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Abstract
Many studies have demonstrated that natural plant extracts have inhibitory effects on 
microorganisms. The purpose of this study was to investigate the inhibitory effect of phe-
nolic acids from rice straw (PAs) on Escherichia coli and their synergistic effect in com-
bination with antibiotics. PAs can inhibit the growth of E. coli effectively by inducing the 
formation of  H2O2; PA-treated cells had a tenfold greater intracellular  H2O2 concentration 
than the control group. The synergistic effect caused by the interaction of PAs and antibiot-
ics on inhibiting the growth of E. coli was significant. This effect may be caused by a PA-
induced change in the permeability of E. coli cell membrane. The treatment with PAs made 
the extracellular  K+ concentration reached 15 mg/L within 30 min, while the  K+ concentra-
tion in the control group was very low and did not change significantly over time. Similarly 
to the extracellular  K+, the extracellular protein concentration exceeded 150 mg/L in the 
PA treatment group, while it remained very low in the control group. Due to the increased 
cell permeability, more antibiotics can enter the cell. Hence, this study may provide a novel 
method of improving the safe use of antibiotics.
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Introduction

Microbial infections are a worldwide problem endangering human health. Many for-
merly sensitive pathogens have developed resistance to antibiotics due to their mis-
use and overuse [1]. According to the US Centers for Disease Control and Prevention, 
approximately two million people worldwide suffer from microbial infections each year 
and 23,000 die from them [2, 3].

Phenolic compounds are considered to be effective antimicrobial agents. Pomegranate 
polyphenol extracts can inhibit the growth of pathogens, such as Staphylococcus aureus 
and Escherichia coli [4]. Catechin extracted from kombucha had inhibitory effects on 
enterotoxigenic E. coli, Vibrio cholerae, Shigella flexneri, and Salmonella typhimurium 
[5]. Lignin-derived phenolic acids (PAs) had inhibitory effects on Clostridium acetobu-
tylicum [6]. Extracting phenolic compounds from low-cost raw materials and discussing 
their inhibitory mechanism would be beneficial to the application of bioantimicrobial 
agents.

Lignocellulosic biomass is the most abundant biomass resource, which consists 
primarily of cellulose, hemicellulose, and lignin [7, 8]. Rice straw is one of the most 
abundant sources of lignocellulosic biomass in the world. According to the Food and 
Agriculture Organization, approximately 600–900 million tons of rice straw is produced 
worldwide each year [9]. Rice straw is usually burned in the open air, which not only 
wastes this resource but also causes environmental pollution and seriously endangers 
human health. The bioconversion of rice straw into bioethanol could effectively mitigate 
these problems [10]. In addition to the main components cellulose, hemicellulose, and 
lignin, rice straw contains polyphenolic compounds, such as PAs of 13.6 mg/g, tannins 
of 1.9 mg/g, and flavonoids of 4.46 mg/g [11, 12]. Other lignocellulosic biomass also 
contain different types of phenolic compounds. For example, the phenolic compounds 
in wheat straw were coumaric acid and ferulic acid [13]; soybean contains caffeic acid, 
naringenin, and daidzein[14]; corn cob mainly contains coumaric acid [15]. The phe-
nolic compounds could be considered high value-added products in bio-refinery process 
to reduce the production cost of bioethanol [16].

Antibiotics exhibit a strong inhibitory effect against pathogens. However, in recent 
years, the abuse and overuse of antibiotics made pathogens become drug- or even multi-
drug-resistant, seriously threatening human health and lives [17]. Recent studies have 
also shown that phenolic compounds and antibiotics had a strong synergistic effect on 
pathogens. Combining phenolic compounds, such as gallic acid and hamamelitannin, 
with antibiotics more effectively inhibited the growth and biofilm viability of E. coli 
than individual antibiotics [18]. Equol has a synergistic effect with meropenem on car-
bapenem-resistant E. coli [19]. PAs derived from rice straw exhibited strong antimicro-
bial activity by destroying the permeability of cell membranes of S. aureus [20, 21]. 
Therefore, we assume that the destruction of cell membrane permeability by PAs may 
enable antibiotics to enter pathogenic cells more easily, thus improving the effect of 
antibiotics and reducing the amount used.

In this study, E. coli was used as a test species, because it is one of the most com-
mon foodborne and intestinal pathogens [22, 23]. The objectives of this paper were to 
(1) determine the inhibitory effect of PAs from rice straw on E. coli and (2) explore the 
synergistic effects of PAs acting with antibiotics. Fully understanding the synergistic 
effect of PAs and antibiotics could improve the utilization value of straw-based PAs, and 
expand new directions and possibilities for straw resource utilization.
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Materials and Methods

Preparation of Phenolic Acids from Rice Straw

Rice straw was harvested from Chongming Island, Shanghai, China. After drying, rice 
straw was ground in a grinder, and then, a standard 1-mm diameter sieve was used to pro-
duce coarsely ground rice straw. Twenty gram of coarsely ground rice straw was treated with 
200 mL of 2% NaOH at 121 °C for 20 min. The pH of the resulting solution was adjusted to 
4, followed by centrifugation at 8000 rpm for 5 min. Then, the supernatant was treated with 
equal volumes of ethyl acetate for 30 min on a shaker at 100 rpm for three times. After the 
extraction, ethyl acetate was removed by rotary evaporation at 60 °C and 60 rpm to obtain PA 
fraction, which was dissolved in methanol. The composition of PAs was qualified and quanti-
fied using high-performance liquid chromatography (HPLC) as described in previous studies 
[24]. The free PAs in the samples were analyzed using a HPLC system (EX1600, Exformma, 
USA) equipped with a UV detector and an Eclipse SDB C18 column (250 mm × 4.6 mm, Agi-
lent, USA). Elution was performed using mobile phase A (0.5% acetic acid in ultrapure water) 
and mobile phrase B (5% ultrapure water and 0.5% acetic acid in methanol). The following 
linear gradient was used: 5% B at 0–5 min, 5–25% B at 5–10 min, 25–40% B at 10–30 min, 
40–50% B at 30–45 min, 50–100% B at 45–55 min, 100% B at 55–60 min, 100–5% B at 
60–65 min. The column oven temperature was set at 35 °C, and the samples (diluted tenfold) 
were eluted with water at a flow rate of 1 mL  min−1. The injection volume was 20 μL with the 
UV detector set to an absorbance wavelength of 280 nm.

Strain and Culture Conditions

The strain used in this study was E. coli ATCC 43,894. Before the experiment, the strain was 
pre-cultured in Luria–Bertani (LB) medium at 37  °C and 200  rpm to achieve logarithmic 
growth. The bacteria were harvested by centrifugation (5000 rpm, 5 min), and then washed 
twice with sterile water and resuspended in 25 g/L LB broth mixed with 2.5 g/L glucose. The 
initial  OD600 was adjusted to 0.01 to complete the inhibition curves, synergy analysis, resa-
zurin assay, colony-forming unit (CFU) assay, and cell metabolism assay. For the intracellular 
protein leak and intracellular  K+ leak assays, the strain was suspended in sterile water and the 
initial  OD600 was adjusted to 0.3.

Colony‑Forming Unit (CFU) Assay

The CFU assay was used to determine the number of living cells in the culture. A 5 mL bacte-
rial suspension with an initial  OD600 value of 0.01 was placed in a large test tube and 50 µL of 
PAs was added to give a final concentration of 0.4 g/L. The culture was placed on a shaking 
table at 37 °C and 200 rpm for 12 h. Then, 100 μL of the culture with appropriate dilutions 
was spread on a solid LB plate and placed in an incubator at 37 °C for 18–24 h. Then, the 
number of individual colonies that formed on the plate was counted.
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Analysis of Antibacterial Activity and Determination of the Minimum Inhibitory 
Concentration (MIC)

The antibacterial activity of PAs against E. coli was investigated according to the method 
described by Tao, with some modifications [25]. Briefly, 50 μL of PAs was added at dif-
ferent concentrations to 5 mL of cell suspension (25 g/L LB broth mixed with 2.5 g/L glu-
cose) at an initial  OD600 of 0.01 to obtain final concentrations ranging from 0.1 to 0.5 g/L. 
The concentration gradient was 0.1  g/L. These cultures were placed in an incubator at 
37 °C and shaken at 200 rpm for 24 h. Samples were taken every 3 h to measure the  OD600 
value with a microplate reader. A total of 50 µL of PA-free methanol was used as a blank 
control. The MIC was determined according to the method described by Barman [26].

Synergistic Effect of PAs and Antibiotics

The synergistic effects of PAs with ampicillin and kanamycin were assessed according to 
previous studies with some modifications [27]. A total of 50 µL of PAs and 50 µL ampicil-
lin or kanamycin were added to 5 mL of bacterial suspension with an initial  OD600 value 
of 0.01 to obtain the desired concentration. The suspension was then placed on a shaker 
at 37 °C and 200  rpm for 12 h. Samples were taken to measure the  OD600 value with a 
microplate reader. The actual and theoretical growth inhibition rates were then calculated 
according to the method described by Gu et al. [27], and the synergistic effect of PAs and 
antibiotics to the bacterial solution was determined. PAs (50 µL) in 50 µL of sterile water, 
50 µL of ampicillin in 50 µL of sterile water, and 50 µL of kanamycin in 50 µL of sterile 
water were used as single drug controls, respectively. A culture containing 100 µL of ster-
ile water was used as a blank control.

Cell Viability and Metabolic Assays

Metabolic Assays

The concentrations of glucose and acetic acid were determined using HPLC as described 
previously [28]. The experimental method was the same as described in the “Analysis of 
antibacterial activity and determination of the minimum inhibitory concentration (MIC)” 
section. The supernatant was obtained by passing 1 mL of culture through a 0.22-µm filter, 
after which the glucose and acetic acid concentrations were measured. Intracellular  NAD+/
NADH and  NADP+/NADPH levels were measured with an  NAD+/NADH quantification 
kit and  NADP+/NADPH quantification kit (Sigma-Aldrich), respectively.

Viability Assays

ATP assay kit (Promega Corporation, Shanghai, China) was used according to the manu-
facturer’s instructions, to determine the concentrations of ATP. The ratio of ADP to ATP 
was determined with an ADP/ATP ratio assay kit (Sigma-Aldrich). All experiments were 
performed in triplicate.

The oxidative stress in cells was evaluated by detecting the level of intracellular  H2O2 
with a hydrogen peroxide assay kit (Beyotime, China). Briefly, 50 µL of PAs was added to 
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5 mL of bacterial suspension with an initial  OD600 value of 0.3 to obtain a final concentra-
tion of 0.4 g/L. The solution was then placed on a shaker at 37 °C and 200 rpm for 12 h. A 
1 mL aliquot of the culture was washed three times with sterile PBS (0.01 M, pH 7.4) and 
then resuspended in PBS, following which the  H2O2 was detected.

Resazurin Assay

The resazurin assay was performed to indicate cell viability according to the method 
described by Skogman with slight modifications [29]. Briefly, the bacteria were collected 
by centrifugation from 1 mL of culture and the remaining medium was thoroughly washed 
with sterile PBS (0.01 M, pH 7.4) three times. The bacteria were then resuspended with 
sterile water of the same volume. An aliquot (100 μL) of the washed cells was added to 
100 μL of 0.0125 g/L resazurin and placed in the dark at 37 °C for 30 min. Then, 100 μL 
of the reaction solution was transferred to a new white plate and the fluorescence value 
(λex570/λem590) was measured immediately. A higher fluorescence value represented 
greater cell viability.

Cytomembrane Permeability Analysis

The effect of PAs on the membrane permeability of E. coli cells was evaluated by detect-
ing extracellular  K+ and protein [24]. Briefly, 15 mL of bacterial suspension with an initial 
 OD600 value of 0.3 was placed in a 50-mL centrifuge tube and 150 µL of PAs was added 
to produce a final concentration of 0.4 g/L. The culture was placed on a shaking table at 
37 °C and 150 rpm. Samples were removed at 10, 30, 60, and 90 min and passed through 
0.22-µm filters to obtain a supernatant. To detect  K+, the supernatant was diluted with 
autoclaved ultrapure water (fivefold) and measured at 766.5 nm using flame photometry. 
The ZEEnit 700P (Analytic Jena, Germany) atomic absorption spectroscopy system was 
used for  K+ quantification. The Bradford protein assay kit (Beyotime, China) was used to 
detect proteins.

Intracellular Antibiotic Content Assay

PAs (50 μL) and 50 μL ampicillin or kanamycin were added to 100 mL of bacterial sus-
pension with an initial  OD600 value of 0.01 and diluted to produce final concentrations of 
0, 0.1, 0.2, and 0.3 mg/L (ampicillin); 0.2 g/L PAs + 0.15 mg/L ampicillin; 0, 5, 10, and 
15 mg/L kanamycin; and 0.15 g/L PAs + 5 mg/L kanamycin. These solutions were placed 
on a shaker at 37 °C and 200 rpm for 12 h. Samples were taken to measure their  OD600 val-
ues with a microplate reader. Afterward, the bacterial suspensions were centrifuged before 
being washed with ultrapure water three times. After that, 1  mL of ultrapure water was 
added to the samples, and the cell walls were broken by placing the samples at − 80 °C for 
10 min and 100 °C for 10 min. The above process was repeated three times. The samples 
were then centrifuged.

An HPLC system equipped with a UV detector and an Eclipse XDB C18 column 
(250 mm × 4.6 mm, Agilent, Palo Alto, CA, USA) was employed to analyze the ampicil-
lin content. The separation conditions were as described by Abdel et al. [30]. The mobile 
phase was composed of the following: mobile phase A: 50  mM  KH2PO4 (pH 3.5), and 
mobile phase B: acetonitrile. Mobile phase B changes from 20 to 80% linearly within 
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10  min. The kanamycin contents were analyzed according to the method described by 
Zhang et al. [31].

Results and Discussion

Chemical Composition of PAs

The chemical composition of PAs was determined by HPLC and the results are shown in 
Table 1. The composition of PAs was relatively complex, mainly containing vanillic acid, 
vanillin, p-coumaric acid (CA), and ferulic acid (FA). These components accounted for 
0.36, 0.18, 3.96, and 1.50 mg/g rice straw, respectively. These results are consistent with 
those described in previous studies [11, 21, 32], in which CA and FA were considered to be 
the main antibacterial constituents [21].

Inhibitory Effect of PAs on E. coli

Previous research has shown that rice straw polyphenols exhibit significant inhibitory 
effects on cellulase production by Trichoderma reesei, ethanol fermentation by Pichia stipi-
tis, and lactic acid fermentation by Rhizopus oryzae [11, 20, 33]. Moreover, PAs from rice 
straw were shown to have strong inhibitory effects on S. aureus, a gram-positive bacteria, 
and could be used as a plant-based antimicrobial agent [20, 21]. To prove the broad-spec-
trum antibacterial activity of PAs, the inhibitory effect of PAs on E. coli, a gram-negative 
bacterium, and the synergistic effect of PAs with antibiotics were investigated in this study.

The time-inhibition curves of PAs, CA, and FA for E. coli ATCC 43,894 are shown in 
Fig. 1. The antibacterial effects of PAs, CA, and FA on E. coli were concentration-depend-
ent (Fig.  1A–C). The MICs of the PAs and CA were 0.4  g/L and 0.6  g/L, respectively, 
while that of FA exceeded 1.0 g/L (Table 2). Compared with the MIC of FA on E. coli, 
the MIC of CA was closer to that of the PAs. Glucose consumption, fluorescence intensity 
(λex570/λem590), and CFU values showed similar trends (Fig. 1D–F); i.e., the degree of 
influence of PAs on cell viability was in the order PAs > CA > FA. The results indicated 
that PAs could effectively inhibit the growth of gram-negative bacteria, and CA was the 
main bioactive component, playing the most important role in suppressing E. coli.

Influence of PAs on  H2O2 Formation by E. coli

H2O2 is an important reactive oxygen species, which reflects the redox state of cells. 
Studies have shown that bactericidal antibiotics can induce the formation of large 
amounts of  H2O2 in cells after treatment, destroying various cell tissues and leading to 

Table 1  HPLC analysis of the 
main components of PAs from 
rice straw

Compounds Retention time (min) Concentration 
(mg/g rice straw)

Vanillic acid 19.42 0.36
Vanillin 22.66 0.18
p-Coumaric acid 26.18 3.96
Ferulic acid 28.30 1.50
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cell lysis and death [34]. Therefore, the intracellular  H2O2 levels were measured in this 
study (Fig. 2). As expected, cells treated with PAs, CA, or FA had higher  H2O2 lev-
els than that in the control group. In particular, PA-treated cells had a tenfold greater 
intracellular  H2O2 concentration than the control group, which was higher than CA and 
FA treatment alone, demonstrating that PAs can significantly change the redox state in 
cells.

Many studies have shown that there is a common mechanism activated by antibiot-
ics to induce cell death; i.e., antibiotics induce the formation of hydroxyl radicals as 
an end product of oxidative damage in cells that causes cell death [32]. Therefore, PAs 
were proposed to act synergistically with antibiotics due to the mechanism of causing 
cellular death.

Fig. 1  Inhibitory effect of PAs on 
E. coli. A Time-inhibition curve 
of PAs against E. coli. B Time-
inhibition curves of CA against 
E. coli. C Time-inhibition curves 
of FA against E. coli. D Glucose 
and acetate metabolism. E Fluo-
rescence intensity. F CFU

Table 2  The minimal inhibitory 
concentrations of PAs, CA, and 
FA for E. coli 

MIC (g/L)

PAs 0.4
p-Coumaric acid 0.6
Ferulic acid  > 1.0
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Synergistic Effect of Interaction Between PAs and Antibiotics on E. coli

To evaluate the synergistic effect of antibiotics and PAs, ampicillin and kanamycin were 
used. Ampicillin (0.15 mg/L) and PAs (0.2 g/L) inhibited the growth of E. coli by 59% and 
57%, respectively (Fig. 3A). The theoretical growth inhibition rate was calculated using the 
following formula: theoretical growth inhibition rate = 1 − growth rate of PAs × growth rate 
of antibiotic[27]. For example, the theoretical growth inhibition rate caused by the mixture 
of ampicillin and PAs should have been (1 − 41% × 43%) = 82%, where 41% and 43% were 
the growth rates of E. coli under the ampicillin and PA treatments, respectively. However, 
the actual growth inhibition rate caused by the mixture of ampicillin and PAs against E. coli 
was 96%, which was higher than the theoretical growth inhibition rate (82%). Similarly, the 
growth inhibition rates caused by kanamycin and PAs at 5 mg/L and 0.15 g/L were 55% 
and 48%, respectively (Fig. 3B). However, the actual growth inhibition rate caused by the 
combination of kanamycin and PAs was 97%, which was higher than the theoretical growth 
inhibition rate (76%). These results indicated a synergistic effect between PAs, ampicillin, 
and kanamycin on E. coli.

Figure 3 C and D indicate that under ampicillin (0.15 mg/L), kanamycin (5 mg/L), and 
PA (0.2 g/L and 0.15 g/L) stress, there was an insignificant decrease in ATP relative to 
the control group. However, the combinations of PAs and antibiotics (0.15 mg/L ampicil-
lin + 0.2 g/L PAs and 5 mg/L kanamycin + 0.15 g/L PAs) had stronger inhibitory effects 
than the PAs, ampicillin, or kanamycin alone, and there was a more obvious decreasing 
trend in ATP production

The viable bacteria assay showed a similar result. Figure 3E shows that after culturing, 
the Lg CFU value of the control group increased to 8.96, while the Lg CFU values were 
7.81 and 8.34 for those samples containing PAs and ampicillin alone, indicating that PAs 
(0.2  g/L) and ampicillin (0.15  mg/L) alone were unable to inhibit the growth of E. coli 
completely. However, the combination of PAs and ampicillin led to a reduction of the Lg 

Fig. 2  Influence of PA, FA, and 
CA on  H2O2 formation
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CFU value to 5.81, which was lower than the control value. The combination of PAs and 
kanamycin led to a similar result (Fig. 3F). However, the combination of PAs and kanamy-
cin led to a decrease in the Lg CFU value (5.34) than the combination of PAs and ampicil-
lin, indicating a different synergistic effect between the PAs and each antibiotic.

Influence of the Combination on  H2O2 Formation by E. coli

Previous studies have shown that PAs can inhibit the growth of bacteria mainly by 
increasing the accumulation of intracellular  H2O2, which leads to a change in cell 
membrane permeability. Figure  4 A and B show that under the stresses of ampicillin 

Fig. 3  Synergistic growth 
inhibition effect between PAs 
and antibiotics on E. coli. A 
Synergistic effect between PAs 
and ampicillin on E. coli growth. 
The dashed line represents the 
theoretical growth inhibition 
rate caused by the mixture of 
ampicillin and PAs. B Syner-
gistic effect between PAs and 
kanamycin on E. coli growth. C 
Synergistic effect between PAs 
and ampicillin on ATP in E. coli. 
D Synergistic effect between PAs 
and kanamycin on ATP in E. 
coli. E Synergistic effect between 
PAs and ampicillin on CFU of E. 
coli. F Synergistic effect between 
PAs and kanamycin on CFU of 
E. coli 
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(0.15  mg/L), PAs (0.2 and 0.15  g/L), and kanamycin (5  mg/L), the contents of  H2O2 
were 7.86, 5.63 and 3.45, and 3.62 times higher than that of the control group, respec-
tively. However, when PAs were combined with ampicillin and kanamycin, the intra-
cellular  H2O2 contents were 10.1 and 14.7 times higher than that of the control group, 
respectively. These findings indicated that the combination of PAs and antibiotics could 
promote the accumulation of intracellular  H2O2 more than PAs or antibiotics alone.

The formation of more  H2O2 could be attributed to the change of the intracellu-
lar redox status of cells induced by the antibiotics and PAs [21]. The  NAD+/NADH 
ratio increased and the  NADP+/NADPH ratio decreased under PA and antibiotic stress 
(Fig. 5A–D). These results demonstrated that more NADH than NADPH was involved 
in the intracellular redox reactions under such conditions. The combination of PAs 
and antibiotics led to a greater increase in the  NAD+/NADH ratio and decrease in the 
 NADP+/NADPH ratio than the PAs or antibiotics alone, indicating a synergistic effect 
of combining the PAs and antibiotics.

A marked depletion of NADH can generate ferrous iron, and this reaction consumes 
ATP, which is mainly produced by the tricarboxylic acid cycle [35]. The increasing 
trend of ADP/ATP ratio was most evident in the combination of PAs and the antibiot-
ics (Fig. 5E, F). A common mechanism of cell death is stimulation of the Fenton reac-
tion, which consumes ATP and NADH and increases the hydroxyl radical concentration, 
resulting in oxidative damage to cells [34]. The formation of peroxides is a mechanism 
of cell death commonly induced by bactericidal antibiotics [36]. Therefore, it may be 
proposed that the synergistic effect of PAs and antibiotics could be due to the increased 
formation of  H2O2 resulting from their combined effects.

Fig. 4  Influence of the combination of PAs and antibiotics on  H2O2 formation by E. coli. A Ampicillin. B 
Kanamycin
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Influence of PAs on Membrane Permeability of E. coli

The increased formation of  H2O2 may be attributed to a change in the permeability of the 
cell membrane caused by PAs [21]. Many studies have indicated that some natural plant 
antimicrobials can increase the membrane permeability of bacteria to release intracellular 
 K+ and protein [37].

To explore whether PAs disrupt the membrane permeability of cells, the extracel-
lular  K+ and protein concentrations were measured (Fig.  6A). The cells treated with 

Fig. 5  The change in the intracel-
lular redox status of cells caused 
by the addition of antibiotics and 
PAs. A–C Influence of ampicillin 
and PAs. D, E Influence of kana-
mycin and PAs. A, B The ratio of 
 NAD+/NADH. C, D The ratio of 
 NADP+/NADPH. E, F The ratio 
of ADP/ATP
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PAs, CA, and FA suffered from a rapid release of  K+ within 30 min, and the extracel-
lular  K+ concentration reached 15 mg/L. However, the  K+ concentration in the control 
group was very low and did not change significantly over time.

Similarly to the extracellular  K+ detected above, the cells treated with PAs, CA, 
and FA also suffered from protein leakage (Fig. 6B). In the control group, extracellu-
lar protein concentrations remained low and changed little over time, while the extra-
cellular protein concentrations detected in the PA treatment groups increased rapidly 
within 60 min and then remained unchanged. The highest extracellular protein concen-
tration exceeded 150 mg/L in the PA treatment group, followed by 150 mg/L in the CA 
treatment group and 100 mg/L in the FA treatment group. These results indicated that 
PAs seriously damaged the membrane permeability of E. coli. After treatment with 
the combination of PAs and antibiotics (0.2 g/L PAs + 0.15 mg/L ampicillin, 0.15 g/L 
PAs + 5  mg/L kanamycin), the content of antibiotics in the E. coli cells significantly 
increased relative to the control group and the ampicillin or kanamycin treatment 
groups (Fig.  6C, D). As the concentration of antibiotics increased, the  OD600 value 
of E. coli decreased over 12 h of cultivation, and the antibiotic content per unit  OD600 
of E. coli cells increased. These results indicated that more antibiotics permeated into 
cells even though fewer antibiotics were added because of the increased membrane 
permeability caused by the PAs.

Fig. 6  Influence of PAs on the membrane permeability of E. coli. A  K+ leakage. B Protein leakage. C Influ-
ence of kanamycin on the  OD600 and intracellular antibiotic content/OD600. D Influence of ampicillin on the 
 OD600 and intracellular antibiotics content/OD600
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Conclusions

In this study, a change in cell membrane permeability caused by PAs was found to 
improve the uptake of antibiotics into E. coli cells. Because PAs and antibiotics exhib-
ited similar effects on the formation of  H2O2, their combination resulted in a good syn-
ergistic effect on inhibiting the growth of E. coli. For that reason, the antibiotic could be 
reduced significantly. These results may provide a novel way of safely using antibiotics 
in the future.
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