein Assay Kit (Pierce Biotechnology, USA) with
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bovine serum albumin as a standard. Total polysaccharide concentra-
tion was determined by phenol-sulfuric acid method using glucose as a
standard.

2.6. ROS detection and enzymatic activity assays

Intracellular ROSs were quantified using the fluorogenic dye 2′7′-
dichlorofluorescein diacetate (DCFH-DA) (Invitrogen, Carlsbad, USA).
The production levels of ROSs from different biofilm materials were
normalized to that of the control sample at the initial time. SOD, CAT
and GSH-Px activities were analyzed to determine antioxidant activity.
Details of all assay procedures are summarized in the Supporting
Information.

2.7. Assessment of mRNA gene expression

Total RNA from bacterial biofilms on different materials was ob-
tained using a bacterial total RNA extraction kit (Sangon Biotech Co.,
China). The subsequent cDNA was synthesized by M-MLV Reverse
Transcription Kit (Invitrogen Inc., USA). The qPCR was used to quantify
the gene expression of various functions. The primers used in this study
are listed in Table S1. Detailed information about the genes and reac-
tion procedures for the qPCR are provided in Supporting Information.

2.8. Statistical analysis

Measurements of EPS, ROSs and enzymatic activities of bacterial
biofilms on different materials were conducted three times. Results are
expressed as mean ± standard deviation. The laser confocal image Z-
axis data and image pixels were converted to 3D and the parameters
were analyzed using quantitative software (Imaris version 8.3, Bitplane
AG, Zurich, Switzerland) according to reference (Azeredo et al., 2017).

3. Results and discussion

3.1. Growth activity of bacterial biofilms on different substrates

To evaluate the bacterial growth activity on different substrates, the
growth curves of E. coli K-12 on the substrates (SS, Ti, Cu and Ni) were
determined. The biofilm formation processes were different for these
metal substrates (Fig. 1a1 and 1a2), as determined using plate colony-
counting method. On SS and Ti substrates, the bacterial abundance first
increased gradually with cultivation time, then remained constant, and
finally decreased gradually, indicating that the biofilm bacteria could
better adapt to the surface of these substrates. A slight difference be-
tween the two substrates was that the biofilm bacteria on SS grew faster
at first and then decreased faster afterwards. The decreased amount of
biofilm indicates that the growth of the biofilm reached the shedding
stage. The bacterial abundance on SS decreased faster than that on Ti,
indicating that the bacteria could adapt to SS faster and the biofilm
growth cycle was shorter. Comparatively, on Cu and Ni substrates, the
bacterial number decreased sharply at the beginning of cultivation
(within 24 h) by 4–5 logs and then gradually increased, reaching
5.1 × 108 and 3.9 × 108 CFU mL−1, respectively, within 48 h. Finally,
the bacterial abundance leveled off. This indicates that the bacteria did
not adapt well on Cu and Ni substrates at first, as compared with SS and
Ti substrates; however, this incompatibility changed during bacterial
biofilm development.

These results were confirmed using CLSM analysis (Fig. S5) by
quantifying the biofilm thickness. The biofilm thickness increased
gradually and then decreased during the 96-h biofilm formation process
on all substrates except Ni (Fig. 1b). This indicates that the biofilms
gradually developed and that the biofilms on SS, Ti, and Cu substrates
were at the biofilm dispersion stage after 84-h cultivation, while biofilm
on Ni had not yet reached the dispersion stage. Further research has
found that trends in biofilm thickness were different from that of

bacterial abundance. For instance, on Cu and Ni substrates, although
the bacterial abundance decreased quickly during the initial period, the
biofilm thickness increased gradually until it reached a stable thickness.
The reason for this is that during bacterial biofilm development, bio-
films not only consists of bacteria, but also self-produced EPS
(Flemming and Wingender, 2010). This can also explain the different
trends in bacterial abundance and biofilm thickness.

Obviously, the biofilm formation performance of the bacteria on
different materials was distinct. The initial bacterial growth activities
on Cu and Ni substrates were much lower than those on SS and Ti,
which might be due to the distinct interactions of bacteria with dif-
ferent materials. For instance, during cultivation process, a green sub-
stance was formed on the Cu surface (Fig. S6). It is likely that Cu surface
is oxidized to copper ions, which releases and then hinders cellular
protein or enzyme activity, thereby effectively preventing planktonic
bacteria from attaching to Cu substrate surface (Santo et al., 2011).

Fig. 1. Biofilm development and cell proliferation (a1 and a2) and biofilm
thickness (b) of E. coli K-12 evaluated using plate colony-counting method and
CLSM, respectively.
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However, in this work, after a period of cultivation, the bacterial bio-
films resumed growth. A possible reason for this is that bacterial cells
suffered extensive membrane damage within minutes of being exposed
to Cu surface, but the DNA was not immediately affected due to the
protection of the periplasm (Grosse et al., 2014). That is, some bacteria
were not completely killed, but were still in a slow-growing state.

To further understand the differences between the biofilms grown
on these substrates, the morphology of mature biofilms was observed
using SEM (Fig. 2). The morphology of bacteria on SS and Ti substrates
were very similar (Fig. 2a and b). The biofilm bacteria gathered in a
sheet form and the cells were closely connected with each other. A
cross-sectional view showed that the biofilm consisted of multiple
layers, each of which was arranged in close order. Comparatively,
bacteria on Cu were short and round, and connected with a spherical
shape (Fig. 2c), which was different from the long rod-shaped bacteria
on SS and Ti substrates. In addition, instead of an orderly arrangement,
like on SS and Ti substrates, the bacteria on Cu were condensed into
clusters. On Ni substrate (Fig. 2d), due to its pore-like structure, the
short rod-shaped bacteria were trapped into the voids, and the biofilm
was distributed unevenly. A cross section showed that the bacteria were
gathered to form a cylindrical one. It is reasonable to explain these
changes in the physiological form of bacteria, since they are under some
stress from adverse environments (Chen et al., 2018; Zhang et al.,
2015). For instance, E. coli cells become shorter after chlorine and
chloramine treatment (Chen et al., 2018).

3.2. Characteristic variation of EPS on different materials over time

As above-mentioned, EPS is an important biofilm component. To
comprehend the characteristic variation of EPS during biofilm forma-
tion on different materials, the composition and production of EPS

(total carbohydrate and protein) were further investigated (Figs. S7 and
3). EPS concentrations on SS substrate increased rapidly to the max-
imum (2847 μg/total cell, with 2037 and 810 μg/total cell for total
carbohydrate and protein, respectively) within 72 h and then decreased
gradually (Fig. S7a), which were in good agreement with the results of
biofilm thickness (Fig. 1b). These results illustrated that EPS con-
centrations varied with the fluctuation of the total bacterial amount,
leading to the change in biofilm thickness. Furthermore, EPS con-
centrations per cell were also analyzed (Fig. 3), showing a gradual in-
crease with incubation time, and then a slight decrease after maturity
(Fig. 3a), reaching a maximum concentration of 512 and 229 μg/
108 cells for total carbohydrate and protein, respectively, within 64-h
cultivation. Alterations in the EPS concentrations, when also con-
sidering the growth activity, suggested that the bacterial biofilm may
not experience extreme damage upon exposure to SS surface.

Usually, the carbohydrate to protein ratio plays a significant role in
monitoring the state of biofilm formation when biofilms are exposed to
metal substrates (O'Loughlin and Chin, 2001). Specifically, the total
carbohydrate content was 1–2 times that of the protein content (Fig.
S8a). Moreover, the ratio of carbohydrate to protein first increased and
then decreased. That is, more polysaccharides were secreted at early
stage, while more protein was secreted at late stage, indicating that
they may play unique roles at different biofilm development stages.

On Ti substrate, a similar trend in EPS concentrations was found
during bacterial biofilm development process (Fig. S7b), with the
maximum value (2438 μg/total cell) observed at 64 h. As compared
with SS substrate, the change in EPS content was gentle and EPS con-
centration was slightly less (Figs. 3b and S8b), peaking at 502 and 227
μg/108 cells for total carbohydrate and protein, respectively, with a
carbohydrate to protein ratio of 2.05. The ratio stayed relatively con-
stant, suggesting that both play important roles in biofilm development.

Fig. 2. SEM images of E. coli K-12 biofilm cultured onto (a) SS, (b) Ti, (c) Cu and (d) Ni substrates.
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The possible reason for this will be discussed later by monitoring the
molecular regulatory network.

Comparatively, the EPS concentrations on Cu and Ni substrates
were much lower than those on SS and Ti substrates, with a minimum
content of 14 and 40 μg, respectively, within 24–48-h cultivation (Figs.
S7c and d), indicating that biofilms on these substrates were initially
much thinner than those on SS and Ti. Furthermore, the EPS con-
centrations also decreased at the beginning, which was consistent with
the change in the total bacterial number. Different from the response of
bacteria on SS and Ti substrates, a strange phenomenon was observed
on Cu. That is, the EPS concentration of biofilm on Cu surface increased
dramatically at first, and then became much higher than that on SS and
Ti substrates (Figs. 3c and S8c), especially the total carbohydrate. The
highest carbohydrate to protein ratio was 64 after 24-h cultivation, due
to a very low level of protein (8 μg/108 cells). This might be because a
portion of bacteria were killed during biofilm development on Cu sur-
face (Grosse et al., 2014). As such, total carbohydrate in the measured
EPS may contain biological debris, which can be detected through filter
membrane, showing a high level of carbohydrate. It is also important to
consider that EPS is only restricted to be generated by biofilms (Perez
and Susa, 2017), specifically bacteria suffering terrible conditions.
Therefore, in this study, the protein content of measured EPS on Cu
substrate was extremely low because of low bacterial cell number.
Overall, bacteria were severely damaged, but exhibited a strong re-
sponse to external threats under some special circumstances.

Similarly, EPS concentrations on Ni substrate reached the highest
value at the beginning, with a low bacterial abundance but high car-
bohydrate level (Figs. 3d and S8d). However, carbohydrate con-
centrations of Ni biofilm were not as high as that on Cu, and protein
concentration was still maintained at a normal level. According to a
reference (Perez and Susa, 2017), the dynamic nature of EPS in biofilms
depends on their requirements (including nutrition and protection).
That is, although the exposure of bacteria to Ni can also inactivate
them, the role of EPS could be different. Besides providing mechanical
stability, mediating bacterial adhesion to surfaces and forming a co-
hesive biofilm, EPS could also provide nutrient absorption from water,
thereby helping to maintain bacterial density (Flemming and
Wingender, 2010).

3.3. Oxidative stress response during biofilm formation process on different
substrates

3.3.1. ROS generation and anti-oxidative enzymatic activities
Numerous studies have reported that toxic doses of some metal ions,

especially Fe(II) and Cu(II), can increase the intracellular ROS level and
stimulate the bacterial oxidative stress response (Harrison et al., 2009;
Warnes et al., 2012). During the biofilm development process, bacterial
cells will inevitably interact with the substrate. Therefore, to investigate
whether biofilm bacteria were oxidatively stressed during growth on
these metallic materials and the response of the biofilm bacteria to the
oxidation pressure, the intracellular ROS level and anti-oxidative en-
zyme activities were assayed during the biofilm growth period. On SS
and Ti, the intracellular ROS levels slightly increased at the beginning
and then fluctuated slightly (Fig. 4a). This indicates that oxidative
stress responses indeed occurred in the biofilm bacteria, but the bio-
films on both substrates were more tolerant of oxidation pressure and
invariably maintained their redox equilibrium. To achieve this goal and
maintain normal bacterial metabolic activity, the content of anti-oxi-
dative enzymes, SOD, CAT and GHS-Px also slightly increased initially
(Fig. 4b, c and d) and served as scavengers of ROSs to eliminate in-
tracellular oxidative damage in the bacteria (Yin et al., 2019).

In contrast, intracellular ROSs within biofilm bacteria on Cu sub-
strate increased obviously within the initial 2 days (Fig. 4a), indicating
that intracellular oxidative stress was significantly aroused under this
circumstance. Comparatively, the intracellular ROS levels within bac-
teria on Ni substrate were much higher than those on SS and Ti, but
lower than that on Cu. Correspondingly, SOD, CAT and GHS-Px activ-
ities in the bacterial cells also increased rapidly when the bacteria
contacted Cu and Ni substrates (Fig. 4b, c, d). Moreover, the antioxidant
activities reached their highest levels within one or two days, while
bacterial regrowth occurred after two days of sharp decline at the initial
time (Fig. 1a). Previous studies reported that E. coli on solid Cu surfaces
might be predominantly killed through membrane damage (Grosse
et al., 2014) and that bacteria exposed to toxic doses of Cu(II) could
upregulate genes involved in ROS elimination (Lemire et al., 2013).
Hence, we assumed that Cu ions might be released from Cu substrate
during the biofilm development process, and that toxicity associated

Fig. 3. The protein and total polysaccharide concentration of EPS extracted from E. coli K-12 biofilm growing onto (a) SS, (b) Ti, (c) Cu and (d) Ni substrates.
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with Cu ions might be the cause of ROS-mediated cellular damage.
Previous research reported that survival of E. coli cells on Cu surface
increased by addition of glutathione (Grosse et al., 2014). However,
here, the activities of all anti-oxidative enzymes, including GSH, in-
creased during the intinal one or two days, which could not directly
explain the special role of GSH in bacterial survival.

3.3.2. Gene expression of oxidative stress and metal transporter
To further confirm that biofilm bacteria produce oxidative stress on

different metal substrates, and to clarify the interaction between bio-
film bacteria and metals, the expression of genes related to oxidative
stress and the metal transporter in the bacteria were examined in detail.
The expression profiles of all tested genes are illustrated as a heat map
(Fig. 5). On SS and Ti substrates, the expression of oxidative stress genes
was slightly up-regulated by 1–2 folds after 2–3 days of cultivation. This
result is almost consistent with the changes of anti-oxidative enzyme
activities (Fig. 4b, c and d). Furthermore, with the increased anti-oxi-
dative enzyme content, the involved stress genes were also slightly up-
regulated, but there was no particularly prominent gene expression,
indicating that oxidative stress is a collective response to external da-
mage during this process. Moreover, no obvious change in the metal
transporter-related genes was involved, indicating that no metal ions
entered and exited the cell membrane during these processes. This re-
sult also agrees well with the increased bacterial abundance during the
biofilm formation process, although some small adverse effects oc-
curred during these processes (Fig. 1a1).

On Cu substrate, almost all tested genes were up-regulated 2–11
folds (Fig. 5) during biofilm development, which were much higher
than those on SS and Ti substrates. This suggests that Cu may trigger
stress-response mechanisms that protect cells in order to cope with
external damage. In particular, the highly expressed rpoS, oxyR, osmC
and zupT genes are coding proteins associated with general stress re-
sponse (Somorin et al., 2017); surface proteins that control colony
morphology and auto aggregation ability (Gundlacht and Winter,
2014); an osmotically inducible peroxiredoxin (Cussiol et al., 2010);
and a metal transporter (Taudte and Grass, 2010), respectively. The Cu
surface might be oxidized to Cu ions that then enter the cell through a
metal transporter, causing an imbalance of intracellular redox and

destruction of cell membrane permeability. Simultaneously, oxidative
stress motivated the bacterial surface protein responses, resulting in
changes of community morphology and bacterial aggregation ability.
As observed from our above experiments, when bacteria contacted and
grew on Cu substrate, most bacteria were instantly inactivated, as de-
monstrated by the sharp decrease in cell number (Fig. 1a), decrease in
extracellular protein content (Figs. 3 and S8), alteration of cellular
morphology (Fig. 2) and increase in intracellular ROSs and anti-oxi-
dative enzyme activities (Fig. 4).

Compared with SS and Ti substrates, most of the tested genes were
also up-regulated on Ni substrate (2–9 folds) (Fig. 5). Among them,
higher expression was observed for the rpoS and oxyR genes, which
encode proteins related to the general stress response, colony mor-
phology and auto-aggregation ability control. This also indicates that
the oxidative stress response of the biofilm bacteria on Ni substrate was
triggered, which could account for the decreased bacterial growth. In
addition, the expression of zinT gene, encoding metal-binding protein,
was also slightly up-regulated (3.87 folds). This demonstrates that the
metal-binding protein, zinT, may bind nickel ions to pose stress to
bacteria (Kershaw et al., 2007). Furthermore, under the action of bac-
teria in nutrient solution, nickel is oxidized to nickel ions, which then
binds with the binding protein, causing a series of oxidative stress re-
sponses as described above. To a lesser extent, Ni ions can catalyze
Fenton reactions in vitro at a significantly slower rate (Lemire et al.,
2013). Therefore, bacterial cells were less damaged on Ni than Cu
substrates. This is shown by the fact that after adapting to Ni substrate,
bacteria also began to proliferate and the biofilm developed quickly
after the initial slight damage (Fig. 1a).

3.4. Molecular regulation network of biofilm development

To further explore the feedback mechanism of E. coli biofilms grown
on four different metal substrates, the expression levels of genes related
to flagella and motility, adhesive polysaccharides, signal proteins and
quorum sensing were analyzed to determine their effect on the mole-
cular regulatory network of the biofilm (Fig. 6).

Fig. 4. (a) Intracellular ROSs level tested by DCFH-DA; (b) SOD activity and (c) CAT activity of biofilm onto SS, Ti, Cu, and Ni substrates during biofilm formation.

J. Wang, et al. Environmental Research 185 (2020) 109451

6



3.4.1. Expression of genes related to flagella and motility
In the flagellum and motility mechanism system, the motA gene,

encoding a motility protein (Blair and Berg, 1990), was up-regulated in
the bacteria along with the growth of the biofilm. The highest up-reg-
ulation was 3.4 and 3.7 times and then down-regulated by 4.5 and 2.1
times after 4–5 days of cultivation on SS and Ti substrates, respectively.
Additionally, the expression of the BssR gene, a regulator of biofilm
formation (Ren et al., 2004), was slightly up-regulated by 1–4 times in
bacteria on SS substrate and 1–3 times on Ti. Unlike motA, the ex-
pression of glgS gene, involved in glycogen biosynthesis and a negative
regulator of motility (Rahimpour et al., 2013), was slightly down-
regulated at the early stage and then up-regulated after 3 days of cul-
tivation. These results indicate that biofilms on SS and Ti substrates are
in different developmental processes. At early biofilm formation stage,
the flagella gene (motA) was up-regulated, meaning that bacteria began
to gather into clusters to form a biofilm, while at later stage when the
biofilm was stable and the flagella were not needed, its expression was
inhibited. Flagellum production and movement place a high energy
burden on cells; thus, limiting their expression is conducive to glycogen
production, which is beneficial to cell survival (Rahimpour et al.,
2013). According to a reference, the generation of flagella and glycogen
occurs in E. coli at exponential cell growth stage. However, the former

mainly occurs at the early stage of exponential cell growth, while the
latter mainly occurs during the transition from exponential growth to
the stable period (Rahimpour et al., 2013).

On the contrary, the motA gene in bacteria on Cu substrate was
down-regulated by 1–2 times at early cultivation stage, and then was
gradually up-regulated by 3–4.5 times after 3 days of cultivation. An
opposite trend was observed for glgS gene expression, while the BssR
gene was slightly up-regulated by 1-2-fold during almost the whole
period. For the biofilm on Ni substrate, the motA and BssR genes were
maintained at 1–4 folds and 1–3 folds up-regulation, respectively. The
glgS gene was up-regulated at early cultivation stage and then was
gradually down-regulated (Fig. 6). This can be explained because the
biofilm bacteria on Cu were vulnerable at the beginning and then sti-
mulated to an active defense state. Usually, the expression of flagella
and motility genes requires energy consumption, which will be in-
hibited if the bacteria are in a defense state (Rahimpour et al., 2013).
These genes were then up-regulated as the surviving bacteria grew.
Comparatively, bacteria on Ni substrate suffered less damage. There-
fore, the inhibition on Ni substrate was less than that on Cu substrate,
although the flagella and motor genes were also inhibited at early stage.
Subsequently, as the bacteria gradually adapted, these genes began to
be expressed during biofilm development.

Fig. 5. Gene expression heatmap of target genes involved in oxidative stress regulation and metal transporter in E. coli K-12 cultured onto SS, Ti, Cu and Ni substrates.
X-axis: the monitoring time in days; Y-axis left: clusters of target genes and list of genes tested, Y-axis right: the figure legend bar (depicted a blue-red color scale. Red
spectrum color indicates up-regulated expression; green spectrum color indicated down-regulated expression). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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3.4.2. Expression of genes related to adhesive polysaccharide
Poly-β-1,6-N-acetyl-D-glucosamine (β-1,6-GlcNAc; PGA), an adhesin

polysaccharide involved in biofilm formation, maintains the stability of
the bacterial biofilm structure and requires the genetic products of the
pgaABCD operon to perform its function (Itoh et al., 2008). Therefore,
the expression of the pgaA and pgaB genes in the biofilm bacteria was
also analyzed (Fig. 6). On SS and Ti substrates, both genes were slightly
up-regulated by 1–3 folds at early stage and then down-regulated by
1–2 folds after 3–4 days of cultivation. These results demonstrate that
on SS and Ti substrates, exopolysaccharide secretion increased at early
stage of the biofilm development but decreased at late stage. All these
phenomena were consistent with the results of EPS analysis (Fig. 3) and
accounted for the ratio variation over time (Fig. S8).

Comparatively, the expression of polysaccharide genes on Cu sub-
strate increased 1–4 times during the whole biofilm formation process,
whereas expression on Ni substrate slightly increased with some fluc-
tuation (Fig. 6). These results showed that exopolysaccharide secretion
increased during the whole culture process on Cu and Ni substrates; in
particular, the carbohydrate concentration increased significantly in the
EPS (Fig. 3). Combined with the oxidative stress results (Figs. 4 and 5),
we inferred that the dramatic increase in EPS carbohydrates was due to
dead cells leaving the extracellular matrix.

3.4.3. Expression of genes related to signal proteins and quorum sensing
(QS)

A previous study showed that BhsA is significantly induced in E. coli
biofilms as well as by some adverse stress conditions, such as exposure
to acid, heat, H2O2 and cadmium (Zhang et al., 2007). Thus, the bhsA
gene (encoding an outer membrane protein) was also minitored in this
work, and was also found to be up-regulated in the biofilm bacteria on
all four substrates throughout the entire biofilm development process
(Fig. 6). That is, when biofilm bacteria grew on metal substrates, they
encountered some adverse stress, subsequently inducing the up-reg-
ulation of the bhsA gene. Additionally, expression of other stress related
genes can be simultaneously induced (Fig. 5). As a result, bacterial
biofilms were successfully developed on all four metal substrates by

ultimately protecting themselves from the toxcitity of metal ions, de-
spite much higher intense stress from the Cu and Ni substrates.

Another gene related to signal protein, bdcA, which mainly reg-
ulates biofilm diffusion by decreasing the concentration of cyclic di-
guanylate monophosphate (c-di-GMP), is an intracellular messenger
that controls cell motility via flagellar rotation and biofilm formation
through synthesis of curli and cellulose (Ranjith et al., 2019). In this
study, no significant change was observed for bdcA gene expression
until it was up-regulated by 3.7–5.57 folds during the final day one or
two of cultivation on SS and Ti substrates. Up-regulation of the bdcA
gene indicates that biofilm development was at the shedding stage,
during which the bacteria begin to disperse, and the biofilm gradually
falls off. Meanwhile, the aggregation of cells and EPS concentration
both decreased (Figs. 1 and S7). However, the bdcA gene was down-
regulated by 1–2 folds on Cu and Ni substrates during the whole pro-
cess, indicating that shedding and dispersion of the biofilms was not
initiated. Considering the sudden decrease of bacterial number at early
growth stage and the increasing concentration of polysaccharides, we
can infer that bacteria on Cu and Ni substrates encountered threats to
some extent. Simultaneously, the biofilm shedding-related genes should
be inhibited and the bhsA gene should be down-regulated.

Several mechanisms of E. coli are regulated by QS, which is a sig-
naling system that enables bacteria to respond to chemical molecules
known as autoinducers, including virulence factors and biofilm for-
mation (Culler et al., 2018). The suppressor of division inhibitor (SdiA)
is a QS receptor present in E. coli that plays an important role in the
regulation of biofilms and biofilm-related structures when the bacteria
experience stress (Lee et al., 2009). In this study, at initial biofilm de-
velopment stage, no significant change was observed in the expression
of the QS-related gene sdiA; however, it was eventually up-regulated by
2 fold on SS substrate. Comparatively, a fixed 2-fold down-regulation
was observed on Ti substrate, suggesting that this gene was expressed
stably during the biofilm development process. Similarly, on Cu and Ni
substrates, the gene expression level fluctuated between 1 and 2 times
down-regulation. According to Culler et al. SdiA can inhibit biofilm
formation and adhesion to surfaces (Culler et al., 2018). Therefore, in

Fig. 6. Gene expression profiles of target genes involved in adhesin polysaccharide, flagellar and motility, QS system and signaling protein in E. coli K-12 biofilm.
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this study, at early biofilm development stage, bacterial abundance and
polysaccharide secretion increased, at which sdiA as an inhibitor should
be suppressed. On the other hand, when bacteria are under stress
conditions, such as low nutrient availability, temperature changes and
other stress related factors, sdiA is inhibited, thereby alleviating the
repressor effect on the expression of these genes, leading to biofilm
development (Van Houdt et al., 2006). As such, considering the en-
hanced oxidative stress response of bacteria on Cu and Ni substrates,
the bacteria are indeed attacked by metal ions, leading to inhibition of
sdiA gene expression and subsequent biofilm formation.

Conversely, the lsrK gene on SS and Ti substrates was up-regulated
along with biofilm growth, with the highest up-regulation by 4.0 and
5.4 times, respectively, followed by a down-regulation by 4.7 and 0.22
times, respectively, after 3–4 days of cultivation. As reported, lsrK en-
codes an AI-2 (automatic-inducer) kinase, which produces phosphory-
lated AI-2, enabling cells to sense and communicate with each other
(Xavier et al., 2007). In this study, the amount of AI-2 kinase increased
and accumulated during the growth of biofilms and then began to de-
cline rapidly after biofilm maturation, which agrees with other reports
(Rahimpour et al., 2013; Xiao et al., 2016). In contrast, obvious var-
iation of the lsrK gene was observed on Cu substrate till a 2–4.9-fold up-
regulation after 3 days of cultivation. Nevertheless, there was a fixed
fluctuation range from 2.2 to 3.0-fold for the lsrK gene on Ni substrate,
indicating that the amount of AI-2 secreted by bacteria on this substrate
maintained a fluctuating equilibrium level. Similarly, the up-regulation
of AI-2 kinase activates AI-2 signaling molecules and bacterial ag-
gregation facilitates the formation of biofilms. This indicates that bac-
teria on Cu and Ni substrates survived oxidative stress and began to
develop a biofilm, which is an emergent form of bacterial life.

Overall, the bacterial growth activity of biofilms is not same on
different metal substrates, and the biofilms at the same culture stage are
in different biofilm development stages. During the growth period,
flagella and polysaccharide genes were activated and expressed to fa-
cilitate secretion of extracellular substances and enhance bacterial ad-
hesion. During the growth and stabilization period, the expression of
QS- and signal protein-related genes were up-regulated to aggregate
cells. During the later stabilization period, signaling molecule-related
genes that affect the c-di-GMP pathway were up-regulated to guide the
dispersion and shedding of bacteria.

4. Conclusion

This study demonstrated that biofilm bacteria could inhabit dif-
ferent metal substrates and exhibit distinct feedbacks due to various
degrees of stress. When planktonic bacteria directly contact with Cu
and Ni substrate surfaces, their activity drops sharply. This is mani-
fested by a lower bacterial abundance, altered cellular morphology and
sudden increase in carbohydrate content in EPS, as compared with
those on SS and Ti substrates. Furthermore, due to the destruction of
the bacterial redox equilibrium, bacteria on Cu substrate have the most
active and drastic defense, followed by those on Ni substrate. Moreover,
bacteria can quickly adapt to SS and Ti substrates to form biofilms
while the surviving bacteria on Cu and Ni substrates also aggregate to
develop biofilms to protect internal cells from adverse external damage.
Ultimately, these behaviors are performed under the biofilm regulatory
molecular network. This study revealed the response and underlying
mechanisms of bacterial biofilm development on different metal sub-
strates. As such, this information provides a better understanding of
different strategies pursued by bacteria during biofilm colonization on
different metal-based pipelines in water distribution systems, which has
implications for the control and elimination of biofilm contamination.
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