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A B S T R A C T   

Microbiologically influenced corrosion (MIC) caused by sulfate reducing bacteria (SRB) is a 
serious challenge in many industries, but biofilm greatly decreases the toxicity of bactericides to 
cell inside. D-amino acids are potential enhancers for bactericides due to their excellent perfor
mance on biofilm inhibition. However, the mechanism of D-amino acid cooperating with bacte
ricides for MIC inhibition is still unknown. In this study, D-tyrosine（D-Tyr）and disoctyl 
dimethyl ammonium chloride (DDAC) were selected as the typical D-amino acid and bactericide, 
respectively, to evaluate their synergetic inhibition on the corrosion caused by Desulfovibrio 
vulgaris. D-Tyr obviously enhanced the role of DDAC in inhibiting corrosion with high corrosion 
inhibition efficiency at 77.23 %. The attachment of EPS and live cells on the coupon surface 
decreased in the presence of D-Try, leading to more cells directly exposed to DDAC. Besides, D- 
Try decreased the amount of live cells on the surface and thus reduced the utilization of Fe by SRB 
and corrosion current. Moreover, dead cells settling to the coupon surface may form a protective 
lay to retard the contact between live SRB and Fe, leading to slow cathode reaction and less 
corrosion. Therefore, D-Tyr can reduce the coverage of biofilm, thereby reducing its protective 
effect on SRB and achieving better corrosion inhibition effect. This work provides a new strategy 
for improving bactericides and inhibiting MIC.   

1. Introduction 

Microbiologically influenced corrosion (MIC) is a special type of corrosion in which microorganisms directly or indirectly 
participate and lead to metal destruction and economic losses [1,2]. The cost associated with pitting corrosion incurred over $300,000 
per unit per day for replacement cost [3]. Even stainless steel cannot be protected from pitting caused by MIC. Associated with most 
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MIC problems, sulfate reducing bacteria (SRB) is widely concerned in recent years [4–6], and it is generally considered to be the main 
bacterial group that causes metal corrosion in cooling water systems [7]. Moreover, SRB has been proven to cause and exacerbate 
pitting corrosion, and thus enhance the damage caused by stress corrosion cracking (SCC) on the pipeline [8]. Sulfate reduction in SRB 
cytoplasm requires biocatalysis and electrons, which are derived from extracellular iron oxidation and transferred to SRB cytoplasm 
through cell membrane. This electron transfer process is classified as extracellular electron transfer (EET), which is the main mech
anism for MIC caused by SRB [9]. Furthermore, planktonic microorganisms in the liquid phase are usually not directly related to MIC, 
and the implementation of EET-MIC depends on biofilms, which are considered as the primary reason for MIC in most cases [10–12]. 
Therefore, the key to mitigating MIC is to reduce biofilms. 

In many industrial systems, complete eradication of biofilms is impractical due to high doses of bactericides and long-term 
treatment. In addition, such treatment is also futile, as flow will bring back planktonic cells, leading to the biofilm formation again 
[12]. Moreover, biofilm exhibits natural defenses against external stress, such as slowing down the diffusion barrier of bactericide 
penetration [13]. Therefore, compared to planktonic cells, killing cells in a biofilm typically requires ten times or more bactericide 
doses [14]. Moreover, the addition of same bactericide repetitively can lead to microbial resistance, which also results in high demand 
for bactericide dosage [15]. Therefore, it is necessary to develop more effective methods to inhibit biofilm and enhance bactericide. 

Recently, new bactericides have been developed to mitigate MIC caused by SRB. These bactericides exhibited excellent perfor
mances on MIC inhibition but with high dosages at hundreds ppm and intricate synthetic process, leading to high cost [16,17]. In 
contrast, it might be a low-cost and efficient strategy to enhance common bactericides via regulating biofilm. D-amino acids, a secretion 
widely found in many bacteria, exhibit significant impacts on biofilm formation. They can inhibit the formation of biofilms and 
promote the separation of biofilms [18,19]. Due to the wide distribution and biodegradability, D-amino acids are considered as a green 
and safe enhancer for bactericide [20–22]. For example, D-amino acids significantly enhanced the efficacy of bactericides via achieving 
at least an extra 2-log reduction of sessile cell counts [23]. Therefore, D-amino acids are also expected to be an excellent enhancer for 
bactericides to inhibit MIC. However, the mechanism of D-amino acid cooperating with bactericides for MIC inhibition is still unknown. 
Exploring the mechanism of D-amino acids as enhancers to mitigate MIC is significant for their application in the reduction of bac
tericides dosage. 

In this study, D-tyrosine（D-Tyr）and disoctyl dimethyl ammonium chloride (DDAC) were selected as the typical D-amino acid and 
quaternary ammonium salt bactericide, respectively, to evaluate their roles in metal corrosion caused by SRB. The corrosion of Q235 
steel was investigated via weight loss, electrochemical analysis, AFM and XRD. The formation of biofilm was determined to explore the 
synergy between D-Tyr and DDAC. 

2. Materials and methods 

2.1. Chemicals and material preparation 

D-Tyr (C9H11NO3, 98 %) and DDAC (C18H40ClN, 80 %) were both purchased from Shanghai Macklin Biochemical Co., Ltd. L- 
cysteine (>99 %) was purchased from Aladdin Holdings Group Co., Ltd, China. Unless otherwise specified, other reagents used in this 
study were analytical grade. The coupons used in this study were Q235 carbon steel, which is composed of C ≤ 0.20 %, Mn ≤ 1.4 %, Si 
≤ 0.35 %, S ≤ 0.045, P ≤ 0.045 and balanced Fe. Coupons (10 × 10 × 3 mm) were first soaked in acetone and anhydrous ethanol for 3 
min to remove surface grease and moisture. Then, these coupons were sequentially ground with 240, 400, and 600 grit sandpaper and 
exposed to ultraviolet light for 30 min for sterilization. Processed coupons were used for subsequent experiments. 

2.2. Bacterial culture 

In this study, D. vulgaris (ATCC 7757), a strain of SRB, was cultured with ATCC 1249 medium, which contained MgSO4 2.0 g/L, 
Sodium Citrate 5.0 g/L, CaSO4 0.79 g/L, NH4Cl 1.0 g/L, K2HPO4 0.5 g/L, Sodium Lactate 3.5 g/L, and Yeast Extract 1.0 g/L (pH = 7.5 
± 0.2). The culture medium was first sterilized at 121 ◦C for 20 min, aerated with N2 for 30 min, and then L-cysteine (100 mg/L) was 
added into the medium as a deoxidizer. According to pre-experiments (Fig. S1) and previous study, the concentrations of D-tyrosine and 
DDAC were set at 1 ppm and 5 ppm, respectively [24]. SRB was cultured in serum bottles containing 1 ppm D-tyrosine, 5 ppm DDAC, 
and 1 ppm D-tyrosine +5 ppm DDAC, labeled as D-Tyr, DDAC, and D-Tyr + DDAC, respectively. Control group was also designed 
without the addition of D-Tyr and DDAC. All groups were cultured at 30 ◦C, and optical density (OD) was recorded with a UV–vis 
Spectrophotometer (721, YOKE, Shanghai) at 600 nm. The concentration of SO4

2− were measured with an ion chromatograph 
(ICS-6000, Thermo, USA) [25]. 

2.3. Analysis of weight loss and corrosion products 

The coupons after 7-day incubation were collected, and corrosion products on the surface were scraped off gently and ground into 
powder for XRD (Ultima IV, Rigaku, Japan) analysis. Then, the coupons were soaked in the rust removal solution for 5 min to remove 
the residual corrosion products, and then weighed to calculate the weight loss. The corrosion degree is expressed with the annual 
corrosion depth (Da value) using the following equation:  

Da=87600(W0–W1)/tρA                                                                                                                                                           eq(1) 
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where Da (mm/y) is annual corrosion depth; t (h) is soaking time; ρ (g/cm3) is the density of Q235 carbon steel coupon; A (cm2) is 
exposed surface area; W0 (g) is the weight of the coupon before immersion; W1 (g) is the weight of the coupon after immersion. 

2.4. Corrosion pit analysis 

The coupons in all groups were taken after 7-day incubation, and the biofilm on the surface was removed with ultrasound in 
deionized water for 5 min. Then, the coupons were soaked in rust removal solution (containing 500 mL hydrochloric acid, 500 mL 
deionized water and 3.5g hexamethylenetetramine) for 5 min to remove corrosion products from the surface. After lightly cleaned with 
1 × PBS, the coupons were observed with AFM (Nano Wizard 4, Bruker, Germany) using a reported method [26]. At least 16 pits were 
analyzed in each group to calculate the depth and width of pits. 

2.5. Electrochemical measurements 

Electrochemical tests were conducted using a three-electrode sealed electrolytic cell and an electrochemical workstation (CHI660E, 
Gamry Instruments, USA). The reference electrode is a saturated calomel electrode, and the counter electrode is a platinum electrode. 
Q235 carbon steel coupons were welded with copper wire and sealed in epoxy resin, leaving 10 mm × 10 mm bare uncovered surface. 

When the open circuit potential (OCP) is stable, electrochemical impedance spectroscopy (EIS) and Tafel curve measurements are 
performed. EIS data was obtained in the frequency range of 105 to 10− 2 Hz [27]. The amplitude of the sinusoidal AC wave used is 5 mV. 
Different equivalent circuits in Zview software are used to fit the obtained EIS data. The polarization curve is measured in the potential 
range of − 0.4 V to +0.4 V (compared to EOCP), with a scan rate of 0.167 mV/s. Corrosion current densities (icorr), polarization 
resistance (Rp) and anodic and cathodic Tafel slopes (βa and βc) were calculated from Tafel analyses of the polarization curves. 

2.6. EPS analysis 

EPS was extracted with the methods described by Tang et al. with some modification [6]. In brief, the culture medium cultured for 4 

Fig. 1. Corrosion of the coupons after 7-day incubation: (a) Annual corrosion depth, (b) corrosion inhibition efficiency, and (c) XRD spectra of 
corrosion products. 
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days was centrifuged at 8000 rpm for 3 min, and then the supernatant was removed. The sediment was cleaned twice with the 1 × PBS 
and heated in water bath at 70 ◦C for 60 min. After centrifuged at 11,000 rpm for 15 min, the supernatant was collected and filtered 
through 0.22 μm filters to obtain the sterile EPS solution for subsequent protein and polysaccharide determination. The protein (PN) 
and polysaccharide (PS) in EPS were measured with the modified Lowry method and anthrone method, respectively [28,29]. 

CLSM was applied to determine the distribution of EPS in the biofilm on coupons surface. Briefly, the coupons after 7-day incu
bation were collected and washed with 1 × PBS buffer to remove culture media, and planktonic cells before staining. The cleaned 
coupons were incubated in 100 μg/mL Alexa Flour 488 ConA (Invitrogen, Eugene, OR, USA) in dark for 30 min to stain the poly
saccharide. The stained coupons were gently rinsed twice with 1 × PBS and then incubated with 1001 × Diluted SYPRO Orange 
(Invitrogen, Eugene, OR, USA) in dark for 30 min to stain protein. The stained coupons were gently rinsed twice with 1 × PBS. The 
coupons were mounted on a glass slide and visualized with a Confocal microscope (LSM 900 with Airyscan, ZEISS, Germany). 

2.7. Biofilm analysis 

The microstructure of the biofilm on the coupon surface was observed using a field emission electron microscope (SEM, Quanta 250 
FEG, FEI, USA). Coupons in all groups were taken after 7-day incubation and immersed in 2.5 % glutaraldehyde (formulated with 1 ×
PBS) at 4 ◦C for 3 h. Then, the coupons were washed with 1 × PBS for 45 min. After that, the coupons were dehydrated with ethanol 
aqueous solution at a concentration gradient of 30 %, 50 %, 70 %, 80 %, and 90 % (v/v), with each step lasting for 15 min, and then 
dehydrated twice in 100 % ethanol for 15 min. After dried in a critical point dryer (EM CPD300, Leica, Germany), the surface of 
coupons was sputtered with gold to ensure conductivity for SEM analysis. 

The growth activity of biofilm on the coupon surface was analyzed with a laser confocal microscope (LSM 900, ZEISS, Germany). 
Live and dead bacteria were stained with SYTO 9/PI Live/Dead Bacterial Double Stain Kit (Invitrogen, Eugene, OR, USA), and the 
excitation wavelengths were set at 488 and 561 nm, respectively [30]. In order to analyze the thickness and morphology of the biofilm, 
the coupons were immersed in 2 % glutaraldehyde at 48 ◦C for 2 h, dehydrated in ethanol solution (25 %, 50 %, 75 %, and 100 %) for 5 
min in turn, and then dried overnight in a dryer. Then, the coupons were observed with LSM 900 in 3D mode [31]. 

3. Results and discussion 

3.1. Analysis of weight loss and corrosion products 

Weight loss of coupons can reflect the degree of corrosion directly, and the annual corrosion depth and corrosion inhibition ef
ficiency were calculated according to corrosion weight loss. As shown in Fig. 1a, D-Tyr exhibited negligible impact on the annual 
corrosion depth and corrosion inhibition efficiency, while DDAC reduced the annual corrosion depth by 53.47 %. In D-Tyr + DDAC 
group, annual corrosion depth decreased to 0.047 ± 0.011mm/a with high corrosion inhibition efficiency, up to 77.23 % (Fig. 1b). 
These results indicate that D-Tyr could well enhance the role of DDAC in corrosion inhibition. Recently, some new bactericides were 
developed to inhibit the MIC caused by SRB with high inhibition efficiencies above 85 % [32,33]. For example, corrosion was 

Fig. 2. Corrosion pit analysis with AFM: (a) 2D and 3D images of coupon surface, (b) distribution of corrosion pits, and (c) pit depth.  
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obviously inhibited by 96.3 % in the presence of Schiff base cationic surfactants at 2000 ppm [33]. Compared to these studies, lower 
corrosion inhibition was obtained in this study, but the dosages of D-Try and DDAC were only 1 ppm and 5 ppm, respectively, which 
are far less than the new bactericides. Besides, DDAC is a common bactericide widely used in industrial water treatment, implying the 
low cost of corrosion inhibitors in this study. Furthermore, corrosion products were analyzed with XRD (Fig. 1c). Strong signals at 
31.5◦ and 45.22◦were detected in all groups, suggesting that FeS was the primary corrosion products and the coupon surface was 
strongly attacked by biological sulfides [34]. Weak peaks were also observed at 22.88◦ and 27.16◦, which were ascribed to 
Fe6(OH)12(CO3) and FeSO3⋅H2O, respectively [35]. The signals of Fe2O3 were also detected at 56.22◦ and 66.02◦ with low intensity, 
resulting from the low content of Fe2O3 due to anaerobic environment in this study [36]. It is noting that the components of corrosion 
products were similar in all groups, implying that both D-Tyr and DDAC did not change the corrosion mechanism of SRB. Their 
approach to inhibiting corrosion may be attribute to reduce the number of bacteria and bacterial activity. 

3.2. Surface analysis 

Microscopic morphology of coupons was observed with AFM and SEM after removing corrosion products (Fig. 2 and Fig. S2). Large 
circular corrosion pits were observed in control group and D-Tyr group, and their number decreased in the presence of DDAC. Whereas, 
only small corrosion pits were detected in D-Tyr + DDAC group. Moreover, the depth and width of at least 16 pits in each group were 
listed in Fig. 2b. The width and depth of pits decreased in DDAC group. The addition of D-tyrosine significantly enhanced this trend, 

Fig. 3. Electrochemical tests of Q235 samples immersed in different culture media; (a) open circuit potential, (b) polarization curve after 7-day 
incubation, (c) equivalent circuits used for fitting EIS data and (d) Rct. 
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resulting in small and shallow pits on coupon surface. The average pit depth in control group is 1.79 ± 0.25 μm with the maximum 
depth at 2.30 μm while it is 1.37 ± 0.20 μm and 1.00 ± 0.31 μm with maximum pit depth at 1.57 μm and 1.5 μm in DDAC group and D- 
Tyr + DDAC group, respectively. These results indicate that D-tyrosine obviously enhanced the roles of DDAC in corrosion inhibition, 
leading to a significant reduction in the number, average depth and width of corrosion pits. It is consisted with weight loss analysis. 

3.3. Electrochemical analysis 

Various electrochemical tests were conducted to evaluate the impact of D-Tyr and DDAC on corrosion process. OCP was first 
performed to reflect the thermodynamic corrosion tendency of coupon surface [37]. As shown in Fig. 3a, a rapid decrease in OCP 
values was observed on the second day in groups without DDAC, indicating that the coupon surface changed to be conducive to 
corrosion reaction in thermodynamic [38]. It is mainly attributed to the gradual attachment of cells. The OCP values kept stable in the 
first three days and the decreased rapidly on the 5th day in DDAC group and D-Tyr + DDAC group, implying the delayed corrosion of 
coupons due to the roles of DDAC and D-Tyr in biofilm inhibition. Furthermore, the corrosion potential in each group was similar 
(Fig. 3b), which is consistent with the trend of OCP at 7th day. Electrochemical parameters, including anodic Tafel slope (βa), cathodic 
Tafel slope (βc), corrosion current density (icorr) and polarization resistance (Rp), were also calculated by fitting Tafel curve (Table 1) 
[39]. Similar βa were obtained in all groups while βc decreased obviously in the presence of DDAC or D-Tyr, suggesting the inhibition of 
cathode reaction. Cathode depolarization is considered as one of the most important mechanism of SRB-induced corrosion [40]. 
Therefore, DDAC and D-Tyr mainly acted on SRB and thus inhibited cathode reaction. Generally, corrosion current is positively 
associated with corrosion reaction rate [41]. In DDAC group, icorr was 21.60 μA/cm2, close to that of control group (22.62 μA/cm2), 
indicating that the role of DDAC in corrosion inhibition was negligible on the 7th day. However, icorr was only 14.4 μA/cm2 in D-Tyr +
DDAC group, suggesting less corrosion occurred on the 7th day. Besides, a corresponding increase in Rp was also detected as the 
decrease of current density. These results confirm that D-Tyr could enhance the inhibition of DDAC on SRB-induced corrosion. 

Furthermore, electrochemical impedance spectroscopy and charge transfer resistance (Rct) were obtained to further explore the 
corrosion. As shown in Fig. S3, the maximum low-frequency capacitive arc radiuses were detected in D-Tyr + DDAC group at the most 
time of the incubation. suggesting that the coupons are not easy to lose electrons and exhibit strong corrosion resistance [42]. Besides, 
The EIS results were fitted using the equivalent circuit diagram shown in Fig. 3c. Rs represents the solution resistance, while Qf and Rf 
represent the capacitance and resistance of membranes composed of corrosion products and biofilms, respectively. Qdl and Rct 
represent double layer capacitors and charge transfer resistors, respectively. Rct is closely related to the electrochemical property of 
coupon surface, which is manly attributed to the attachment of bacteria on the surface in this study. As shown in Fig. 3d, the D-Tyr +
DDAC group detected significantly higher Rct values than other groups for most of the time. The change trend of Rct in the control group 
is first increasing and then decreasing, corresponding to the formation of biofilm and the accumulation of corrosion products, 
respectively [43]. The fitted Rct values confirm the previous judgment that the mixed treatment of D-tyrosine and DDAC achieved 
outstanding anti-corrosion effect. 

3.4. The effect of D-Tyr on SBR growth 

In this study, D-tyrosine exhibited negligible effect on corrosion caused by SRB when added alone, but it enhanced obviously the 
role of DDAC in corrosion inhibition. There might be three reasons for these results: a) D-Tyr improved the toxicity of DDAC and thus 
reduced the biomass of SRB; b) the capacity of SRB obtaining electron from Fe was inhibited in the presence of DDAC and D-Tyr; c) D- 
tyrosine inhibited the EPS secretion and biofilm formation, and thus decreased the resistance of cells to DDAC. To verified these 
speculations, the activity of planktonic SRB was first evaluated to explore the toxicity of DDAC in the presence of D-Tyr. As shown in 
Fig. 4a, little change of biomass was detected in the presence of D-Tyr whether DDAC was added or not, indicating that D-tyrosine did 
not enhance the bactericidal effect of DDAC on SRB. Besides, a delay of bacterial growth was observed with the addition of DDAC at the 
first 3 days, and then SRB grew rapidly with slightly higher biomass than control group. It could well explain the results of OCP values 
that the delayed corrosion of coupons in the first 3 days (Fig. 3a). Moreover, SO4

2− , the primary electron acceptor for SRB, was selected 
to evaluate the capacity of SRB obtaining electron from Fe [6]. The utilization of SO4

2− was delayed by 3 days in the presence of DDAC 
(Fig. 4b), which is consisted with the growth of SRB. Besides, little change was observed with the addition of D-Tyr, suggesting that 
D-Tyr could not inhibit the capacity of SRB obtaining electron from Fe. 

3.5. EPS and biofilm analysis 

EPS, mainly composed of polysaccharides and proteins, are considered as excellent protections for bacterial cells from toxic 

Table 1 
Electrochemical parameters fitted from the polarization curves of coupons after 7-day incubation.  

Group βa βc icorr (μA/cm2) Rp/Ω 

Control 112.36 − 241.55 22.62 1474 
D-Tyr 114.13 − 199.08 26.39 1195 
DDAC 110.23 − 168.12 21.60 1340 
D-Tyr + DDAC 110.58 − 192.98 14.40 2123  
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Fig. 4. The growth curve of SRB (a), the concentration of sulfate in medium during incubation (b), CLSM images of polysaccharides and proteins on 
coupon surface (c–f), fluorescence intensity (g) and EPS secretion of planktonic bacteria (h)after 7-day incubation: control group (c), D-Tyr group 
(d), DDAC group (e) and D-Tyr + DDAC group (f). In the CLSM images, polysaccharide and protein was stained in green and orange respectively. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. SEM and fluorescence staining images of coupon surface after 7-day incubation in control group (a, a’), D-Tyr group (b, b’), DDAC group (c, 
c’) and D-Tyr + DDAC group (d, d’) and the proportion of live bacteria calculated based on the total number of cells in at least five confocal images 
(e). SEM images and illustrations show microscopic images at 10000x and 1000x magnification, respectively. In fluorescence staining images, live 
cells and dead cells were stained in green and red, respectively. 
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substance [14]. Therefore, the secretion of EPS was investigated after 4-day incubation in this study. Little difference was detected in 
protein content between the four groups (Fig. 4h), indicating that both DDAC and D-Tyr exhibited little effect on the secretion of 
extracellular protein. DDAC resulted in a slight decrease in PS production, but there is no significant difference in PS between DDAC 
group and D-Tyr + DDAC group. These results indicate that D-Tyr played a negligible role in EPS secretion. Furthermore, EPS are also 
indispensable components of biofilm and play an important role in bacterial attachment. In this study, CLSM was applied to investigate 
the distribution of EPS on the coupon surface (Fig. 4c–f and Fig. S4). In control group, coupons were almost covered by PN and PS, 
suggesting the coverage of biofilm on the coupons. The content of PN and PS decreased obviously in D-Tyr group, which might be due 
to the role of D-Tyr in bacterial attachment [44]. Only a small amount of PN and PS was observed in DDAC group, and their distribution 
was chaotic and dispersive due to the bactericidal activity of DDAC. Besides, almost no PN and PS were detected on coupon surface in 
D-Tyr + DDAC group, indicating that little live cells attached on the surface. In conclusion, the combine of DDAC and D-Tyr exhibited 
little impact on the secretion of EPS but decreased the distribution of EPS on the coupon surface, which would reduce the attachment of 
cells and the formation of biofilm on the surface. 

Furthermore, the biofilm formation of SRB on coupon surface was observed with SEM. As shown in Fig. 5a–d, there were rod- 
shaped cells on the coupon, and white substances were also observed on the bacterial surface, which might be EPS secreted by 
SRB. The coupons were fully covered with biofilm in control group (Fig. 5a), and D-tyrosine resulted in partial detachment of biofilm 
and reduced the coverage area (Fig. 5b). In the presence of DDAC, the amount of bacteria significantly decreased, and there was almost 
no EPS observed on coupon surface, especially in D-Tyr +DDAC group (Fig. 5c and d), which is consistent with EPS analysis. Moreover, 
CLSM was applied to evaluate the distribution of live and dead cells on the coupons (Fig. 5a’-d’), and the proportion of live cells was 
calculated with ImageJ software (Fig. 5e) [45]. Almost all cells were alive in control group and D-Tyr group (>90 %), confirming the 
negligible impact of D-Tyr on SRB growth. In DDAC group, dead cells covered most areas of the coupons while dense aggregation of 
live cells was observed in a few areas with the total proportion of live cells at 37.91 % (Fig. 5c’). It indicates that there was still small 
biofilm formed on the coupons and protecting cells from DDAC. However, more than 92 % of cells were killed on the coupons without 
any biofilm in the presence of DDAC and D-Tyr (Fig. 5d’), suggesting that D-Tyr inhibited the formation of biofilm and thus decreased 
the resistance of cells to DDAC [46]. These results could well explain the low icorr detected in D-Tyr + DDAC group (Table 1), where 
almost all cells on the coupons died without biofilm, resulting in a significant decrease in corrosion current. Moreover, the thickness of 
biofilm was determined using CLSM layer scanning with the confocal microscope Z-stack mode (Fig. 6). Thick biofilm was detected in 
control group and D-Tyr group with average thickness at 30–35 μm and 25–30 μm, respectively. There was a small amount of blocky 
protrusions on coupon surfaces, resulting from corrosion product. Coupon surfaces became relatively flat (average thickness at 15–20 
μm) with a few protrusions in DDAC group (Fig. 6c), which is consistent with the corrosion pit analysis. In D-Tyr + DDAC group, there 
was little biofilm on the coupons with average thickness at 5–10 μm without any protrusions, which was attributed to the sedimen
tation of dead cells (Fig. 6d). These results confirm the biofilm inhibition by the combine of D-Tyr and DDAC, which were also 

Fig. 6. CLSM layer scanning images of biofilm on the coupon surface after 7-day incubation in control group (a), D-Tyr group (b), DDAC group (c) 
and D-Tyr + DDAC group (d). 
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consistent with EPS analysis (Fig. 4) and SEM (Fig. 5). In conclusion, D-Tyr could decrease the attachment of EPS and live cells on the 
coupon surface, which would be the main reason for enhancing DDAC on corrosion inhibition. 

3.6. The mechanism of D-Tyr enhancing DDAC on corrosion inhibition 

Biofilm is an ancient and widespread form of life in natural and artificial environment, where bacteria attach to the metal surface 
through quorum sensing and cause MIC [47–49]. Bactericides are common agents for MIC inhibition but exhibit weak bactericidal 
performance to cells in biofilm due to their strong resistance [14]. Our previous studies found that D-amino acid could reduce bacterial 
adhesion and decompose biofilms, leading to bacteria exposure to external adverse environments [27,44]. In this study, D-tyrosine 
obviously enhanced the inhibition of DDAC on SRB-induced MIC, and their synergistic mechanism were well explored (Fig. 7): 
D-tyrosine could not inhibit the bacterial growth, EPS secretion and the capacity of SRB obtaining electron from Fe. However, 
D-tyrosine could decrease the attachment of EPS and live cells on the coupon surface, and thus inhibit the formation of biofilm, leading 
to more cells directly exposed to DDAC. It decreased the amount of live cells and thus reduced the utilization of Fe by SRB and corrosion 
current on the coupon surface. Moreover, dead cells settling to the coupon surface may form a protective lay to retard the contact 
between live SRB and Fe, leading to slow cathode reaction and less corrosion. 

4. Conclusions 

The combination of D-Tyr and DDAC significantly inhibits the corrosion process and reduces the size of the corrosion pit and 
corrosion current on the coupon surface. D-tyrosine could decrease the attachment of EPS and live cells on the coupon surface, inhibit 
the formation of biofilm, and make more cells directly exposed to DDAC. The reduction of live cells on the coupon surface also 
decreased the utilization of Fe by SRB. Moreover, dead cells settling to the coupon surface may form a protective lay to retard the 
contact between live SRB and Fe, which also inhibited the corrosion. This work provides a low-cost and efficient strategy to mitigate 
MIC. 
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