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problematic industrial biofilms.
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Introduction

A community (also known as consortium) of microorgan-
isms that adhere to abiotic surfaces is defined as a bio-
film (Hall-Stoodley et  al. 2004). Biofilms in nature typi-
cally consist of multiple synergistic microbial species, but 
pure-strain microbes can also form biofilms (O’Toole et al. 
2000). The microbial cells embedded in a biofilm matrix 
are known as sessile cells while the cells suspended in the 
bulk fluid are called planktonic cells. Both types of cells 
have identical genotypes, but their phenotypes may dif-
fer (Donlan 2002). Most microorganisms in nature live 
in a biofilm (McDougald et  al. 2012). Biofilms secreted 
extracellular polymeric substances (EPS) to embed sessile 
microbes. EPS provides a biofilm with protection to fend 
off harmful environmental conditions such as fluid shear 
stress, pH swings and antimicrobials (Hall-Stoodley et  al. 
2004; Zuo 2007).

Biofilms cause biocorrosion, biofouling (clogging) and 
reservoir souring. They decrease the quality of crude oil 
and they induce potential environmental problems and fail-
ures of infrastructures (Gittens et  al. 2013; Kahrilas et  al. 
2015). Biocorrosion that is also known as microbiologi-
cally influenced corrosion (MIC) causes billions of dollars 
of economic losses in the USA each year. Many microor-
ganisms involved in MIC and biofouling. They include sul-
fate reducing bacteria (SRB), acid producing bacteria, iron 
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oxidizing bacteria. Archaea and fungi also get involved in 
the MIC process (Larsen et  al. 2010). Physical scrubbing 
and chemical treatment methods are commonly used to mit-
igate problematic industrial biofilms (Carew et  al. 2009). 
These two methods are often combined because physi-
cal scrubbing (or pigging in the pipeline industry) alone 
is often inadequate. Sessile cells close to a metal surface 
are directly responsible for MIC, because they can utilize 
extracellular electrons or they secrete corrosive metabolites 
at locally high concentrations underneath the biofilms (Xu 
et  al. 2013). Planktonic cells in the bulk fluid usually are 
not directly involved in the MIC process. Thus, the control 
of problematic biofilms is the key to MIC mitigation.

Sessile cells are far more difficult to mitigate than plank-
tonic cells. High dosages of biocides are typically required 
in field applications to eradicate sessile cells because of the 
various defense mechanisms employed by biofilms. They 
include a diffusional barrier to slow down the penetration 
of biocides, purposely lowered metabolic rate to reduce 
biocide intake, preservation of persister cells, upregulation 
of resistance genes that code for proteins to degrade antimi-
crobials, and efflux pumps to pump out harmful chemicals 
(Li et  al. 2016c). It was reported that 10 times or higher 
concentrations of biocides are needed to mitigate sessile 
cells than those needed for planktonic cells (Videla 1996).

In many industrial systems, the complete eradication of 
biofilms is impractical due to various reasons. For example, 
the required biocide dosage or treatment time may be exces-
sive. Sometimes, it is futile to do a complete job because 
flow will introduce microbes again. Unlike humans, indus-
trial systems do not possess an immune system to combat 
residual microbes after biofilm treatment. This means bio-
films will bounce back. Thus, repeated treatment cycles are 
likely needed as is the case of oil and gas operations. In 
any biocide treatment, the continued use of the same bio-
cide will inevitably promote resistant microbes (Vance and 
Thrasher 2005). Over time, this leads to dosage escalation 
that causes environmental stress, cost increase and some-
times operational problems. For example, when the tetrakis 
hydroxymethyl phosphonium sulfate (THPS) dosage is suf-
ficiently high, this biocide introduces a high concentration 
of sulfate that causes scale formation due to barium sulfate 
precipitation in the drilling fluid.

Although there are many biocides that are marketed, 
only a few of them are suitable for large-scale applications 
such as oilfield applications. So far, THPS and glutaralde-
hyde are the two dominant biocide choices in oil and gas 
operations because of their excellent broad-spectrum effi-
cacy, cost, biodegradability and safety profile. They are 
also used in water treatment and other operations. While 
the pursuit for new antimicrobials is ongoing, the chances 
for a new blockbuster biocide on the market any time soon 
are not optimistic based on the track record in the past four 

decades. Thus, researchers have been searching for other 
effective ways for biofilm mitigation. This work is a review 
of these new approaches.

d‑Amino acids as biocide enhancers

Using biocide enhancers is one way to lower biocide dos-
ages. Surfactants have long been used in biocide blends 
to help distribute biocides (Simões et  al. 2006). Biocide 
enhancers do not need to be biostatic or biocidal them-
selves. For example, if a chemical agent disperses sessile 
cells and converts them into planktonic cells, it can be used 
as a biocide enhancer. This is because planktonic cells are 
far more susceptible to antimicrobial agents. Biofilm dis-
persal occurs owing to the presence of dispersal factors or 
signals, physiological cues and changes in nutrients, etc. 
(McDougald et al. 2012). One recently discovered biofilm 
dispersal agent is d-amino acids (Kolodkin-Gal et al. 2010).

d-Amino acids were once considered rare in nature 
decades ago, unlike l-amino acids that are used in protein 
synthesis. Nowadays, with advanced analytical tools and 
due to increased interests in their biological functions, 
d-amino acids are found to be ubiquitous. They are widely 
distributed in microorganisms, plants, animals, and even in 
humans (Konno 2007). A significant percentage of d-amino 
acids among all amino acids can be found in various foods 
(Man and Bada 1987). The biological function of d-amino 
acids in biofilm regulation is still not clear. It is suspected 
that d-amino acids serve as a signal molecular. Cava et al. 
(2011) suggested d-amino acids were necessary for the 
remodeling of cell wall structures. Lam et al. (2009) stated 
that d-amino acid synthesis might be a common method of 
self-adjustment of bacterial cells to adapt to their changing 
local environment. Some d-amino acids are hypothesized to 
modify the synthesis of peptidoglycan molecules that exist 
in all bacterial cell walls (Lam et al. 2009).

Kolodkin-Gal et al. (2010) found that d-methionine (d-
met), d-tyrosine (d-tyr), d-leucine (d-leu), and d-tryptophan 
(d-trp) triggered the Bacillus subtilis biofilm disassembly. 
Hochbaum et al. (2011) confirmed that d-amino acids sig-
naled the B. subtilis biofilm disassembly. A glycopeptide 
dendrimer containing d-amino acids was found to inhibit 
the biofilm formation of Pseudomonas aeruginosa (Johans-
son et al. 2011). Xu and Liu (2011) demonstrated that d-tyr 
dispersed biomass build-up on microfiltration membranes. 
They suggested that the mixture of four aforementioned 
d-amino acids at a relatively small overall concentration 
(10 nM) dispersed the B. subtilis, Staphylococcus aureus, 
P. aeruginosa biofilms (Kolodkin-Gal et al. 2010).

d-Alanine exists in the peptidoglycan molecules in all 
bacterial cell walls (Cava et al. 2011). Figure 1 shows that 
the d-alanine terminus in both types of peptidoglycan mol-
ecules (Royet and Dziarski 2007). One hypothesis is that 
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some d-amino acids trigger biofilm disassembly by replac-
ing the d-alanine terminus in bacterial cell walls’ pepti-
doglycan molecules (Kolodkin-Gal et  al. 2010). Another 
mechanism was proposed to explain why the S. aureus bio-
film could be dispersed by d-amino acids. It hypothesized 
that d-amino acids prevented the second step in biofilm 
growth, that is the development of small foci into larger 
assemblies of cells (Hochbaum et al. 2011). More recently, 
a new explanation of biofilm dispersal triggered by d-amino 
acids was proposed by Leiman et  al. (2013). It suggested 
that d-amino acid interfered with protein synthesis.

When d-amino acids were used to treat the biofilm of 
Desulfovibrio vulgaris, a corrosive SRB species, on carbon 
steel surfaces, Xu et al. (2012, 2014) and Jia et al. (2017) 
noticed that d-amino acids were inadequate in achieving 
logarithmic reductions of sessile cells. They suggested 
that for recalcitrant industrial biofilms, a biocide stress is 
required. They used d-amino acids as biocide enhancers for 
THPS and alkyldimethylbenzylammonium chloride. Glu-
taraldehyde was not chosen because it deactivates d-amino 
acids due to its function as an amino acid cross-linker. 
Table  1 shows a synergistic effect between THPS and d-
tyr. The combination of 50 ppm (w/w) THPS + 1 ppm d-tyr 
was far more effective against the D. vulgaris biofilm on 
carbon steel in ATCC 1249 medium than 100 ppm THPS 
and 1 ppm d-tyr used individually in a 7-day biofilm pre-
vention test, in which treatment chemical(s) were added to 
the culture medium before inoculation.

Biofilm consortia can be much more recalcitrant than 
pure-strain biofilms due to biofilm synergy. A biofilm con-
sortium can even deliberately recruit new microbial spe-
cies in the bulk fluid, not for short-term advantages, but 
for long-term advantages, such as antimicrobial defense 

in the future (Costerton 2007). Li et  al. (2016c) found 
that 50 ppm THPS + 1 ppm d-tyr reduced the SRB sessile 
cell count by 2 logs in the biofilm prevention test using a 
corrosive oilfield biofilm consortium in the ATCC 1249 
medium (Table  2). This efficacy is much less than that 
reflected in Table  1 for the pure-strain D. vulgaris bio-
film. When 50 ppm THPS was enhanced by 50 ppm of a 
d-amino acid mixture (equimolar mixture of d-tyr, d-met, 
d-leu, and d-trp), 4 log reduction of sessile SRB cell count 
was achieved. Sanchez et al. (2013a) reported that an equi-
molar mixture of d-met, d-phenylalanine (d-phe), d-proline 
(d-pro), and d-trp enhanced the dispersal of S. aureus com-
pared with using individual d-amino acids. It is likely that 
different species of sessile cells in a biofilm consortium 
are susceptible to different d-amino acids. The correspond-
ing SEM and CLSM images in Fig. 2 are consistent with 
the sessile cell counts in Table  2 from the most probable 
number assays using an SRB test kit. Figure 2d implies that 
most observed sessile cells in Fig. 2b were dead cells (red 

Fig. 1  Two types of pepti-
doglycan molecules in bacterial 
cell walls (Royet and Dziarski 
2007) (figure reproduced with 
permission from Nature Pub-
lishing Group)

Table 1  Sessile cell counts on carbon steel coupons after a 7-day 
biofilm prevention test against D. vulgaris biofilm in ATCC 1249 
medium mixed with different treatment chemicals (Xu et al. 2012)

Treatment Sessile cell 
count
(cells/cm2)

No treatment (control) ≥107

100 ppm d-tyr ≥106

50 ppm THPS ≥104

100 ppm THPS ≥102

50 ppm THPS + 1 ppm d-tyr <10
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dots) and very few cells were live cells (green dots). The 
comparison of SEM and CLSM images suggests that SEM 
may be used accurately only if dead sessile cells are already 
dislodged from the biofilm before coupon preparation for 
SEM analysis. CLSM images present more accurate pic-
tures. However, they do not see cell morphology.

In summary, d-amino acids can enhance biocides in 
the mitigation of problematic biofilms. d-amino acids are 
promising anti-biofilm agents for biofilm dispersal (Romero 

et al. 2011; Vlamakis et al. 2013; Wood et al. 2011). Lim-
ited information on the effects of d-amino acids on the bio-
film matrix structures has been reported in the literature 
(Sanchez et  al. 2013b). It was noticed that d-amino acids 
did not enhance the biocide mitigation of planktonic cells 
(Sanchez et al. 2014), but rather it had the dispersal effect 
on sessile cells. This is actually advantageous because the 
same biofilms are unlikely to develop resistance, making it 
attractive for long-term applications.

Chelators as biocide enhancers

Another reported class of chemicals that can be used as 
biocide enhancers are chelators. Ethylenediaminetetraacetic 
acid (EDTA) has been identified as an enhancer for anti-
biotics in lock solutions to treat biofilms on catheters, 
especially those used by cancer patients with a weakened 
immune system due to chemotherapy (Alakomi et al. 2006; 
Raad et al. 2003a, b, 2007). The use of chelators as biocide 
enhancers for biofilm treatment in industrial applications 
was patented by Raad et al. (2000, 2003). Since EDTA is 
slowly biodegradable, it accumulates in aqueous systems in 
the environment. It has been gradually replaced by ethylen-
ediaminedisuccinate (EDDS), which is a readily biodegrad-
able chelator (Schowanek et al. 1997). It was reported that 
2000 ppm EDDS enhanced 30 ppm THPS and also 30 ppm 

Table 2  SRB sessile cell counts of an oilfield biofilm consortium on 
carbon steel coupons after a 7-day biofilm prevention test in ATCC 
1249 medium using d-tyr and an equimolar mixture of d-tyr, d-met, 
d-leu, and d-trp (Li et al. 2016c)

Treatment Sessile cell 
count
(cells/cm2)

No treatment (control) ≥107

50 ppm THPS ≥107

50 ppm THPS + 1 ppm d-tyr ≥105

50 ppm THPS + 10 ppm d-tyr ≥105

50 ppm d-amino acid mixture ≥105

500 ppm d-amino acid mixture ≥105

50 ppm THPS + 50 ppm d-amino acid mixture ≥103

Fig. 2  SEM (top row) and 
CLSM (bottom row) images of 
biofilms after 7-day incuba-
tion in the biofilm prevention 
test against an oilfield biofilm 
consortium on carbon steel 
in ATCC 1249 medium with: 
a 50 ppm THPS, b 50 ppm 
THPS + 50 ppm d-amino acid 
mixture, c 50 ppm THPS, and 
d 50 ppm THPS + 50 ppm 
d-amino acid mixture (image 
reproduced from Li et al. 
(2016c) with no permission 
requirement). (Color figure 
online)
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glutaraldehyde against the planktonic cells of two corrosive 
SRB (D. vulgaris and Desulfovibrio desulfuricans), while 
2000  ppm EDDS alone did not inhibit the SRB growth 
(Wen et  al. 2010). EDDS at concentration of 2000  ppm 
enhanced the efficacy of 30  ppm glutaraldehyde against 
the D. desulfuricans biofilm on carbon steel coupons (Wen 
et  al. 2009). Methanol is a winterizing agent in reservoir 
operations. It was found that 1000 ppm EDDS + 10% (v/v) 
methanol considerably enhanced 30 ppm glutaraldehyde in 
the inhibition of SRB planktonic cells, prevention of bio-
film formation, and mitigation of souring caused by D. vul-
garis on carbon steel coupons (Wen et al. 2012; Xu et al. 
2012a). The results showed that EDDS can cut down the 
biocide (e.g., THPS and glutaraldehyde) dosages consid-
erably for the prevention of SRB biofilms and the eradica-
tion of established SRB biofilms (Wen et al. 2009). EDDS 
is considered non-hazardous and readily biodegradable 
(Schowanek et al. 1997). Although relatively high concen-
trations of EDDS are needed because of the abundance of 
ions in the fluid, EDDS is inexpensive.

Norspermidine for biofilm dispersal

Norspermidine is a polyamine (molecular weight 131) pro-
duced by some bacteria, algae and plants. It was recently 
found to inhibit biofilm formation. Hobley et  al. (2014) 
showed that norspermidine was not produced by the wild-
type B. subtilis NCBI 3610, but 250  µM norspermidine 
inhibited the B. subtilis biofilm formation. Ramón-Peréz 
et  al. (2015) demonstrated that the norspermidine can be 
produced by Staphylococcus epidermidis after a 40-h incu-
bation. Exogenous 25  µM norspermidine addition was 
found to have the highest inhibitory effect on the S. epider-
midis biofilm formation. Fourteen of 31 different S. epider-
midis strains isolated from healthy skins, healthy conjunc-
tivas, and ocular infections were inhibited by 52.2–83.1% 
with 25 µM norspermidine. Furthermore, 100 µM norsper-
midine was found to disassemble the mature S. epidermidis 
biofilm. Disassembly took place in 10 strains out of the total 
31 strains. The suggested mechanism is due to the attach-
ment of norspermidine to negatively charged sugar resi-
dues, or to neutral sugars with polar groups causing a col-
lapse of the exopolysaccharides and then the disassembly of 
the biofilm (Ramón-Peréz et al. 2015). It was also reported 
that a combination of 500 µM d-tyr and 500 µM norsper-
midine was capable of achieving the highest relatively dis-
assembled biomass against a thick (900  µm) 6-month old 
biofilm consortium in wastewater treatment systems (Si 
et  al. 2014). The combination of d-tyr and norspermidine 
was thought to reduce the EPS content and alter the pro-
tein and polysaccharide matrix structure in the microbial 
aggregates, promoting sessile cells to return to planktonic 
cells. Wu et  al. (2016) reported that norspermidine acted 

as a biocide enhancer to treat a biofilm consortium from 
a wastewater treatment system. Their results showed that 
1 ppm biocide alone treatment (silver ion) failed to remove 
biofilms. Norspermidine alone treatment at 500–1000 μM 
achieved a biofilm reduction of 21–34% after a 24-h expo-
sure. However, the combination of 500 μM norspermidine 
and 0.01 ppm silver ion disrupted the biofilm with a higher 
biofilm reduction rate of 48% after the 24-h exposure.

The results above showed that norspermidine had a 
potential application against industrial biofilms. The com-
bination of 500 μM (65 ppm) norspermidine and 0.01 ppm 
silver ion achieved better biofilm removal than the 1 ppm 
silver ion alone treatment (Wu et al. 2016). Two orders of 
biocide magnitude dosage reduction was achieved. The 
norspermidine is not expensive. Therefore, it is interesting 
to evaluate the combination of norspermidine and com-
mon industrial biocides (e.g., THPS, glutaraldehyde, qua-
ternary ammonium compounds and chlorine based bio-
cides) against industrial biofilms, especially those in the 
oil and gas industry. There is a possibility that the amine 
group in norspermidine may react with glutaraldehyde or 
chlorine based biocides. Therefore a chemical compatibil-
ity test is necessary if these biocides are used together with 
norspermidine.

Bacteriophages for biofilm treatment

There have been some recent reports using bacteriophages 
as anti-biofilm agents (Ashraf et al. 2014; Gutiérrez et al. 
2016; Motlagh et  al. 2016). Bacteriophages can prevent 
biofilm formation and achieve biofilm eradication. Bacte-
riophages can permeate into biofilms and lyse the cells with 
degradation of its EPS by phage depolymerases (Parasion 
et  al. 2014). Even the persister cells in biofilms could be 
infected and removed by phages (Gutiérrez et  al. 2014; 
Pearl et  al. 2008). Several studies confirmed that biofilms 
were removed by phages. The infection of three bacte-
riophages (LiMN4L, LiMN4p and LiMN17) individually 
or as a cocktail at  109 PFU/ml of 7-day Listeria monocy-
togenes biofilms on stainless steel coupons were investi-
gated. Each individual phage reduced the sessile cell counts 
on stainless steel coupons by 3–4.5 logs, while the cocktail 
of phages reduced the sessile cells to an undetectable level 
(Arachchi et al. 2013). The phage P100 was active against a 
wide range of L. monocytogenes biofilms on stainless steel 
(Montañez-Izquierdo et  al. 2012; Soni and Nannapaneni 
2010). On a stainless steel coupon surface,  109  PFU/ml 
phage P100 reduced L. monocytogenes sessile cell counts 
by 3.5–5.4 log (Soni and Nannapaneni 2010).

In order to achieve better efficacies, phages were 
sometimes combined with biocides. It was reported that 
a 1-day old S. aureus biofilm was treated with a cocktail 
of  109  PFU/ml phage SAP-26 and 0.6  ppm rifampicin 



 World J Microbiol Biotechnol (2017) 33:97

1 3

97 Page 6 of 10

for 24  h. The  109  PFU/ml phage SAP-26 alone treatment 
achieved 3 log sessile cell reduction and the 0.6  ppm 
rifampicin alone treatment achieved 4 log reduction. How-
ever, the cocktail of  109 PFU/ml phage SAP-26 + 0.6 ppm 
rifampicin achieved 5 log sessile cell reduction (Rah-
man et al. 2011). Bacteriophages were also used to reduce 
microbial attachment to membrane in wastewater treatment 
systems against biofouling (Goldman et al. 2009; Motlagh 
et al. 2016). Bhattacharjee et al. (2015) showed that a bac-
teriophage  (105–106  PFU/mL) isolated from a full-scale 
wastewater treatment plant could remove the Delftia tsu-
ruhatensis ARB-1 biofilm on a glass slide. The bacterio-
phage at  1012 PFU/mL was also found to eliminate the D. 
tsuruhatensis ARB-1 biofilm on membrane filters. Results 
showed that the water flux through the membrane that pre-
viously decreased due to biofilm formation increased after 
the phage application.

In the field, it is a major challenge to apply bacterio-
phages because of the extreme host specificities (Calendar 
2006). Phages that infect D. vulgaris or Desulfovibrio aes-
poeensis may not infect other Desulfovibrio species (Eydal 
et al. 2009; Seyedirashti et al. 1991; Summer et al. 2011). 
Therefore, a cocktail of phages will be necessary for a field 
biofilm consortium. However, the large-scale use of phage 
mixtures is expensive. Thus, phages may be combined with 
biocides and biocide enhancers in the same batch applica-
tion, since some specific phages may infect persister cells 
in biofilms. More research is needed before phages are used 
in practical applications.

Antibacterial stainless steel

Instead of protecting existing materials against problem-
atic biofilms using chemical and microbiological agents, 
new materials are being developed to possess antimicro-
bial properties. Stainless steels have been widely used in 
many industries. However, they are not immune to biofilm 
attachment and MIC pitting corrosion. An antibacterial 
stainless steel was first invented by Nisshin Steel (Chiyoda-
ku, Japan) in 1990s (Sun et al. 2015). Yang’s group subse-
quently developed various antibacterial stainless steels for 
applications in different environments with broad antibac-
terial spectra (Lin et al. 2007; Yang et al. 2005, 2006). Nan 
et  al. (2015) reported that 304L-Cu antibacterial stainless 
steel exhibited a strong MIC resistance against Escherichia 
coli in the Luria–Bertani culture medium in a test lasting 
21 days. The 304L-Cu antibacterial stainless steel consider-
ably reduced the corrosion pit depth and weight loss. The 
corrosion resistance was confirmed by the reduced corro-
sion current density in their potentiodynamic polarization 
test.

The corrosive marine P. aeruginosa biofilm caused 
severe MIC attack against various types of materials 

including carbon steels, stainless steels, duplex stain 
steels and hyper duplex stainless steels (Li et  al. 2016a, 
b; Xu et al. 2017). Copper containing 2205 duplex stain-
less steels (2205-Cu DSS) was created and tested by Xia 
et  al. (2015). This new antibacterial DSS material pos-
sessed a strong antibacterial ability against the aerobic 
P. aeruginosa biofilm with an antibacterial efficiency of 
97% in a test lasting 7 days of incubation. The biofilm 
thickness formed on the 2205-Cu DSS surface was sub-
stantially reduced due to the presence of Cu ions released 
from the copper-rich phases on the steel matrix in the 
initial corrosion process. The maximum pit depth caused 
by P. aeruginosa biofilm was reduced from 9.5 to 1.4 μm 
compared with the conventional 2205 DSS. Their elec-
trochemical corrosion test also confirmed the corrosion 
resistance of 2205-Cu DSS in the presence of P. aerugi-
nosa. Compared with 2205 DSS, the 2205-Cu DSS also 
possessed a much stronger pitting corrosion resistance 
against the P. aeruginosa biofilm. The critical pitting 
temperature (CPT) values of 2205-Cu DSS (54 °C) was 
considerably larger than that of 2205 DSS (45 °C) in the 
presence of the P. aeruginosa biofilm after 14 days (Li 
et al. 2016d). It should be noted copper ions are biocidal 
against many microorganisms, but SRB such as D. vul-
garis are not affected. They can form biofilms even on 
pure copper pipes, such as those used in fire sprinkler 
systems (Fu et al. 2014).

As shown in Fig. 3, with an initial planktonic P. aer-
uginosa of  103 cells  ml-1, 2205-Cu DSS exhibited strong 
antibacterial performance in the artificial seawater. The 
live/dead staining of biofilm indicated that less live and 
more dead sessile cells appeared on the 2205-Cu DSS 
surface after 3 days compared with the 2205 DSS con-
trol. After 5 days, the antibacterial efficacy reached 
79%, demonstrating a strong inhibition of P. aeruginosa. 
The biofilm thickness is sometimes used to evaluate the 
biocidal effect of antimicrobial agents. In this case, the 
thickness of P. aeruginosa was reduced substantially on 
the 2205-Cu surface as shown in Fig. 3. Figure 4 depicts 
the proposed mechanism of how 2205-Cu DSS kills bac-
teria. The direct contact kill by copper-rich phases and 
the  Cu2+ ions released from the steel matrix synergisti-
cally endow 2205-Cu DSS an excellent antibacterial abil-
ity. Unlike protective coatings, antibacterial steels do not 
face the problems of coating crack and disbondment. The 
drawback of this novel antibacterial DSS is that the gen-
eral corrosion rate is increased due to the addition of cop-
per. Because MIC pitting resistance is much more vital 
than its general corrosion resistance, which is negligibly 
small, the antibacterial DSS has the potential to be used 
where MIC pitting is a real threat.
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Fig. 3  The 2205 DSS and 2205-Cu DSS surfaces after live/dead 
staining under CLSM with initial planktonic cell concentrations of 
 103 cells  ml−1: a 2205 DSS after 1 day, b 2205 DSS after 3 days, c 

2205 DSS after 5 days, d 2205-Cu DSS after 1 day, e 2205-Cu DSS 
after 3 days, and f 2205-Cu DSS after 5 days (image reproduced from 
Lou et al. (2016) with permission from Elsevier)

Fig. 4  Schematic illustration of the antibacterial mechanism of 2205-Cu DSS (figure reproduced from Lou et al. (2016) with permission from 
Elsevier)
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Conclusion

Problematic industrial biofilms cause biofouling and MIC, 
resulting in tremendous economic losses in many indus-
tries. They are very resilient against treatment efforts that 
tend to suppress the vulnerable microbial species while 
unwillingly allowing resistant species to take over in the 
long run. This review discussed some recent advances in 
treating biofilms. They included chemical and microbiolog-
ical treatments as well as new antibacterial stainless steels. 
Due to biocide resistance, the battle against problematic 
industrial biofilms will be everlasting. Researchers will 
continue to get inspirations from nature for new chemical 
and microbiological agents to control biofilms. For exam-
ple, researchers have been testing synthetic peptides as bio-
cide enhancers at ppb levels. This class of biocide enhanc-
ers is inspired by the anti-biofilm peptides secreted by sea 
anemones to keep their surfaces clean. It is foreseeable that 
some of chemical agents will likely be incorporated into 
special coatings in addition to liquid dosing for biofilm pre-
vention in the future.

Acknowledgements Yingchao Li is supported by China Post-
doctoral Research Foundation and Beijing Postdoctoral Science 
Foundation. Dake Xu is supported by the National Natural Science 
Foundation of China (Nos. 51501203 and U1660118), the National 
Basic Research Program of China (973 Program project, No. 
2014CB643300) and the National Environmental Corrosion Platform 
(NECP).

References

Alakomi HL, Paananen A, Suihko ML, Helander IM, Saarela M 
(2006) Weakening effect of cell permeabilizers on gram-nega-
tive bacteria causing biodeterioration. Appl Environ Microbiol 
72(7):4695–4703

Arachchi GJG, Cridge AG, Dias-Wanigasekera BM, Cruz CD, 
McIntyre L, Liu R, Flint SH, Mutukumira AN (2013) Effec-
tiveness of phages in the decontamination of Listeria monocy-
togenes adhered to clean stainless steel, stainless steel coated 
with fish protein, and as a biofilm. J Ind Microbiol Biotechnol 
40(10):1105–1116

Ashraf MA, Ullah S, Ahmad I, Qureshi AK, Balkhair KS, Abdur 
Rehman M (2014) Green biocides, a promising technology: 
current and future applications to industry and industrial pro-
cesses: green biocides, a promising technology. J Sci Food Agric 
94(3):388–403

Bhattacharjee AS, Choi J, Motlagh AM, Mukherji ST, Goel R (2015) 
Bacteriophage therapy for membrane biofouling in membrane 
bioreactors and antibiotic-resistant bacterial biofilms. Biotechnol 
Bioeng 112(8):1644–1654

Calendar RL (2006) The bacteriophages. Oxford University Press, 
New York

Carew J, Al-Hashem A, El-Mohemeed E, Al-Enezi H (2009) North 
Kuwait oil field sea water flood experience in pipeline integrity 
management program. Corrosion/2009 Paper No. 09117, NACE 
International, Atlanta

Cava F, Lam H, de Pedro M, Waldor M (2011) Emerging knowl-
edge of regulatory roles of d-amino acids in bacteria. Cell Mol 
Life Sci 68(5):817–831

Costerton JW (2007) The biofilm primer. Springer, Berlin
Donlan RM (2002) Biofilms: microbial life on surfaces. Emerg 

Infect Dis 8(9):881–890
Eydal HS, Jägevall S, Hermansson M, Pedersen K (2009) Bacte-

riophage lytic to Desulfovibrio aespoeensis isolated from deep 
groundwater. ISME J 3(10):1139–1147

Fu W, Li Y, Xu D, Gu T (2014) Comparing two different types of 
anaerobic copper biocorrosion by sulfate- and nitrate-reducing 
bacteria. Mater Perform 53(6):66–70

Gittens JE, Smith TJ, Suleiman R, Akid R (2013) Current and 
emerging environmentally-friendly systems for fouling control 
in the marine environment. Biotechnol Adv 31(8):1738–1753

Goldman G, Starosvetsky J, Armon R (2009) Inhibition of biofilm 
formation on UF membrane by use of specific bacteriophages. 
J Membr Sci 342(1–2):145–152

Gutiérrez D, Ruas-Madiedo P, Martínez B, Rodríguez A, García 
P (2014) Effective removal of Staphylococcal biofilms by the 
endolysin LysH5. PLoS ONE 9(9):e107307

Gutiérrez D, Rodríguez-Rubio L, Martínez B, Rodríguez A, García 
P (2016) Bacteriophages as weapons against bacterial biofilms 
in the food industry. Front Microbiol 7:825–840

Hall-Stoodley L, Costerton JW, Stoodley P (2004) Bacterial bio-
films: from the natural environment to infectious diseases. Nat 
Rev Microbiol 2(2):95–108

Hobley L, Kim SH, Maezato Y, Wyllie S, Fairlamb AH, Stanley-
Wall NR, Michael AJ (2014) Norspermidine is not a self-pro-
duced trigger for biofilm disassembly. Cell 156(4):844–854

Hochbaum AI, Kolodkin-Gal I, Foulston L, Kolter R, Aizen-
berg J, Losick R (2011) Inhibitory effects of d-amino acids 
on Staphylococcus aureus biofilm development. J Bacteriol 
193(20):5616–5622

Jia R, Yang D, Li Y, Xu D, Gu T (2017) Mitigation of the Desul-
fovibrio vulgaris biofilm using alkyldimethylbenzylammonium 
chloride enhanced by d-amino acids. Int Biodeterior Biodegra-
dation 117:97–104

Johansson EMV, Kadam RU, Rispoli G, Crusz SA, Bartels KM, 
Diggle SP, Cámara M, Williams P, Jaeger KE, Darbre T, Rey-
mond JL (2011) Inhibition of Pseudomonas aeruginosa bio-
films with a glycopeptide dendrimer containing d-amino acids. 
MedChemComm 2(5):418–420

Kahrilas GA, Blotevogel J, Stewart PS, Borch T (2015) Biocides 
in hydraulic fracturing fluids: a critical review of their usage, 
mobility, degradation, and toxicity. Environ Sci Technol 
49(1):16–32

Kolodkin-Gal I, Romero D, Cao S, Clardy J, Kolter R, Losick R 
(2010) d-Amino acids trigger biofilm disassembly. Science 
328(5978):627–629

Konno R (2007) d-Amino acids: a new frontier in amino acids and 
protein research: practical methods and protocols. Nova Biomed-
ical Books, New York

Lam H, Oh DC, Cava F, Takacs CN, Clardy J, de Pedro MA, Wal-
dor MK (2009) d-Amino acids govern stationary phase cell wall 
remodeling in bacteria. Science 325(5947):1552–1555

Larsen J, Rasmussen K, Pedersen H, Sørensen K, Lundgaard T, Sko-
vhus TL (2010) Consortia of MIC bacteria and archaea causing 
pitting corrosion in top side oil production facilities. Corro-
sion/2010 Paper No. 10252, NACE International, San Antonio

Leiman SA, May JM, Lebar MD, Kahne D, Kolter R, Losick R (2013) 
d-Amino acids indirectly inhibit biofilm formation in Bacil-
lus subtilis by interfering with protein synthesis. J Bacteriol 
195(23):5391–5395

Li H, Zhou E, Ren Y, Zhang D, Xu D, Yang C, Feng H, Jiang Z, Li 
X, Gu T, Yang K (2016a) Investigation of microbiologically 



World J Microbiol Biotechnol (2017) 33:97 

1 3

Page 9 of 10 97

influenced corrosion of high nitrogen nickel-free stainless steel 
by Pseudomonas aeruginosa. Corros Sci 111:811–821

Li H, Zhou E, Zhang D, Xu D, Xia J, Yang C, Feng H, Jiang Z, Li X, 
Gu T, Yang K (2016b) Microbiologically influenced corrosion of 
2707 hyper-duplex stainless steel by marine Pseudomonas aer-
uginosa biofilm. Sci Rep 6:20190

Li Y, Jia R, Al-Mahamedh HH, Xu D, Gu T (2016c) Enhanced bioc-
ide mitigation of field biofilm consortia by a mixture of d-amino 
acids. Front Microbiol 7:896–909

Li P, Zhao Y, Liu Y, Zhao Y, Xu D, Yang C, Zhang T, Gu T, Yang 
K (2016d) Effect of Cu addition to 2205 duplex stainless steel 
on the resistance against pitting corrosion by the Pseudomonas 
aeruginosa biofilm. J Mater Sci Technol. doi:10.1016/j.
jmst.2016.11.020

Lin H, Yin Y, Wang XL, Zhao RD, Zhang WQ (2007) Structure and 
properties of Cu-contained antibacterial martensitic stainless 
steel. Metall Funct Mater 14:14–17

Lou Y, Lin L, Xu D, Zhao S, Yang C, Liu J, Zhao Y, Gu T, Yang K 
(2016) Antibacterial ability of a novel Cu-bearing 2205 duplex 
stainless steel against Pseudomonas aeruginosa biofilm in artifi-
cial seawater. Int Biodeterior Biodegradation 110:199–205

Man EH, Bada JL (1987) Dietary d-amino acids. Annu Rev Nutr 
7(1):209–225

McDougald D, Rice SA, Barraud N, Steinberg PD, Kjelleberg S 
(2012) Should we stay or should we go: mechanisms and eco-
logical consequences for biofilm dispersal. Nat Rev Microbiol 
10(1):39–50

Montañez-Izquierdo VY, Salas-Vázquez DI, Rodríguez-Jerez JJ 
(2012) Use of epifluorescence microscopy to assess the effec-
tiveness of phage P100 in controlling Listeria monocytogenes 
biofilms on stainless steel surfaces. Food Control 23(2):470–477

Motlagh AM, Bhattacharjee AS, Goel R (2016) Biofilm control with 
natural and genetically-modified phages. World J Microb Bio-
technol 32(4):1–10

Nan L, Xu D, Gu T, Song X, Yang K (2015) Microbiological influ-
enced corrosion resistance characteristics of a 304L-Cu stainless 
steel against Escherichia coli. Mater Sci Eng C 48:228–234

O’Toole G, Kaplan HB, Kolter R (2000) Biofilm formation as micro-
bial development. Annu Rev Microbiol 54(1):49–79

Parasion S, Kwiatek M, Gryko R, Mizak L, Malm A (2014) Bacte-
riophages as an alternative strategy for fighting biofilm develop-
ment. Pol J Microbiol 63(2):137–145

Pearl S, Gabay C, Kishony R, Oppenheim A, Balaban NQ (2008) 
Nongenetic individuality in the host–phage interaction. PLoS 
Biol 6(5):e120

Raad I, Chatzinikolaou I, Chaiban G, Hanna H, Hachem R, Dvorak 
T, Cook G, Costerton W (2003a) In  vitro and ex  vivo activi-
ties of minocycline and EDTA against microorganisms embed-
ded in biofilm on catheter surfaces. Antimicrob Agents C 
47(11):3580–3585

Raad I, Hanna H, Dvorak T, Chaiban G, Hachem R (2007) Optimal 
antimicrobial catheter lock solution, using different combina-
tions of minocycline, EDTA, and 25-percent ethanol, rapidly 
eradicates organisms embedded in biofilm. Antimicrob Agents C 
51(1):78–83

Raad I, Sheretz R, Hachem R (2000) EDTA and other chelators with 
or without antifungal antimicrobial agents for the prevention and 
treatment of fungal infections. U.S. Patent No. 6165484. U.S. 
Patent and Trademark Office, Washington, DC

Raad II, Sheretz R, Hachem R (2003b) EDTA and other chelators 
with or without antifungal antimicrobial agents for the preven-
tion and treatment of fungal infections. U.S. Patent No. 6509319. 
U.S. Patent and Trademark Office, Washington, DC

Rahman M, Kim S, Kim SM, Seol SY, Kim J (2011) Charac-
terization of induced Staphylococcus aureus bacteriophage 

SAP-26 and its anti-biofilm activity with rifampicin. Biofouling 
27(10):1087–1093

Ramón-Peréz ML, Díaz-Cedillo F, Contreras-Rodríguez A, Betan-
zos-Cabrera G, Peralta H, Rodríguez-Martínez S, Cancino-Diaz 
ME, Jan-Roblero J, Cancino Diaz JC (2015) Different sensitiv-
ity levels to norspermidine on biofilm formation in clinical and 
commensal Staphylococcus epidermidis strains. Microb Pathog 
79:8–16

Romero D, Kolter R (2011) Will biofilm disassembly agents make it 
to market? Trends Microbiol 19(7):304–306

Royet J, Dziarski R (2007) Peptidoglycan recognition proteins: pleio-
tropic sensors and effectors of antimicrobial defences. Nat Rev 
Microbiol 5(4):264–277

Sanchez CJ, Prieto EM, Krueger CA, Zienkiewicz KJ, Romano DR, 
Ward CL, Akers KS, Guelcher SA, Wenke JC (2013a) Effects of 
local delivery of d-amino acids from biofilm-dispersive scaffolds 
on infection in contaminated rat segmental defects. Biomaterials 
34(30):7533–7543

Sanchez Z, Tani A, Kimbara K (2013b) Extensive reduction of cell 
viability and enhanced matrix production in Pseudomonas aer-
uginosa PAO1 flow biofilms treated with a d-amino acid mix-
ture. Appl Environ Microb 79(4):1396–1399

Sanchez CJ, Akers KS, Romano DR, Woodbury RL, Hardy SK, Mur-
ray CK, Wenke JC (2014) d-Amino acids enhance the activity 
of antimicrobials against biofilms of clinical wound isolates of 
Staphylococcus aureus and Pseudomonas aeruginosa. Antimi-
crob Agents C 58(8):4353–4361

Schowanek D, Feijtel TC, Perkins CM, Hartman FA, Federle TW, 
Larson RJ (1997) Biodegradation of [S, S],[R, R] and mixed ste-
reoisomers of ethylene diamine disuccinic acid (EDDS), a transi-
tion metal chelator. Chemosphere 34(11):2375–2391

Seyedirashti S, Wood C, Akagi JM (1991) Induction and partial puri-
fication of bacteriophages from Desulfovibrio vulgaris (Hilden-
borough) and Desulfovibrio desulfuricans ATCC 13541. Micro-
biology 137(7):1545–1549

Si X, Quan X, Li Q, Wu Y (2014) Effects of d-amino acids and nor-
spermidine on the disassembly of large, old-aged microbial 
aggregates. Water Res 54:247–253

Simões M, Pereira MO, Machado I, Simões LC, Vieira MJ (2006) 
Comparative antibacterial potential of selected aldehyde-based 
biocides and surfactants against planktonic Pseudomonas fluore-
scens. J Ind Microbiol Biotechnol 33(9):741–749

Soni KA, Nannapaneni R (2010) Removal of Listeria monocy-
togenes biofilms with bacteriophage P100. J Food Protect 
73(8):1519–1524

Summer EJ, Liu M, Summer NS, Gill JJ, Janes C, Young R (2011) 
Phage of sulfate reducing bacteria isolated from high saline envi-
ronment. Corrosion/2011 Paper No. 11222, NACE International, 
Houston

Sun D, Babar Shahzad M, Li M, Wang G, Xu D (2015) Antimicrobial 
materials with medical applications. Mater Technol 30:B90–B95

Vance I, Thrasher DR (2005) Reservoir souring: mechanisms and pre-
vention. In: Ollivier B, Magot M (eds) Petroleum microbiology. 
ASM Press, Washington, pp 123–142

Videla HA (1996) Manual of biocorrosion. CRC Press, Boca Raton
Vlamakis H, Chai Y, Beauregard P, Losick R, Kolter R (2013) Stick-

ing together: building a biofilm the Bacillus subtilis way. Nat 
Rev Microbiol 11(3):157–168

Wen J, Zhao K, Gu T, Raad I (2009) A green biocide enhancer for the 
treatment of sulfate-reducing bacteria (SRB) biofilms on carbon 
steel surfaces using glutaraldehyde. Int Biodeterior Biodegrada-
tion 63(8):1102–1106

Wen J, Zhao K, Gu T, Raad I (2010) Chelators enhanced biocide inhi-
bition of planktonic sulfate-reducing bacterial growth. World J 
Microb Biotechnol 26(6):1053–1057

http://dx.doi.org/10.1016/j.jmst.2016.11.020
http://dx.doi.org/10.1016/j.jmst.2016.11.020


 World J Microbiol Biotechnol (2017) 33:97

1 3

97 Page 10 of 10

Wen J, Xu D, Gu T, Raad I (2012) A green triple biocide cocktail 
consisting of a biocide, EDDS and methanol for the mitigation of 
planktonic and sessile sulfate-reducing bacteria. World J Microb 
Biotechnol 28(2):431–435

Wood TK, Hong SH, Ma Q (2011) Engineering biofilm formation and 
dispersal. Trends Biotechnol 29(2):87–94

Wu Y, Quan X, Si X, Wang X (2016) A small molecule norspermi-
dine in combination with silver ion enhances dispersal and dis-
infection of multi-species wastewater biofilms. Appl Microbiol 
Biotechnol 100(12):5619–5629

Xia J, Yang C, Xu D, Sun D, Nan L, Sun Z, Li Q, Gu T, Yang K 
(2015) Laboratory investigation of the microbiologically influ-
enced corrosion (MIC) resistance of a novel Cu-bearing 2205 
duplex stainless steel in the presence of an aerobic marine Pseu-
domonas aeruginosa biofilm. Biofouling 31(6):481–492

Xu H, Liu Y (2011) d-Amino acid mitigated membrane biofouling and 
promoted biofilm detachment. J Membr Sci 376(1–2):266–274

Xu D, Wen J, Gu T, Raad I (2012a) Biocide cocktail consisting of 
glutaraldehyde, ethylene diamine disuccinate (EDDS), and meth-
anol for the mitigation of souring and biocorrosion. Corrosion 
68:994–1002

Xu D, Li Y, Gu T (2012b) A synergistic d-tyrosine and tetrakis 
hydroxymethyl phosphonium sulfate biocide combination for 

the mitigation of an SRB biofilm. World J Microb Biotechnol 
28(10):3067–3074

Xu D, Li Y, Song F, Gu T (2013) Laboratory investigation of micro-
biologically influenced corrosion of C1018 carbon steel by 
nitrate reducing bacterium Bacillus licheniformis. Corros Sci 
77:385–390

Xu D, Li Y, Gu T (2014) d-Methionine as a biofilm dispersal sign-
aling molecule enhanced tetrakis hydroxymethyl phosphonium 
sulfate mitigation of Desulfovibrio vulgaris biofilm and biocor-
rosion pitting. Mater Corros 65(8):837–845

Xu D, Xia J, Zhou E, Zhang D, Li H, Yang C, Li Q, Lin H, Li X, 
Yang K (2017) Accelerated corrosion of 2205 duplex stainless 
steel caused by marine aerobic Pseudomonas aeruginosa bio-
film. Bioelectrochemistry 113:1–8

Yang K, Chen SH, Dong JS, Lu MQ (2005) The antibacterial proper-
ties of ferrite antibacterial stainless steel. Metall Funct Mater 6:1

Yang K, Dong J, Chen S, Lu MQ (2006) The craftwork performance 
and resistance to corrosion of the Cu-containing antibacterial 
stainless steels. Chin J Mater Res 20:523

Zuo R (2007) Biofilms: strategies for metal corrosion inhibi-
tion employing microorganisms. Appl Microbiol Biotechnol 
76(6):1245–1253


	Advances in the treatment of problematic industrial biofilms
	Abstract 
	Introduction
	d-Amino acids as biocide enhancers
	Chelators as biocide enhancers
	Norspermidine for biofilm dispersal
	Bacteriophages for biofilm treatment
	Antibacterial stainless steel

	Conclusion
	Acknowledgements 
	References


