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摘   要：大量研究报道生物被膜细菌对抗生素的耐药性是浮游菌的 10–1 000 倍，据报道细菌生物被

膜是 80%以上细菌感染的罪魁祸首，对医疗保健领域构成了严峻的挑战。植物提取物及其活性成分对

细菌生物被膜有明显的抑制作用，包括减少生物被膜量、生物被膜活菌数以及清除已经成熟的生物被

膜等。该文对这些有效的植物提取物及其活性成分进行了总结，并分析了其抗细菌生物被膜的作用机

制。旨在为防治细菌生物被膜感染的植物类药物的开发提供参考。 
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Abstract: Numerous studies have reported that the resistance of biofilm bacteria to antibiotics can be 

·综    述· 



 
ISSN 1000-3061  CN 11-1998/Q  生物工程学报  Chin J Biotech 
 
 

http://journals.im.ac.cn/cjbcn 

1754 

up to 10–1 000 fold higher than that of planktonic bacteria. Bacterial biofilms are reported to be 

responsible for more than 80% of human microbial infection, posing great challenges to the healthcare 

sector. Many studies have reported that plant extracts and their active ingredients can inhibit the 

formation and development of bacterial biofilms, including reducing biofilm biomass and the number of 

viable bacteria in biofilms, as well as eradicating mature biofilms. This review summarized the plant 

extracts and their active ingredients that are inhibitory to bacterial biofilms, and analyzed the 

underpinning mechanisms. This review may serve as a reference for the development of plant drugs to 

prevent and treat biofilm infections. 

Keywords: bacterial biofilm; plant extracts; quorum sensing; mechanism 

 

细菌生物被膜 (bacterial biofilms, BF) 是

由细菌群落分泌能够包裹自身的胞外基质

(extracellular polymeric substances, EPS) (包括

胞外多糖，蛋白质和 eDNA 等物质) 与细菌结

合形成的复杂聚合体[1-2]。细菌生物被膜生长可

分为粘附阶段、形成阶段、成熟阶段和分散阶

段[3] (图 1)。据报道超过 80%的人类细菌感染

是由于细菌生物被膜引起 [4]。细菌生物被膜具

有动态结构、内部细菌代谢率低、存在持留菌

以及胞外基质能阻挡抗生素等特点，据报道生

物被膜细菌对抗生素的耐药性是浮游菌的

10–1 000 倍[3-5]。因此，传统的抗生素治疗细菌

生物被膜感染有一定局限性[6]。 

几个世纪以来，在预防和治疗疾病时，植

物源药品在一些国家得到了广泛应用 [7]。大量

的植物源于自然环境中，是易获得的资源，但

只有少数植物得到了科学的评价 (300 000 种

中有 6%)[8-10]。大量研究表明植物提取物及其活

性成分具有抗细菌生物被膜感染的能力，又因

其毒副作用相对较小，不易产生耐药性等优点，

因此，探寻合适的植物提取物及其活性成分将

成为防治细菌生物被膜感染的有效策略[9]。 

1  抗细菌生物被膜的植物提取物及

其活性成分的筛选 

具有抗细菌生物被膜作用的植物来源非常

丰富，如药用植物、香料、花卉和蔬菜等[11]。 
 

 
 

图 1  细菌生物被膜生长的不同阶段 
Figure 1  Different stages of bacterial biofilm formation and development. 
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另外，部分农业废弃物也有抑制细菌生物被膜

的能力，如柑橘果皮和稻草等[12-13]。通过检索

2011–2021 年的国内外文献，我们从细菌生物

被膜的种类、抗细菌生物被膜的研究方法 (包

括生物被膜量、生物被膜活菌数或活力、形态

学观察等)、作用于细菌生物被膜的发育时期 

(主要包括形成和成熟阶段) 的角度对具有抑制

细菌生物被膜的植物提取物及其活性成分进行

了归纳总结，见表 1 和表 2。 

目前，通常采用对细菌生物被膜进行染色

的方法，对具有抗细菌生物被膜作用的药物进

行初步筛选，如结晶紫染色法检测细菌生物被

膜量，表 1 和表 2 中大量文献采用了这种方法

来进行抗细菌生物被膜作用的植物提取物或活

性成分的初步筛选，但是这种方法工作量很大，

只适合小规模的初级筛选[48,74]。另外，如表 1

和表 2 所示，文献中也常采用结晶紫染色 

(crystal violet staining, CV)、生物被膜活菌计数 

(colony count, CC) 或细菌活力  (如噻唑蓝

MTT 法等) 结合形态学观察 (如激光共聚焦扫

描显微镜 CLSM 等) 的方法进行筛选和验证活

性成分的抗细菌生物被膜作用效果。另外基于

对细菌生物被膜群体感应 (quorum sensing, QS) 

等方面作用机制的深入研究 (有关 QS 内容详

见本文 2.1 部分)，以此为基础也开发出了一些

先进的筛选方法，有研究报道，采用计算机虚

拟筛选的方法，可对大量活性成分进行初筛，

如丁婷[75]以荧光假单胞菌的 LuxI 型及 LuxR 型

蛋白为靶点，两个蛋白受该菌群体感应 QS 系

统基因调控，使用分子对接软件对靶蛋白进行

预处理，选择食物源组分数据库和中药数据库的

活性成分，使用分子对接软件然后分别与这   

两个蛋白进行对接，筛选出来的活性成分物质，

再进行 QS 抑制活性的试验验证，最终筛选到

能抑制 QS 系统的活性成分为苯甲醇和 (+)-儿

茶素。还有研究使用生物传感器菌株进行筛选，

如 Wang 等[76]利用紫色杆菌 (Chromobacterium 

violaceum) CV026 的特性 (该菌在外源性加入

QS 信号分子 C6-HSL 或 3-oxo-C12-HSL 的 LB

琼脂上会产生紫色色素，当遇到 QS 的抑制剂

时，则会抑制紫色色素的产生)，证实千层树叶

精油在 CV026 的亚抑菌浓度有抑制 QS 活性的

能力。而类似生物传感器菌株还有根癌农杆菌 

(Agrobacterium tumefaciens) NT1 和哈维氏弧菌 

(Vibrio harveyi) BB170 等，如哈维氏弧菌 BB170

可在含有 AI-2 (autoinducer-2) 信号分子  (受

QS 系统调控) 培养基中诱导发光反应，发光强

度与 AI-2 浓度呈正比，采用这个原理，陈菲发

现，和厚朴酚在亚抑菌浓度下，能够通过影响

大肠杆菌 AI-2 信号分子分泌量抑制其生物被

膜的形成 [73,77]。另外，党敏燕 [78]对铜绿假单

胞菌生物被膜相关基因启动子库的构建，将铜

绿假单胞菌形成生物被膜相关基因启动子与 

lu xCDABE 发光报道基因进行整合，将启动子-报

道基因整合到铜绿假单胞菌的染色体上，通过

发光强弱，推断该基因表达情况，从而筛选出

潜在的具有抗细菌生物被膜作用的化合物。 

2  植物提取物及其活性成分抗细菌

生物被膜的作用机制 

2.1  作用于 QS 系统 
细菌群体感应系统 QS，即细菌通过释放的

激素样有机物-自诱导物 (又称信号分子) 来交

流，从而改变胞内遗传物质的表达，调节细菌

的生长代谢，并导致细菌毒力、耐药性的变化

等。当细菌的数量达到一定的水平，信号分子

的浓度会发生改变，被其他细菌感知，诱导细

菌特异性基因的表达，从而调节细菌的生理活 
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表 1  植物提取物抑制细菌生物被膜汇总 
Table 1  Summary of the plant extracts inhibitory to biofilms 

Plant Types of bacterial biofilm Methods The period of action 

on the biofilm 

References 

Trachyspermum ammi (seeds) Streptococcus mutans SEM, transcriptional analysis Biofilm formation [14] 

Quercus cerris (leaves, stems 

and fruits) 

Staphylococcus aureus CV, CLSM Biofilm formation [15] 

Arctium lappa L. Escherichia coli SEM, CC Biofilm formation [16] 

 

Euphorbia hirta L. Pseudomonas aeruginosa 

Enterococcus faecalis 

p-iodonitrotetrazolium violet dyeing Biofilm formation   

Biofilm maturation 

[17] 

Vitis vinifera Streptococcus mutans CLSM Biofilm formation [18] 

Eucalyptus globulus, 

Eucalyptus urograndis 

(essential oil) 

Streptococcus mutans Safranine dyeing Biofilm formation [19] 

Ginkgo biloba Escherichia coli 

Staphylococcus aureus 

CV, CLSM, swimming and 

swarming motility, transcriptional 

analysis 

Biofilm formation [20] 

Rosa rugosa (tea) Pseudomonas aeruginosa 

Escherichia coli 

CV, CLSM, swimming and 

swarming motility 

Biofilm formation [21] 

Sclerocarya birrea  

(stem bark) 

Pseudomonas aeruginosa CV, CC, OM, swimming and 

swarming motility, determination 

of virulence factors 

Biofilm formation [22] 

Streblus asper (leaf) Oral pathogenic bacteria 

 

CV, quantification of viable biofilm 

bacteria with real-time PCR 

Biofilm formation [23] 

Sanguisorba officinalis L. Staphylococcus aureus CV, CLSM, transcriptional analysis Biofilm formation [24] 

Azadirachta indica A. Juss 

(leaf) 

Staphylococcus aureus CV, AFM Biofilm formation [25] 

Cinnamon bark oil Pseudomonas aeruginosa 

Escherichia coli 

CV, CLSM, SEM, determination of 

virulence factors, swimming and 

swarming motility, transcriptional 

analysis 

Biofilm formation [26] 

Syzygium aromaticum 

Cinnamomum zeylanicum 

Staphylococcus aureus CV, transcriptional analysis Biofilm formation [27] 

Vaccinium macrocarpon 

(oligosaccharides) 

Escherichia coli CV Biofilm formation [28] 

Hibiscus sabdariffa L. Oral pathogenic bacteria CV Biofilm formation [29] 

Punica granatum L. (leaf) 

Rhus coriaria L. (leaf) 

Staphylococcus aureus 

Pseudomonas aeruginosa 

Safranine dyeing Biofilm formation [30] 

Coriandrum sativum  

(Essential oil) 

Pimpinella anisum  

(Essential oil) 

Escherichia coli 

Staphylococcus aureus 

CV, XTT, OM Biofilm formation 

Biofilm maturation 

[31] 

Andrographis paniculata Pseudomonas aeruginosa CV, CLSM, determination of 

virulence factors, transcriptional 

analysis 

Biofilm formation [32] 

    (待续)
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    (续表 1)

Plant Types of bacterial biofilm Methods The period of action 

on the biofilm 

References 

Moringa oleifera Staphylococcus aureus CV, CLSM Biofilm formation [33] 

Rosmarinus officinalis L. 

(Essential oil) 

Staphylococcus 

epidermidis 

CV, FLM, resazurin dyeing Biofilm formation   

Biofilm maturation 

[34] 

Rosmarinus officinalis 

Tetradenia riparia 

Staphylococcus aureus MTT, SEM Biofilm maturation [35] 

Juglans regia L. (leaf) Pseudomonas aeruginosa CV Biofilm formation [36] 

Pogostemon heyneanus 

(Essential oil) 

Cinnamomum tamala 

(Essential oil) 

Staphylococcus aureus CV, CC, OM, CLSM, SEM, 

determination of extracellular 

polysaccharide 

Biofilm formation   

Biofilm maturation 

[37] 

Tea tree oil Staphylococcus aureus CV, CLSM, transcriptional analysis Biofilm maturation [38] 

Bruguiera cylindrica 

Laguncularia racemosa 

Escherichia coli Determination of extracellular 

polysaccharide and protein 

Biofilm formation   

Biofilm maturation 

[39] 

Citrus (peel and pulp) Escherichia coli 

Pseudomonas aeruginosa 

Staphylococcus aureus 

CV, MTT Biofilm formation [13] 

Black pomegranate (peel) Pseudomonas aeruginosa CV Biofilm formation [40] 

Hypericum perforatum Pseudomonas aeruginosa CV Biofilm formation [41] 

Green tea Pseudomonas aeruginosa CV, XTT, OM, SEM, CLSM, 

determination of extracellular 

polysaccharide, determination of 

virulence factors 

Biofilm formation [42] 

Rice straw Staphylococcus aureus CV, CC, AFM, CLSM, resazurin 

dyeing 

Biofilm maturation [12] 

Cinnamomum zeylanicum 

(Essential oil) 

Origanum majorana 

(Essential oil) 

Thymus vulgaris (Essential 

oil) 

Single or double species 

biofilm system 

CV, SEM Biofilm formation [43] 

Peppermint (Essential oil) Staphylococcus aureus CV, CC, ESEM Biofilm formation [44] 

Clove (Essential oil) Escherichia coli CC, CV, CLSM, SEM, resazurin 

dyeing, determination of 

extracellular polysaccharide 

Biofilm maturation [45] 

Cardamom (Essential oil) Staphylococcus aureus CC, CV, CLSM, SEM, resazurin 

dyeing, transcriptional analysis 

Biofilm maturation [46] 

Dandelion Streptococcus suis CV, SEM Biofilm formation [47] 

Honeysuckle, houttuynia, 

scutellaria baicalensis, etc. 

Streptococcus suis CV Biofilm formation [48] 

Cuphea carthagenensis 

(Jacq.) J.F.Macbr. (leaf) 

Pseudomonas aeruginosa CV, OM, SEM, determination of 

extracellular polysaccharide, 

determination of virulence factors 

Biofilm formation [49] 

Acca sellowiana (Fruit) Pseudomonas aeruginosa 

Staphylococcus aureus 

CV, TEM, CLSM Biofilm formation   

Biofilm maturation 

[50] 
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表 2  植物活性成分抑制细菌生物被膜汇总 
Table 2  Summary of the plant active ingredients inhibitory to biofilms 

Plant active 

ingredients 

Types of bacterial biofilm Methods The period of action 

on the biofilm 

References 

Grapefruit bioactive 

limonoids 

Escherichia coli CV, transcriptional analysis Biofilm formation [51] 

Curcumin Pseudomonas aeruginosa 

Escherichia coli 

CV, OM, CLSM, determination of 

extracellular polysaccharide, 

determination of virulence factors 

Biofilm formation [52] 

Luteolin Escherichia coli CV Biofilm formation [53] 

Eugenol Streptococcus mutans CLSM, transcriptional analysis Biofilm maturation [54] 

Coumarins Escherichia coli CLSM, transcriptional analysis Biofilm formation [55] 

 

Cranberry 

proanthocyanidins 

Pseudomonas aeruginosa CV, resazurin dyeing, CLSM Biofilm formation   

Biofilm maturation 

[56] 

Ribose combined  

with xylitol 

Streptococcus mutans Bacterial live/death counting kit, 

transcriptional analysis 

Biofilm formation [57] 

Soy isoflavones Escherichia coli CV Biofilm formation [58] 

Epigallocatechin 

gallate 

Enterococcus faecalis CC, CLSM Biofilm maturation [59] 

Berberine 

hydrochloride 

Enterococcus faecalis CV, CLSM, transcriptional analysis Biofilm formation   

Biofilm maturation 

[60] 

Eugenol 

Carvacrol 

Thymol 

Oral pathogenic bacteria XTT, SEM Biofilm formation [61] 

Carvacrol 

Citral 

Escherichia coli 

Staphylococcus aureus 

CV, CC Biofilm maturation [62] 

Rutin Single or double species 

biofilm system 

CV, SEM, determination of 

extracellular polysaccharide 

Biofilm formation [63] 

Gallic acid Staphylococcus aureus CV, FLM, ESEM, transcriptional 

analysis, determination of extracellular 

polysaccharide 

Biofilm maturation [64] 

Betulin 

Betulinic acid 

Pseudomonas aeruginosa CV, TTC, OM, CLSM, determination 

of virulence factors 

Biofilm formation [65] 

Octyl gallate Streptococcus mutans CV, transcriptional analysis Biofilm formation [66] 

Myrtenol Staphylococcus aureus CV, CC, OM, CLSM, resazurin 

dyeing, determination of virulence 

factors, transcriptional analysis 

Biofilm formation   

Biofilm maturation 

[67] 

Quercetin Enterococcus faecalis CV, SEM, CLSM Biofilm formation [68] 

Cinnamaldehyde Staphylococcus epidermidis CV, CC, CLSM Biofilm formation   

Biofilm maturation 

[69] 

Punica granatum 

sarcotesta lectin 

Staphylococcus aureus CV Biofilm formation [70] 

    (待续)
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    (续表 1)

Plant active 

ingredients 

Types of bacterial biofilm Methods The period of action 

on the biofilm 

References 

Glycyrrhetinic acid Pseudomonas aeruginosa MTT, determination of virulence 

factor TEM, SEM 

Biofilm formation   

Biofilm maturation  

[71] 

Total alkaloids of 

Sophora 

alopecuroides and 

matrine 

Staphylococcus aureus XTT Biofilm formation   

Biofilm maturation 

[72] 

Honokiol Escherichia coli CV, TTC, XTT, transcriptional 

analysis, determination of AI-2 

signaling molecules by biosensor 

Biofilm formation   

Biofilm maturation 

[73] 

AFM: atomic force microscope; CC: colony count; CLSM: confocal laser scanning microscope; CV: crystal violet staining; 
ESEM: environmental scanning electron microscope; OM: optical microscope; SEM: scanning electron microscope; TEM: 
transmission electron microscope; TTC: determination of cell metabolic viability; XTT: determination of cell metabolic 
viability; MTT: determination of cell metabolic viability.  

 
动[77]。对于大多数菌种来说，QS 系统对细菌生

物被膜形成发挥着至关重要的作用[79]。常见的

信号分子包括革兰氏阴性菌的高丝氨酸内酯类

信号分子 (N-acylhomoserine lactones, AHLs)，

革兰氏阳性菌的寡肽和氨基酸，种间和种内的

特异性通讯信号分子 AI-2 以及一些特定细菌产

生的信号分子，包括大肠杆菌的信号分子 AI-3 

(autoinducer-3) 和铜绿假单胞菌中喹诺酮信号

分子等[11,80]。据报道，植物提取物及其活性成

分可作为群体感应抑制剂  (quorum sensing 

inhibitor, QSI)，图 2 展示了可能干扰 QS 系统调

控过程的不同途径[77]，主要包括竞争信号分子

受体、信号分子受体活性降低、降解信号分子、

信号分子合成受阻以及信号分子结合受体的过

程受阻。 

Jia 等[72]的研究表明，AI-2 的活性与表皮葡

萄球菌生物被膜形成呈正相关，发现苦豆子总

碱和苦参碱能显著抑制表皮葡萄球菌野生株

S13 的生物被膜细菌的 AI-2 活性。Vikram 等[51]

发现，试验所选用的几种柠檬苦素类化合物对

大肠杆菌的 AHLs 和 AI-2 介导的信号转导均有

不同程度的抑制作用，而且抑制作用强度与药

物浓度呈正相关。陈一强[81]发现，绿原酸减少

了铜绿假单胞菌 PAO1 的 AHLs 类信号分子

C4-HSL 和 3-oxo-C12-HSL 的合成释放，抑制了

PAO1 藻酸盐的合成和生物被膜的形成。陈思 

敏[82]发现，穿心莲内酯能下调铜绿假单胞菌 QS

系统中 lasR 和 rhlR 基因表达，干预了铜绿假单

胞菌生物被膜的形成。 

因此，以 QS 系统为靶标，药物对 QS 系统

相关基因或者信号分子进行干预，可能是阻止

细菌生物被膜感染的一种有效方法。 

2.2  作用于 c-di-GMP 系统 
环二鸟苷酸 (bis-(3′-5′) cyclic diguanylicacid, 

c-di-GMP) 是细菌中广泛存在的胞内第二信

使，在细菌中，二鸟苷酸环化酶  (diguanylate 

cyclases, DGCs) 催化合成 c-di-GMP 分子，磷

酸二酯酶  (phosphodiesterases, PDEs) 来降解

c-di-GMP 分子[83]。c-di-GMP 参与调节细菌的多

种生理功能，包括细菌游动性、毒力和生物被

膜形成 [84]。以铜绿假单胞菌为例，高浓度的

c-di-GMP 可以促进胞外多糖的合成从而促进细

菌生物被膜的形成，而低浓度的 c-di-GMP 则使

细菌趋向于浮游状态存在[84-85]。 
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图 2  干扰 QS 系统调控过程的不同途径 
Figure 2  Different ways of interfering with the regulation of QS system. A: normal; B: competitive receptor; 
C: degradation of signaling molecules; D: signaling molecules synthesis blocked; E: binding of the signal 
molecule to the receptor is blocked; F: reduced receptor activity.  

 
药物作用于不同时期的细菌生物被膜，可

能会导致 c-di-GMP 浓度产生不同的变化。有关

植物提取物及其活性成分抗细菌生物被膜机制

的研究主要集中在 QS 系统，而 c-di-GMP 作为

细菌生物被膜形成的关键调控因子，目前正受

到广泛关注。崔收庆[86]发现，在 0.6 g/L 的抑菌

浓度下使用秸秆酚酸中的活性成分香豆酸作用

于金黄色葡萄球菌生物被膜，导致生物被膜量

的增加，而生物被膜内的细菌的 c-di-GMP 含量

升高，该现象可能是生物被膜细菌应对不利环

境使 c-di-GMP 含量升高所致。Topa 等[87]发现，

铜绿假单胞菌与肉桂醛在亚抑菌浓度 3 mmol/L

共培养 5 h 后，c-di-GMP 浓度水平下调了

66.2%，抑制了生物被膜的形成。Kim 等[88]发

现，1%的生姜提取物作用于铜绿假单胞菌浮游

菌后，显著降低了其 c-di-GMP 的浓度水平，

抑制了生物被膜的形成。有研究报道了部分植

物活性成分可以清除已经成熟的细菌生物被

膜，Albano 等[69]通过结晶紫染色的方法发现，

肉桂醛在 4–6 倍 MIC 的浓度下可以清除表皮

葡萄球菌的生物被膜。而这种清除作用是以生

物被膜量的减少率为依据的，具体机制有待不

断探索。根据细菌生物被膜分散的机理，分为

主动分散和被动分散，主动分散通常是指细菌

生物被膜感知环境条件的改变，如缺氧、营养

消耗、应激反应、一氧化氮 (NO) 水平等，生

物被膜细菌通过降低 c-di-GMP 水平，增加生物

被膜细菌的运动性，降低粘性等，使细菌从固

着状态向浮游状态进行转变。而被动分散往往

是指受外界诱因导致细菌生物被膜提前分散，

如诱导产生胞外基质降解酶或通过物理方式

直接破坏细菌生物被膜结构[89-90]。主动分散和

被动分散都会导致细菌生物被膜结构发生改

变，减少生物被膜量和生物被膜活菌数，然而
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这种方式也存在一定局限性，分散出去的细菌较

通常所知的浮游细菌具有更强的毒力和粘附性，

从而可能带来更严重的细菌感染[90]。但是，分

散细菌由于失去了胞外基质的保护作用，如果能

通过联合抗菌药物对分散细菌进行抑杀，也将是

控制生物被膜细菌感染值得探索的策略。 

2.3  其他机制 

一些研究报道了植物提取物或植物活性成

分能够通过对细菌粘附，细菌菌毛和细菌生物

被膜胞外基质相关基因造成影响，从而使细菌生

物被膜形成的条件不充分，抑制了细菌生物被膜

形成。如地榆的醇提液和没食子酸能对金黄色葡

萄球菌的细胞间多糖黏附素  (polysaccharide 

intercellular adhesion, PIA) 的调控系统基因造

成影响，PIA 是金黄色葡萄球菌生物被膜胞外

基质的主要成分，该调控系统包含 4 个功能基

因 (icaA、icaB、icaC 和 icaD) 和 1 个调节基

因 (icaR)，调节基因 icaR 是一种阻遏基因，当

icaR 被敲除时，能够显著增加 ica 操纵子的表

达和 PIA 生成。地榆的醇提液在 1 mg/mL 和   

3 mg/mL 时，显著下调 icaA、icaB、icaC 和 icaD

基因表达，上调 icaR 基因表达，抑制了生物被

膜的形成，而没食子酸在 2 mg/mL 时，显著上

调 icaR 基因表达，下调了 icaA、icaD 基因表达，

抑制了生物被膜的形成[24,64,91]。因此，通过对细

菌生物被膜胞外基质造成影响，使其结构发生

破坏，使药物更容易通过此道屏障，也是治疗

细菌生物被膜感染的方法之一。 

另有研究表明，通过作用于初始的细菌粘附

和运动能力，可能是导致细菌生物被膜形成受阻

的原因之一。Lee 等[55]使用浓度为 50 μg/mL 香

豆素干预浮游状态的大肠杆菌，发现显著下调

了大肠杆菌卷曲菌毛  (curli) 系统中的基因

csgA、csgB 和运动性基因 flhD、motB 的表达，

抑制细菌菌毛产生，群集运动和生物被膜形成，

而 curli 系统主要调控细菌粘附，使细菌更容易

粘附于非生物的表面，导致生物被膜的形成[92]。

另外，银杏酸在 5 μg/mL 时，有抑制大肠杆菌

生物被膜的作用，而根据转录分析显示，curli

系统相关基因的表达受到了抑制[20]。木犀草素

能抑制尿路致病性大肠杆菌 fimH 基因的表

达，可能同样也会导致细菌粘附性降低，使细

菌定植受阻 [53]。Chen 等 [60]发现盐酸小檗碱在

80 μg/mL 的浓度下能抑制粪肠球菌 sortase A 和

esp 基因的表达，这两个基因与细菌粘附有关，

这可能是粪肠球菌生物被膜的早期形成受到影

响的原因之一。 

3  植物活性成分应用于控制细菌生

物被膜感染的新策略 

3.1  联合用药 
由于传统抗生素难以渗透进入细菌生物被

膜，且易产生耐药性、易残留等问题，单独使

用难以在控制细菌生物被膜感染方面有所作

用，而将低毒低残留的植物活性成分与抗生素

或抗菌肽联合应用，将在减少用药量，降低毒

副作用，提高药物渗透进入细菌生物被膜的能

力等多方面发挥综合效应，这将为临床控制细

菌生物被膜感染提供新的防治策略。Dey 等[93]

发现，柚皮苷分别与环丙沙星，四环素联用，

能增强两种抗生素抑制铜绿假单胞菌生物被膜

感染的能力。我们课题组前期研究发现鼠源抗

菌肽 CRAMP 和鸡源抗菌肽 Cath2 具有明显的

抗铜绿假单胞菌生物被膜的作用[94-95]，将这种

具有抗生物被膜作用的抗菌肽称为抗生物被膜

肽[96]。但该类抗菌肽仍存在诸多问题，如高剂

量呈现细胞毒性、易被蛋白酶降解以及高成本

等问题[97]。通过联合用药可以在一定程度上缓
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解上述问题。但是，目前联合用药针对生物被

膜细菌的协同作用判定的研究还处于初级阶

段，有文献报道[98]采用时间杀菌动力学研究或

棋盘法来判定协同关系，但该方法费时费力，

方法准确度也有待进一步考证。我们曾先采用

联合用药的生物被膜活菌数比单用药物低 2 个

log10 CFU/well 以上作为协同作用关系的判定

依据，然后通过生物被膜量的抑制率，计算

bliss 协同系数，最后筛选出所有具有协同作用

的浓度中的最佳协同配伍浓度[97]，但该方法也

同样需要进一步验证。随着该研究领域的不断

深入，此方法有望形成生物被膜研究中联合用

药协同作用关系判定的标准之一。 

3.2  偶联其他物质 
部分研究通过将药物与其他物质进行偶

联，可以增加其抗菌能力、抗细菌生物被膜的

活性和应用范围。Zhang 等[99]发现，通过共价

结合将菊粉 (植物多糖) 与壳聚糖进行偶联，

得到的偶联物菊粉-壳聚糖，具有抑制和清除细

菌生物被膜的能力，而且对哺乳细胞具有较低

的毒性。Ju 等[100]将 LK13 肽 (一种阳离子抗菌

肽) 与聚乙二醇  (PEG) 和壳聚糖  (CS) 进行

偶联，得到 CS-PEG-LK13 偶联物，该偶联物充

分发挥了壳聚糖和 LK13 的优势，更利于 LK13

在细菌生物被膜内部进行穿梭，作用于生物被

膜内部细菌，明显提高了对生物被膜内部细菌

的杀伤作用。因此利用植物活性物的化学结构

特点进行药物之间的偶联，尽量避免药物本身

的缺陷，更好地发挥其优势作用，将有望成为

防治细菌生物被膜感染的有效途径。 

3.3  纳米制剂 
纳米封装技术可更有效地在特定生物环境

中递送生物活性化合物和药剂[101]。如前所述，

目前由于大多数药物难以进入高度结构化的成

熟生物被膜根部，发挥的作用有限。但随着纳

米技术的应用，将植物活性成分制成纳米制剂，

这有利于在细菌生物被膜的胞外多糖形成的

“水道”中自由穿梭，从而使其进入细菌生物被

膜根部发挥药效，如 Shariati 等[102]将姜黄素制

成纳米姜黄素后，较姜黄素具有更好的抑制铜

绿假单胞菌生物被膜的能力。Leung 等[101]报道

了纳米颗粒封装的黄芩提取物  (Nano-SB) 与

纳米氯己定  (Nano-CHX) 对常见口腔细菌生

物被膜具有协同作用。研究表明[103]，纳米大黄

素能抑制金黄色葡萄球菌、铜绿假单胞菌和鲍

曼不动杆菌生物被膜的形成、清除其成熟生物

被膜和降低其生物被膜相关的毒力因子基因的

表达。但是，该技术最终应用于临床控制生物

被膜感染，还需要解决诸多问题，如纳米制剂

制备过程复杂、产率低、成本高、生物相容性

差以及潜在的机体毒性和环境危害等。 

4  总结与展望 

人类使用植物及其提取物来治疗疾病有着

悠久的历史，也为防治细菌生物被膜引起的相

关感染提供了新的策略，但也存在诸多问题需

要克服[35,104]。目前，大多数关于植物抗细菌生

物被膜的研究主要集中在对细菌生物被膜形成

阶段的影响，而对已经高度结构化的成熟生物被

膜有效的植物还鲜有报道。另外，植物提取物在

控制细菌生物被膜感染中，往往是多种成分的共

同作用，难以阐释具体的作用机制，同样也存在

机体安全性等诸多问题。若对单一成分进行研

究，尤其当该成分在植物中含量较低时，也会增

加提取成本，这将不利于其推广和应用[43,105]。

另外，目前抗细菌生物被膜研究大多集中在体

外试验，需要进一步开展体内药效学评价。但

是，随着研究细菌生物被膜的技术和方法逐渐

更新和完善，植物提取物及其活性成分的抗生

物被膜研究将迎来更多突破性进展。如采用激
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光共聚焦显微技术对细菌生物被膜的形态结构

进行表征，生物发光技术对体内生物被膜感染

的观察，以及多组学联合分析植物活性成分抗

细菌生物被膜的作用机制，并寻求新的作用靶

点，为进一步筛选活性成分奠定基础[106-107]。综

上所述，植物提取物及其活性成分在抗细菌生物

被膜方面展现了广阔的应用前景。我们相信，未

来在新的研究方法和技术的推动下，具有高效、

安全和稳定的抗细菌生物被膜植物药物的开发

将为防治细菌生物被膜感染带来突破性的进展。 

REFERENCES 

[1] Kumar A, Alam A, Rani M, et al. Biofilms: Survival 

and defense strategy for pathogens. Int J Med 

Microbiol, 2017, 307(8): 481-489. 

[2] Gebreyohannes G, Nyerere A, Bii C, et al. Challenges 

of intervention, treatment, and antibiotic resistance of 

biofilm-forming microorganisms. Heliyon, 2019, 5(8): 

e02192. 

[3] Rasamiravaka T, Labtani Q, Duez P, et al. The 

formation of biofilms by Pseudomonas aeruginosa: a 

review of the natural and synthetic compounds 

interfering with control mechanisms. Biomed Res Int, 

2015, 2015: 759348. 

[4] Davies D. Understanding biofilm resistance to 

antibacterial agents. Nat Rev Drug Discov, 2003, 2(2): 

114-122. 

[5] Donlan RM, Costerton JW. Biofilms: survival 

mechanisms of clinically relevant microorganisms. 

Clin Microbiol Rev, 2002, 15(2): 167-193. 

[6] Hall CW, Mah TF. Molecular mechanisms of 

biofilm-based antibiotic resistance and tolerance in 

pathogenic bacteria. FEMS Microbiol Rev, 2017, 41(3): 

276-301. 

[7] Yuan ZW, Dai YY, Ouyang P, et al. Thymol inhibits 

biofilm formation, eliminates pre-existing biofilms, 

and enhances clearance of methicillin-resistant 

Staphylococcus aureus (MRSA) in a mouse peritoneal 

implant infection model. Microorganisms, 2020, 8(1): 

99. 

[8] Lu L, Hu W, Tian ZR, et al. Developing natural 

products as potential anti-biofilm agents. Chin Med, 

2019, 14(1): 11. 

[9] Ćirić AD, Petrović JD, Glamočlija JM, et al. Natural 

products as biofilm formation antagonists and 

regulators of quorum sensing functions: a 

comprehensive review update and future trends. S Afr 

N J Bot, 2019, 120: 65-80. 

[10] Sen T, Karmakar S, Sarkar R. Evaluation of natural 

products against biofilm-mediated bacterial resistance. 

Evidence-Based Validation of Herbal Medicine. 

Amsterdam: Elsevier, 2015: 321-338. 

[11] Truchado P, Larrosa M, Castro-Ibáñez I, et al. Plant 

food extracts and phytochemicals: Their role as 

Quorum Sensing Inhibitors. Trends Food Sci Technol, 

2015, 43(2): 189-204. 

[12] Cui SQ, Ma XB, Wang XH, et al. Phenolic acids 

derived from rice straw generate peroxides which 

reduce the viability of Staphylococcus aureus cells in 

biofilm. Ind Crop Prod, 2019, 140: 111561. 

[13] Fratianni F, Cozzolino A, de Feo V, et al. Polyphenols, 

antioxidant, antibacterial, and biofilm inhibitory 

activities of peel and pulp of Citrus medica L., Citrus 

bergamia, and Citrus medica cv. salò cultivated in 

southern Italy. Molecules, 2019, 24(24): E4577. 

[14] Khan R, Adil M, Danishuddin M, et al. In vitro and in 

vivo inhibition of Streptococcus mutans biofilm by 

Trachyspermum ammi seeds: an approach of alternative 

medicine. Phytomedicine, 2012, 19(8/9): 747-755. 

[15] Hobby GH, Quave CL, Nelson K, et al. Quercus cerris 

extracts limit Staphylococcus aureus biofilm formation. 

J Ethnopharmacol, 2012, 144(3): 812-815. 

[16] Lou ZX, Song XY, Hong Y, et al. Separation and 

enrichment of burdock leaf components and their 

inhibition activity on biofilm formation of E. coli. 

Food Control, 2013, 32(1): 270-274. 

[17] Perumal S, Mahmud R. Chemical analysis, inhibition 

of biofilm formation and biofilm eradication potential 

of Euphorbia hirta L. against clinical isolates and 

standard strains. BMC Complementary Altern Med, 

2013, 13(1): 1-8. 

[18] Zhao W, Xie Q, Bedran-Russo AK, et al. The 

preventive effect of grape seed extract on artificial enamel 

caries progression in a microbial biofilm-induced caries 

model. J Dent, 2014, 42(8): 1010-1018. 

[19] Goldbeck JC, do Nascimento JE, Jacob RG, et al. 

Bioactivity of essential oils from Eucalyptus globulus 

and Eucalyptus urograndis against planktonic cells and 

biofilms of Streptococcus mutans. Ind Crop Prod, 2014, 

60: 304-309. 

[20] Lee JH, Kim YG, Ryu SY, et al. Ginkgolic acids and 

Ginkgo biloba extract inhibit Escherichia coli 



 
ISSN 1000-3061  CN 11-1998/Q  生物工程学报  Chin J Biotech 
 
 

http://journals.im.ac.cn/cjbcn 

1764 

O157:H7 and Staphylococcus aureus biofilm formation. 

Int J Food Microbiol, 2014, 174: 47-55. 

[21] Zhang JM, Rui X, Wang L, et al. Polyphenolic extract 

from Rosa rugosa tea inhibits bacterial quorum sensing 

and biofilm formation. Food Control, 2014, 42: 125-131. 

[22] Sarkar R, Chaudhary SK, Sharma A, et al. Anti-biofilm 

activity of Marula-A study with the standardized bark 

extract. J Ethnopharmacol, 2014, 154(1): 170-175. 

[23] Taweechaisupapong S, Pinsuwan W, Suwannarong W, 

et al. Effects of Streblus asper leaf extract on the 

biofilm formation of subgingival pathogens. S Afr N J 

Bot, 2014, 94: 1-5. 

[24] Chen XL, Shang F, Meng YJ, et al. Ethanol extract of 

Sanguisorba officinalis L. inhibits biofilm formation of 

methicillin-resistant Staphylococcus aureus in an 

Ica-dependent manner. J Dairy Sci, 2015, 98(12): 

8486-8491. 

[25] Quelemes PV, Perfeito MLG, Guimarães MA, et al. 

Effect of neem (Azadirachta indica A. Juss) leaf 

extract on resistant Staphylococcus aureus biofilm 

formation and Schistosoma mansoni worms. J 

Ethnopharmacol, 2015, 175: 287-294. 

[26] Kim YG, Lee JH, Kim SI, et al. Cinnamon bark oil and 

its components inhibit biofilm formation and toxin 

production. Int J Food Microbiol, 2015, 195: 30-39. 

[27] Budri PE, Silva NC, Bonsaglia EC, et al. Effect of 

essential oils of Syzygium aromaticum and 

Cinnamomum zeylanicum and their major components 

on biofilm production in Staphylococcus aureus strains 

isolated from milk of cows with mastitis. J Dairy Sci, 

2015, 98(9): 5899-5904. 

[28] Sun J, Marais JP, Khoo C, et al. Cranberry (Vaccinium 

macrocarpon) oligosaccharides decrease biofilm 

formation by uropathogenic Escherichia coli. J Funct 

Foods, 2015, 17: 235-242. 

[29] Sulistyani H, Fujita M, Miyakawa H, et al. Effect of 

Roselle calyx extract on in vitro viability and biofilm 

formation ability of oral pathogenic bacteria. Asian Pac 

J Trop Med, 2016, 9(2): 119-124. 

[30] Nostro A, Guerrini A, Marino A, et al. In vitro activity 

of plant extracts against biofilm-producing food-related 

bacteria. Int J Food Microbiol, 2016, 238: 33-39. 

[31] Bazargani MM, Rohloff J. Antibiofilm activity of 

essential oils and plant extracts against Staphylococcus 

aureus and Escherichia coli biofilms. Food Control, 

2016, 61: 156-164. 

[32] Banerjee M, Moulick S, Bhattacharya KK, et al. 

Attenuation of Pseudomonas aeruginosa quorum 

sensing, virulence and biofilm formation by extracts of 

Andrographis paniculata. Microb Pathog, 2017, 113: 

85-93. 

[33] Lee JH, Kim YG, Park JG, et al. Supercritical fluid 

extracts of Moringa oleifera and their unsaturated fatty 

acid components inhibit biofilm formation by 

Staphylococcus aureus. Food Control, 2017, 80: 74-82. 

[34] Jardak M, Elloumi-Mseddi J, Aifa S, et al. Chemical 

composition, anti-biofilm activity and potential 

cytotoxic effect on cancer cells of Rosmarinus 

officinalis L. essential oil from Tunisia. Lipids Health 

Dis, 2017, 16(1): 190. 

[35] Endo EH, Costa GM, Makimori RY, et al. Anti-biofilm 

activity of Rosmarinus officinalis, Punica granatum 

and Tetradenia riparia against methicillin-resistant 

Staphylococcus aureus (MRSA) and synergic interaction 

with penicillin. J Herb Med, 2018, 14: 48-54. 

[36] Dolatabadi S, Moghadam HN, Mahdavi-Ourtakand M. 

Evaluating the anti-biofilm and antibacterial effects of 

Juglans regia L. extracts against clinical isolates of 

Pseudomonas aeruginosa. Microb Pathog, 2018, 118: 

285-289. 

[37] Rubini D, Banu SF, Nisha P, et al. Essential oils from 

unexplored aromatic plants quench biofilm formation 

and virulence of Methicillin resistant Staphylococcus 

aureus. Microb Pathog, 2018, 122: 162-173. 

[38] Zhao XC, Liu ZH, Liu ZJ, et al. Phenotype and 

RNA-seq-Based transcriptome profiling of 

Staphylococcus aureus biofilms in response to tea tree 

oil. Microb Pathog, 2018, 123: 304-313. 

[39] Glasenapp Y, Cattò C, Villa F, et al. Promoting 

beneficial and inhibiting undesirable biofilm formation 

with mangrove extracts. Int J Mol Sci, 2019, 20(14): 

E3549. 

[40] Habibipour R, Moradi-Haghgou L, Farmany A. Green 

synthesis of AgNPs@PPE and its Pseudomonas 

aeruginosa biofilm formation activity compared to 

pomegranate peel extract. Int J Nanomedicine, 2019, 

14: 6891-6899. 

[41] Doğan Ş, Gökalsın B, Şenkardeş İ, et al. Anti-quorum 

sensing and anti-biofilm activities of Hypericum 

perforatum extracts against Pseudomonas aeruginosa. 

J Ethnopharmacol, 2019, 235: 293-300. 

[42] Qais FA, Khan MS, Ahmad I. Broad-spectrum quorum 

sensing and biofilm inhibition by green tea against 

gram-negative pathogenic bacteria: Deciphering the 

role of phytocompounds through molecular modelling. 

Microb Pathog, 2019, 126: 379-392. 



 
 

程鹏 等/植物提取物及其活性成分抑制细菌生物被膜的研究进展 
 

 

☏：010-64807509 ：cjb@im.ac.cn 

1765

[43] Kerekes EB, Vidács A, Takó M, et al. Anti-biofilm 

effect of selected essential oils and main components 

on mono- and polymicrobic bacterial cultures. 

Microorganisms, 2019, 7(9): E345. 

[44] Kang JM, Jin WY, Wang JF, et al. Antibacterial and 

anti-biofilm activities of peppermint essential oil 

against Staphylococcus aureus. LWT, 2019, 101: 

639-645. 

[45] Cui HY, Zhang CH, Li CZ, et al. Inhibition of 

Escherichia coli O157:H7 biofilm on vegetable surface 

by solid liposomes of clove oil. LWT, 2020, 117: 

108656. 

[46] Cui HY, Zhang CH, Li CZ, et al. Inhibition mechanism 

of cardamom essential oil on methicillin-resistant 

Staphylococcus aureus biofilm. LWT, 2020, 122: 

109057. 

[47] 许晶. 蒲公英水提物对猪链球菌生物被膜体外干预

作用[D]. 哈尔滨: 东北农业大学, 2015. 

Xu J. The dandelion water extract on biological 

membrane in vitro by intervention effect of 

Streptococcus suis[D]. Harbin: Northeast Agricultural 

University, 2015 (in Chinese). 

[48] 陈俭清, 周永辉, 杨艳北, 等. 中药水提物对体外猪

链球菌生物被膜作用的试验. 中国兽医杂志, 2016, 

52(11): 14-16, 19. 

Chen JQ, Zhou YH, Yang YB, et al. Screening of 

Chinese herbal extracts against Streptococcus suis 

biofilm formation. Chin J Vet Med, 2016, 52(11): 

14-16, 19 (in Chinese). 

[49] Rather MA, Gupta K, Mandal M. Inhibition of biofilm 

and quorum sensing-regulated virulence factors in 

Pseudomonas aeruginosa by Cuphea carthagenensis 

(Jacq.) J. F. Macbr. Leaf extract: an in vitro study. J 

Ethnopharmacol, 2021, 269: 113699. 

[50] Dell’Olmo E, Gaglione R, Pane K, et al. Fighting 

multidrug resistance with a fruit extract: anti-cancer 

and anti-biofilm activities of Acca sellowiana. Nat 

Prod Res, 2021, 35(10): 1686-1689. 

[51] Vikram A, Jesudhasan PR, Jayaprakasha GK, et al. 

Grapefruit bioactive limonoids modulate E. coli 

O157:H7 TTSS and biofilm. Int J Food Microbiol, 

2010, 140(2/3): 109-116. 

[52] Packiavathy IASV, Priya S, Pandian SK, et al. 

Inhibition of biofilm development of uropathogens by 

curcumin—an anti-quorum sensing agent from 

Curcuma longa. Food Chem, 2014, 148: 453-460. 

[53] Shen XF, Ren LB, Teng Y, et al. Luteolin decreases 

the attachment, invasion and cytotoxicity of UPEC in 

bladder epithelial cells and inhibits UPEC biofilm 

formation. Food Chem Toxicol, 2014, 72: 204-211. 

[54] Adil M, Singh K, Verma PK, et al. Eugenol-induced 

suppression of biofilm-forming genes in Streptococcus 

mutans: an approach to inhibit biofilms. J Glob 

Antimicrob Resist, 2014, 2(4): 286-292. 

[55] Lee JH, Kim YG, Cho HS, et al. Coumarins reduce 

biofilm formation and the virulence of Escherichia coli 

O157:H7. Phytomedicine, 2014, 21(8/9): 1037-1042. 

[56] Ulrey RK, Barksdale SM, Zhou WD, et al. Cranberry 

proanthocyanidins have anti-biofilm properties against 

Pseudomonas aeruginosa. BMC Complement Altern 

Med, 2014, 14: 499. 

[57] Lee HJ, Kim SC, Kim J, et al. Synergistic inhibition of 

Streptococcal biofilm by ribose and xylitol. Arch Oral 

Biol, 2015, 60(2): 304-312. 

[58] Albert Dhayakaran RP, Neethirajan S, Xue J, et al. 

Characterization of antimicrobial efficacy of soy 

isoflavones against pathogenic biofilms. LWT-Food 

Sci Technol, 2015, 63(2): 859-865. 

[59] Lee P, Tan KS. Effects of Epigallocatechin gallate 

against Enterococcus faecalis biofilm and virulence. 

Arch Oral Biol, 2015, 60(3): 393-399. 

[60] Chen LH, Bu QQ, Xu H, et al. The effect of berberine 

hydrochloride on Enterococcus faecalis biofilm 

formation and dispersion in vitro. Microbiol Res, 2016, 

186/187: 44-51. 

[61] Miladi H, Zmantar T, Kouidhi B, et al. Synergistic 

effect of eugenol, carvacrol, thymol, p-cymene and 

γ-terpinene on inhibition of drug resistance and biofilm 

formation of oral bacteria. Microb Pathog, 2017, 112: 

156-163. 

[62] Espina L, Berdejo D, Alfonso P, et al. Potential use of 

carvacrol and citral to inactivate biofilm cells and 

eliminate biofouling. Food Control, 2017, 82: 256-265. 

[63] Al-Shabib NA, Husain FM, Ahmad I, et al. Rutin 

inhibits mono and multi-species biofilm formation by 

foodborne drug resistant Escherichia coli and 

Staphylococcus aureus. Food Control, 2017, 79: 325-332. 

[64] Liu MH, Wu XX, Li JK, et al. The specific anti-biofilm 

effect of gallic acid on Staphylococcus aureus by 

regulating the expression of the ica operon. Food 

Control, 2017, 73: 613-618. 

[65] Rajkumari J, Borkotoky S, Murali A, et al. Attenuation 

of quorum sensing controlled virulence factors and 

biofilm formation in Pseudomonas aeruginosa by 

pentacyclic triterpenes, betulin and betulinic acid. 

Microb Pathog, 2018, 118: 48-60. 



 
ISSN 1000-3061  CN 11-1998/Q  生物工程学报  Chin J Biotech 
 
 

http://journals.im.ac.cn/cjbcn 

1766 

[66] Gabe V, Kacergius T, Abu-Lafi S, et al. Suppressive 

effects of octyl gallate on Streptococcus mutans 

biofilm formation, acidogenicity, and gene expression. 

Molecules, 2019, 24(17): E3170. 

[67] Selvaraj A, Jayasree T, Valliammai A, et al. Myrtenol 

attenuates MRSA biofilm and virulence by suppressing 

sarA expression dynamism. Front Microbiol, 2019, 10: 

2027. 

[68] Qayyum S, Sharma D, Bisht D, et al. Identification of 

factors involved in Enterococcus faecalis biofilm 

under quercetin stress. Microb Pathog, 2019, 126: 

205-211. 

[69] Albano M, Crulhas BP, Alves FCB, et al. Antibacterial 

and anti-biofilm activities of cinnamaldehyde against S. 

epidermidis. Microb Pathog, 2019, 126: 231-238. 

[70] Da Silva PM, Baldry M, Peng P, et al. Punica 

granatum sarcotesta lectin (PgTeL) impairs growth, 

structure, viability, aggregation, and biofilm formation 

ability of Staphylococcus aureus clinical isolates. Int J 

Biol Macromol, 2019, 123: 600-608. 

[71] Kannan S, Sathasivam G, Marudhamuthu M. Decrease 

of growth, biofilm and secreted virulence in 

opportunistic nosocomial Pseudomonas aeruginosa 

ATCC 25619 by glycyrrhetinic acid. Microb Pathog, 

2019, 126: 332-342. 

[72] Jia F, Zhou QY, Li X, et al. Total alkaloids of Sophora 

alopecuroides and matrine inhibit auto-inducer 2 in the 

biofilms of Staphylococcus epidermidis. Microb 

Pathog, 2019, 136: 103698. 

[73] 陈菲. 和厚朴酚抑制大肠埃希菌生物被膜形成的作

用机制[D]. 大连: 辽宁师范大学, 2019. 

Chen F. Inhibition mechanism of honokiol on biofilm 

formation by Escherichia coli[D]. Dalian: Liaoning 

Normal University, 2019 (in Chinese). 

[74] 冯韬, 何玉张, 李志强, 等. 6味中药提取物对金黄色

葡萄球菌生物膜形成的抑制作用 . 中国兽医杂志 , 

2017, 53(1): 16-19. 

Feng T, He YZ, Li ZQ, et al. Inhibitory effect of 

extracts from Sophora, Radix bupleuri, folium isatidis, 

Pulsatilla chinensis, Isatis root, dandelion on SBF. 

Chin J Vet Med, 2017, 53(1): 16-19 (in Chinese). 

[75] 丁婷. 基于荧光假单胞菌群体感应的抑制剂筛选及

抑制机理探究[D]. 无锡: 江南大学, 2019. 

Ding T. Screening and inhibitory mechanism of 

quorum sensing inhibitors of Pseudomonas fluorescens 

P07[D]. Wuxi: Jiangnan University, 2019 (in Chinese). 

[76] Wang WT, Huang XQ, Yang HX, et al. Antibacterial 

activity and anti-quorum sensing mediated phenotype 

in response to essential oil from Melaleuca bracteata 

leaves. Int J Mol Sci, 2019, 20(22): E5696. 

[77] Kalia VC. Quorum sensing inhibitors: an overview. 

Biotechnol Adv, 2013, 31(2): 224-245. 

[78] 党敏燕. 中草药提取物对铜绿假单胞菌生物被膜的

抑制作用及其机制研究[D]. 西安: 西北大学, 2012. 

Dang MY. Screening and mechanism study of Chinese 

herbal extracts against Pseudomonas aeruginosa 

biofilms[D]. Xi’an: Northwest University, 2012 (in 

Chinese). 

[79] 刘琳, 谭小娟, 贾爱群. 细菌群体感应与细菌生物被膜

形成之间的关系. 微生物学报, 2012, 52(3): 271-278. 

Liu L, Tan XJ, Jia AQ. Relationship between bacterial 

quorum sensing and biofilm formation—a review. Acta 

Microbiol Sin, 2012, 52(3): 271-278 (in Chinese). 

[80] 杨敏, 顾雯, 杨柏荣, 等. 中药通过调节细菌群体感

应系统改善人体健康研究进展. 中国中药杂志, 2020, 

45(6): 1297-1303. 

Yang M, Gu W, Yang BR, et al. Effect of traditional 

Chinese medicine in improving human health by 

regulating bacterial quorum sensing system. China J 

Chin Mater Med, 2020, 45(6): 1297-1303 (in Chinese). 

[81] 陈一强. 绿原酸对铜绿假单胞菌生物膜抑制作用及

其机制的体内外研究[D]. 南宁: 广西医科大学, 2010. 

Chen YQ. The inhibitory effect and mechanism of 

chlorogenic acid on Pseudomonas aeruginosa biofilm 

in vitro and in vivo[D]. Nanning: Guangxi Medical 

University, 2010 (in Chinese). 

[82] 陈思敏. 穿心莲内酯干预铜绿假单胞菌BF形成及QS

系统相关基因表达的实验研究[D]. 成都: 成都中医

药大学, 2013. 

Chen SM. Experimental study on andrographolide 

interfering BF formation and QS system related gene 

expression of Pseudomonas aeruginosa[D]. Chengdu: 

Chengdu University of TCM, 2013(in Chinese). 

[83] Jenal U, Reinders A, Lori C. Cyclic di-GMP: second 

messenger extraordinaire. Nat Rev Microbiol, 2017, 

15(5): 271-284. 

[84] Rumbaugh KP, Sauer K. Biofilm dispersion. Nat Rev 

Microbiol, 2020, 18(10): 571-586. 

[85] 于珊 , 马旅雁 . 铜绿假单胞菌铁摄取与生物被膜形

成研究进展. 生物工程学报, 2017, 33(9): 1489-1512. 

Yu S, Ma LY. Iron uptake and biofilm formation in 

Pseudomonas aeruginosa. Chin J Biotechnol, 2017, 

33(9): 1489-1512 (in Chinese). 

[86] 崔收庆. 秸秆酚酸对金黄色葡萄球菌生物膜的影响[D]. 

上海: 上海大学, 2019. 

Cui SQ. A study of the mechanisms of inhibitory effect 



 
 

程鹏 等/植物提取物及其活性成分抑制细菌生物被膜的研究进展 
 

 

☏：010-64807509 ：cjb@im.ac.cn 

1767

of phenolic acids derived from rice straw on 

Staphylococcus aureus biofilm[D]. Shanghai: Shanghai 

University, 2019 (in Chinese). 

[87] Topa SH, Subramoni S, Palombo EA, et al. 

Cinnamaldehyde disrupts biofilm formation and 

swarming motility of Pseudomonas aeruginosa. 

Microbiology (Reading), 2018, 164(9): 1087-1097. 

[88] Kim HS, Park HD. Ginger extract inhibits biofilm 

formation by Pseudomonas aeruginosa PA14. PLoS 

One, 2013, 8(9): e76106. 

[89] Wille J, Teirlinck E, Sass A, et al. Does the mode of 

dispersion determine the properties of dispersed 

Pseudomonas aeruginosa biofilm cells? Int J 

Antimicrob Agents, 2020, 56(6): 106194. 

[90] Wille J, Coenye T. Biofilm dispersion: The key to 

biofilm eradication or opening Pandora’s box? Biofilm, 

2020, 2: 100027. 

[91] 常佳伟, 万佳宏, 王曈, 等. 金黄色葡萄球菌生物被

膜的形成与调控机制 . 中国预防兽医学报 , 2019, 

41(7): 767-771. 

Chang JW, Wan JH, Wang T, et al. Formation and 

regulation mechanism of Staphylococcus aureus 

biofilm. Chin J Prev Vet Med, 2019, 41(7): 767-771 (in 

Chinese). 

[92] Goulter RM, Gentle IR, Dykes GA. Issues in 

determining factors influencing bacterial attachment: a 

review using the attachment of Escherichia coli to 

abiotic surfaces as an example. Lett Appl Microbiol, 

2009, 49(1): 1-7. 

[93] Dey P, Parai D, Banerjee M, et al. Naringin sensitizes 

the antibiofilm effect of ciprofloxacin and tetracycline 

against Pseudomonas aeruginosa biofilm. Int J Med 

Microbiol, 2020, 310(3): 151410. 

[94] Chen HW, Wubbolts RW, Haagsman HP, et al. 

Inhibition and eradication of Pseudomonas aeruginosa 

biofilms by host defence peptides. Sci Rep, 2018, 8(1): 

10446. 

[95] Xu D, Zhang Y, Cheng P, et al. Inhibitory effect of a 

novel chicken-derived anti-biofilm peptide on P. 

aeruginosa biofilms and virulence factors. Microb 

Pathog, 2020, 149: 104514. 

[96] 张阳, 程鹏, 李晓芬, 等. 抗生物膜肽研究进展. 生

物技术通报, 2021, 37(2): 216-223. 

Zhang Y, Cheng P, Li XF, et al. Research progress on 

anti-biofilm peptides. Biotechnol Bull, 2021, 37(2): 

216-223 (in Chinese). 

[97] Zhang Y, He X, Cheng P, et al. Effects of a novel 

anti-biofilm peptide CRAMP combined with antibiotics 

on the formation of Pseudomonas aeruginosa biofilms. 

Microb Pathog, 2021, 152: 104660. 

[98] Martinez M, Gonçalves S, Felício MR, et al. 

Synergistic and antibiofilm activity of the 

antimicrobial peptide P5 against carbapenem-resistant 

Pseudomonas aeruginosa. Biochim Biophys Acta 

Biomembr, 2019, 1861(7): 1329-1337. 

[99] Zhang GQ, Liu J, Li RL, et al. Conjugation of inulin 

improves anti-biofilm activity of chitosan. Mar Drugs, 

2018, 16(5): E151. 

[100] Ju XY, Chen J, Zhou MX, et al. Combating 

Pseudomonas aeruginosa biofilms by a 

chitosan-PEG-peptide conjugate via changes in 

assembled structure. ACS Appl Mater Interfaces, 2020, 

12(12): 13731-13738. 

[101] Leung KC, Seneviratne CJ, Li X, et al. Synergistic 

antibacterial effects of nanoparticles encapsulated with 

Scutellaria baicalensis and pure chlorhexidine on oral 

bacterial biofilms. Nanomaterials (Basel), 2016, 6(4): 

E61. 

[102] Shariati A, Asadian E, Fallah F, et al. Evaluation of 

Nano-curcumin effects on expression levels of 

virulence genes and biofilm production of 

multidrug-resistant Pseudomonas aeruginosa isolated 

from burn wound infection in Tehran, Iran. Infect Drug 

Resist, 2019, 12: 2223-2235. 

[103] Pourhajibagher M, Rahimi-Esboei B, Ahmadi H, et al. 

The anti-biofilm capability of nano-emodin-mediated 

sonodynamic therapy on multi-species biofilms 

produced by burn wound bacterial strains. 

Photodiagnosis Photodyn Ther, 2021, 34: 102288. 

[104] Lundstrom K. Unlocking the therapeutic potential of 

plant extracts. Futur Med Chem, 2016, 8(3): 245-248. 

[105] Kayser O. Ethnobotany and medicinal plant biotechnology: 

from tradition to modern aspects of drug development. 

Planta Med, 2018, 84(12/13): 834-838. 

[106] Núñez-Montero K, Quezada-Solís D, Khalil ZG, et al. 

Genomic and metabolomic analysis of Antarctic 

bacteria revealed culture and elicitation conditions for 

the production of antimicrobial compounds. 

Biomolecules, 2020, 10(5): 673. 

[107] Favre L, Ortalo-Magné A, Kerloch L, et al. 

Metabolomic and proteomic changes induced by 

growth inhibitory concentrations of copper in the 

biofilm-forming marine bacterium Pseudoalteromonas 

lipolytica. Metallomics, 2019, 11(11): 1887-1899. 

(本文责编  陈宏宇) 


