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摘  要 

目前临床上针对细菌感染的主要治疗手段是使用抗生素治疗，但由于过度使用抗生素产生耐药菌的现象，

导致抗生素有效率下降，所以新型抗菌手段的研发迫在眉睫，其中金属纳米颗粒的抗菌效果受到广泛的

关注，尤其是金纳米颗粒，因其具有低毒性、高比表面积、表面易修饰官能团和优异的抗菌性能。本文

旨在总结并讨论金纳米颗粒的抗菌作用机制，这些抗菌机制包括造成细胞壁和细胞膜的损伤、活性氧和

氧化应激的产生、三磷酸腺苷水平的降低和DNA的损伤。 
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Abstract 
At present, the main clinical treatment for bacterial infections is the use of antibiotics. However, 
due to the phenomenon of overuse of antibiotics to produce drug-resistant bacteria, which leads 
to a decline in the effectiveness of antibiotics, the development of new antibacterial methods is 
imminent. The antibacterial effect of metal nanoparticles is affected. Wide attention has been paid, 
especially to gold nanoparticles, due to their low toxicity, high specific surface area, easily mod-
ified surface functional groups, and excellent antibacterial properties. This article aims to sum-
marize and discuss the antibacterial mechanisms of gold nanoparticles, which include cell wall and 
membrane damage, generation of reactive oxygen species and oxidative stress, reduction of adeno-
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sine triphosphate levels, and DNA damage. 
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1. 引言 

根据世界卫生组织(WHO)的数据，由病原体引起的细菌感染，仍然是人类发病率和死亡率增加的主

要原因之一[1]。尽管有一系列令人信服的抗生素，但滥用抗生素已成为一个日益严重的问题，细菌对已

经对一种或多种抗生素产生了耐药性[2] [3]。抗生素耐药细菌的增加导致与细菌引起的传染病相关的发病

率和死亡率增加[4]。对于某些严重的细菌感染，甚至没有能用的药物[5]。开发针对耐药细菌的新型有效

抗菌剂迫在眉睫。在研的新型抗生素中金属纳米颗粒(Metal Nanoparticles, MNPs)的抗菌性能令人振奋[6]。 
MNPs 被广泛用于生物应用，包括诊断[7]、药物递送[8]和癌症治疗[9]。然而，抗菌活性是 MNPs 的

主要应用之一。已显示出抗菌活性的纳米级材料包括 Au，Ag 和 Cu 以及部分金属氧化物[10]。其中金纳

米颗粒(AuNPs)显示出优异的抗菌活性，它可以在表面进行多种修饰[11]，并且 AuNPs 的非常大的比表面

积有利于与目标细菌结合[12]。AuNPs 抗菌谱很广，对金黄色葡萄球菌、大肠杆菌、铜绿假单胞菌、白

色念珠菌、伤寒沙门氏菌及部分耐药菌群都显示出抗菌能力[13]。此外，金作为低活性的金属，具有非常

稳定的化学性质，无毒且具有良好的生物相容性[14]。 
AuNPs 的制备和抗菌性能已被广泛研究，但缺乏单独针对抗菌机制发表的全面的摘要。本文综述了

金纳米复合材料的可能的抗菌机制。这些抗菌机制主要涉及破坏细胞壁和细胞膜，产生活性氧(ROS)并释

放金属离子，从而在细菌细胞中引起损伤等。本综述的目的是深入了解 AuNPs 的可能抗菌机制，为 AuNPs
的研究方向提供想法，同时讨论的相关机制可做新型抗菌药物的研发靶点。 

2. 抗菌机制 

2.1. AuNPs 造成细胞壁、细胞膜的损伤 

细菌具有细胞壁和细胞膜，细胞壁为细菌提供刚性，而细胞膜则能通过生物作用选择性的不让一些

物质进入细菌内，膜上磷脂变体还能调节与膜相关蛋白的相互作用，维持细菌内的物质稳定，两者共同

保护细菌使其不受伤害[15] [16]。大多数细菌可以根据其细胞壁结构分为两个单独的分类：革兰氏阳性和

阴性。革兰氏阳性细菌在其细胞壁中含有一层厚厚的肽聚糖，而革兰氏阴性细菌具有一层薄的肽聚糖层，

带有由脂多糖组成的附加外膜。有研究发现，革兰氏阳性菌对 NP 作用机制的抵抗力更强[17]。据推测，

不同的细胞壁是这种现象存在的原因[18]。AuNPs 可以通过静电吸附作用吸附在细胞壁上，造成细胞壁

的损伤。 
AuNPs 能够不断释放金离子，这是一种潜在的杀微生物机制[19]。这些金离子可以粘附在细胞壁和

细胞质膜上，膜蛋白是银离子和金离子的重要靶标，粘附的离子可以改善细胞质膜通透性并导致细菌包

膜的破坏[20] [21] [22]。有趣的是，AuNPs 的抗菌活性来自于形态特异性，即金纳米棒、金纳米星、金纳

米球抗菌效果的差异与金离子的释放量无关[23]。但同一种形态 AuNPs 添加浓度越高，释放的金离子就
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越多，抗菌效果就越好[24] [25]。这种现象可能是由于金离子浓度与 AuNPs 物理形态改变相比产生抗菌

效果的变化更弱。AuNPs 自身也可通过与细菌细胞壁的静电吸引作用引起损伤，导致细胞壁破裂，细菌

死亡[26]。此外 AuNPs 还能够穿透细菌外膜，积聚在内膜中，与细胞的粘附产生其不稳定和损伤，增加

膜通透性并诱导细胞内容物泄漏并随后死亡[21]。另有研究表明，AuNPs 表现出去极化的膜电位，而膜

完整性没有变化[27]。AuNPs 处理细菌后观察到膜电位变化，细菌内离子失衡，细菌膜电位降低，膜电

位的降低意味着细胞膜的损伤，这是细菌细胞死亡的主要原因[18]。 

2.2. AuNPs 触发活性氧的产生和氧化应激 

ROS 是部分还原氧衍生物，具有很强的氧化能力，它们包括超氧阴离子( 2O − )、过氧化氢(H2O2)、羟

基自由基(•OH)和单线态氧(1O2) [28] [29]。ROS 可以在细胞内产生，这是细菌代谢不可避免的结果，是在

基本新陈代谢中形成的，也可以来自环境，将 ROS 维持在适当水平对细胞有积极作用[30]。但过量的活

性氧会产生负面影响，触发 ROS 可对细菌造成严重损伤[31]。ROS 的过量产生引起氧化应激，由于氧化，

导致大多数生物分子的结构和功能受到影响，如脂质过氧化和蛋白质氧化显着增加[32] [33]。脂质过氧化

会导致细菌细胞毒性，因为较高的脂质过氧化会导致多不饱和脂质的氧化降解，导致质膜损伤，膜流动

性降低，膜渗漏增加[34]。 
AuNPs 已被证明产生自由基，细胞壁上的 ROS 形成是由于 AuNPs 与细胞壁的相互作用，AuNPs 浓

度增加导致 ROS 伴随增加[35] [36]。Wei Bing 等人使用产氢超嗜热细菌合成了尺寸可控的 AuNPs，发现

AuNPs 在很宽的 pH 范围内其具有过氧化物酶活性，可以催化 H2O2 分解成•OH 和 2O− 。对革兰氏阴性和

革兰氏阳性细菌均表现出显著的抗菌性能[37]。K Umamaheswari 等人使用葱(大蒜)瓣水提取物作为还原

剂的绿色环保的方法合成了 AuNPs，他们观察到用 AuNPs 处理后所有测试的念珠菌物种的 ROS 水平增

加，导致细胞膜破坏最终导致细胞死亡，其中在念珠菌细胞上的 ROS 产生更为明显并且在 LDH 测定中

也具有更高的吸光度，这表明 LDH 泄漏水平增加，显示 AuNPs 对真菌细胞的毒性[38]。 

2.3. AuNPs 导致三磷酸腺苷(ATP)水平的降低 

ATP 是细胞承担基本功能(呼吸、增殖、分化、凋亡)的主要能量来源。完整细胞中的 ATP 水平处于

稳定状态，ATP 水平的变化会影响细胞的功能，ATP 水平作为生存能力的指标，ATP 水平可以反映微生

物浓度[39]。ATP 合酶是 ATP 合成需要的酶，其活性直接或间接与各种人类疾病有关，寻找这种蛋白质

复合物的天然和合成抑制剂可能会产生新的先导化合物，包括新的抗菌剂[40] [41] [42]。Sivaji Sathiyaraj
等人使用 panchagavya (PG)合成的 AuNPs，对革兰氏阴性菌的抗菌活性强，对革兰氏阳性菌的抗菌活性

中等，AuNPs 实现抗菌性能的其中一个过程是通过降低三磷酸腺苷(ATP)合酶活性来抑制代谢过程，导致

ATP 的耗竭[18]。Yangzhouyun Xie 等人合成的经修饰的 UsAuNPs，可导致 ATP 合成的减少并影响随后

的 ATP 相关代谢，从而抑制细菌的存活[43]。有趣的是，Yuyun Zhao 等人合成的 AuPt 双金属纳米颗粒

能够使细菌内的 ATP 水平升高，高 ATP 水平可能对细菌有毒，他们提出两种可能，一是 AuPt 作为替代

酶可以催化 ATP 的产生，另一种可能性是 AuPt 可以抑制消耗 ATP 的蛋白质的合成，从而诱导 ATP 的

积累[44]。由此可见，AuNPs 可导致细菌 ATP 水平的下降造成细菌死亡，但与 Pt 合成双金属纳米颗粒时

有可能导致 ATP 水平的上升，具体机制暂不明确。 

2.4. AuNPs 造成 DNA 损伤 

任何生物体的 DNA 都存储有关细胞的遗传信息，DNA 作为所有生物体的遗传信息单位，是功能存

在的基础，DNA 损伤可导致突变或细胞死亡[45]。AuNPs 可以通过附着在细菌 DNA 上并通过与细菌 DNA
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结合来阻断 DNA 在转录过程中的解旋来抑制抑制多重耐药泌尿系病原体[46]。ROS 可以触发细胞膜破裂

和 DNA 改变[47] [48]。Yulan Wang 等人研究表明 AuNPs 引起细胞内的 ROS 产生可以通过导致蛋白质聚

集和 DNA 破坏，导致细菌死亡[36]。Heejeong Lee 等人发现，与未处理的细菌相比，用 AuNPs 或诺氟沙

星处理的细菌显出现核凝聚的现象，并且使用 TUNEL 测定方法证实 AuNPs 诱导 DNA 片段化导致细胞

凋亡样细胞死亡，有趣的是，他们表明细菌凋亡样死亡与细菌内的 ROS 无关[49]。无论是否与 ROS 有关，

AuNPs 可以通过造成 DNA 损失诱导细菌死亡。 

3. 回顾与展望 

在本篇小型综述中，我们讨论了 AuNPs 的抗菌机制。许多研究证明 AuNPs 具有优良的抗菌性能，

AuNPS 可以通过释放金离子和其自身特性杀菌，其作用机制主要归因于细胞壁损伤、细胞膜损伤包括膜

通透性和膜电位改变，ROS 和氧化应激的产生、ATP 水平的降低以及 ROS 依赖或非 ROS 依赖造成的

DNA 的损伤。然而造成细菌损伤的机制也可能造成细胞的损伤，ROS 也会造成人体细胞的氧化应激，以

及细菌杀伤机制并没有针对细菌的特异性，AuNPs 在一些细胞株上也表现出较强的细胞毒性，给应用造

成了困难，但 AuNPs 的生物相容性与其表面积有关，调节表面积是可行的在兼顾安全性和抗菌效力的未

来研究方向。 

参考文献 
[1] Eurosurveillance Editorial Team (2015) WHO Member States Adopt Global Action Plan on Antimicrobial Resistance. 

Euro Surveill, 20, Article 21137. 
[2] de Oliveira, S.J., da, Costa, J.S., de Fatima, R.D.S.M., et al. (2022) Panorama of Bacterial Infections Caused by Epi-

demic Resistant Strains. Current Microbiology, 79, Article No. 175. https://doi.org/10.1007/s00284-022-02875-9 
[3] Gashaw, M., Berhane, M., Bekele, S., et al. (2018) Emergence of High Drug Resistant Bacterial Isolates from Patients 

with Health Care Associated Infections at Jimma University Medical Center: A Cross Sectional Study. Antimicrobial 
Resistance & Infection Control, 7, Article No. 138. https://doi.org/10.1186/s13756-018-0431-0 

[4] Gouyau, J., Duval, R.E., Boudier, A., et al. (2021) Investigation of Nanoparticle Metallic Core Antibacterial Activity: 
Gold and Silver Nanoparticles against Escherichia coli and Staphylococcus aureus. International Journal of Molecular 
Sciences, 22, Article 1905. https://doi.org/10.3390/ijms22041905 

[5] Thai, P., Ha, D., Hanh, N.T., et al. (2018) Bacterial Risk Factors for Treatment Failure and Relapse among Patients 
with Isoniazid Resistant Tuberculosis. BMC Infectious Diseases, 18, Article No. 112.  
https://doi.org/10.1186/s12879-018-3033-9 

[6] Gallo, G. and Schillaci, D. (2021) Bacterial Metal Nanoparticles to Develop New Weapons against Bacterial Biofilms 
and Infections. Applied Microbiology and Biotechnology, 105, 5357-5366.  
https://doi.org/10.1007/s00253-021-11418-4 

[7] Xu, C., Akakuru, O.U., Zheng, J., et al. (2019) Applications of Iron Oxide-Based Magnetic Nanoparticles in the Diag-
nosis and Treatment of Bacterial Infections. Frontiers in Bioengineering and Biotechnology, 7, Article No. 141.  
https://doi.org/10.3389/fbioe.2019.00141 

[8] Devasvaran, K. and Lim, V. (2021) Green Synthesis of Metallic Nanoparticles Using Pectin as a Reducing Agent: A 
Systematic Review of the Biological Activities. Pharmaceutical Biology, 59, 492-501. 
https://doi.org/10.1080/13880209.2021.1910716 

[9] Marzi, M., Osanloo, M., Vakil, M.K., et al. (2022) Applications of Metallic Nanoparticles in the Skin Cancer Treat-
ment. BioMed Research International, 2022, Article ID: 2346941. https://doi.org/10.1155/2022/2346941 

[10] Dakal, T.C., Kumar, A., Majumdar, R.S., et al. (2016) Mechanistic Basis of Antimicrobial Actions of Silver Nanopar-
ticles. Frontiers in Microbiology, 7, Article 1831. https://doi.org/10.3389/fmicb.2016.01831 

[11] Dhayalan, M., Denison, M.I., Anitha, J.L., et al. (2017) In Vitro Antioxidant, Antimicrobial, Cytotoxic Potential of 
Gold and Silver Nanoparticles Prepared Using Embelia ribes. Natural Product Research, 31, 465-468.  
https://doi.org/10.1080/14786419.2016.1166499 

[12] Dreaden, E.C., Alkilany, A.M., Huang, X., et al. (2012) The Golden Age: Gold Nanoparticles for Biomedicine. Chem-
ical Society Reviews, 41, 2740-2779. https://doi.org/10.1039/C1CS15237H 

https://doi.org/10.12677/hjbm.2023.132016
https://doi.org/10.1007/s00284-022-02875-9
https://doi.org/10.1186/s13756-018-0431-0
https://doi.org/10.3390/ijms22041905
https://doi.org/10.1186/s12879-018-3033-9
https://doi.org/10.1007/s00253-021-11418-4
https://doi.org/10.3389/fbioe.2019.00141
https://doi.org/10.1080/13880209.2021.1910716
https://doi.org/10.1155/2022/2346941
https://doi.org/10.3389/fmicb.2016.01831
https://doi.org/10.1080/14786419.2016.1166499
https://doi.org/10.1039/C1CS15237H


刘玉琳，吴亮 
 

 

DOI: 10.12677/hjbm.2023.132016 149 生物医学 
 

[13] Ayaz, A.K., Subramanian, S., Sivasubramanian, A., et al. (2014) Preparation of Gold Nanoparticles Using Salicornia 
brachiata Plant Extract and Evaluation of Catalytic and Antibacterial Activity. Spectrochimica Acta Part A: Molecular 
and Biomolecular Spectroscopy, 130, 54-58. https://doi.org/10.1016/j.saa.2014.03.070 

[14] Karakocak, B.B., Raliya, R., Davis, J.T., et al. (2016) Biocompatibility of Gold Nanoparticles in Retinal Pigment Epi-
thelial Cell Line. Toxicology in Vitro, 37, 61-69. https://doi.org/10.1016/j.tiv.2016.08.013 

[15] Shan, L., Wenling, Q., Mauro, P., et al. (2020) Antibacterial Agents Targeting the Bacterial Cell Wall. Current Medi-
cinal Chemistry, 27, 2902-2926. https://doi.org/10.2174/0929867327666200128103653 

[16] Strahl, H. and Errington, J. (2017) Bacterial Membranes: Structure, Domains, and Function. Annual Review of Micro-
biology, 71, 519-538. https://doi.org/10.1146/annurev-micro-102215-095630 

[17] Dorobantu, L.S., Fallone, C., Noble, A.J., et al. (2015) Toxicity of Silver Nanoparticles against Bacteria, Yeast, and 
Algae. Journal of Nanoparticle Research, 17, Article No. 172. https://doi.org/10.1007/s11051-015-2984-7 

[18] Sathiyaraj, S., Suriyakala, G., Dhanesh, G.A., et al. (2021) Biosynthesis, Characterization, and Antibacterial Activity 
of Gold Nanoparticles. Journal of Infection and Public Health, 14, 1842-1847.  
https://doi.org/10.1016/j.jiph.2021.10.007 

[19] Weber, A.G., Birk, B., Muller, C., et al. (2022) The Thyroid Hormone Converting Enzyme Human Deiodinase 1 Is In-
hibited by Gold Ions from Inorganic Salts, Organic Substances, and by Small-Size Nanoparticles. Chemico-Biological 
Interactions, 351, Article ID: 109709. https://doi.org/10.1016/j.cbi.2021.109709 

[20] Shareena, D.T., Zhang, Y. and Yu, H. (2015) Antibacterial Activity and Cytotoxicity of Gold (I) and (III) Ions and 
Gold Nanoparticles. Biochem Pharmacol (Los Angel), 4, Article No. 199.  

[21] Zhang, Y., Shareena, D.T., Deng, H., et al. (2015) Antimicrobial Activity of Gold Nanoparticles and Ionic Gold. 
Journal of Environmental Science and Health, Part C, 33, 286-327. https://doi.org/10.1080/10590501.2015.1055161 

[22] Gualdi, S., Agnoli, K., Vitale, A., et al. (2022) Identification of Genes Required for Gold and Silver Tolerance in 
Burkholderia cenocepacia H111 by Transposon Sequencing. Environmental Microbiology, 24, 737-751.  
https://doi.org/10.1111/1462-2920.15471 

[23] Parijat, R., Tushar, L., Arunangshu, B., Tapan, K., Sau, C.H. and Venkata, R. (2022) Particle Specific Physical and 
Chemical Effects on Antibacterial Activities: A Comparative Study Involving Gold Nanostars, Nanorods and Nanos-
pheres. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 634, Article ID: 127915.  
https://doi.org/10.1016/j.colsurfa.2021.127915 

[24] Tamayo, L.A., Zapata, P.A., Vejar, N.D., et al. (2014) Release of Silver and Copper Nanoparticles from Polyethylene 
Nanocomposites and Their Penetration into Listeria monocytogenes. Materials Science and Engineering: C, 40, 24-31. 
https://doi.org/10.1016/j.msec.2014.03.037 

[25] Gu, X., Xu, Z., Gu, L., et al. (2021) Preparation and Antibacterial Properties of Gold Nanoparticles: A Review. Envi-
ronmental Chemistry Letters, 19, 167-187. https://doi.org/10.1007/s10311-020-01071-0 

[26] Jency, D.A., Sathyavathi, K. and Umadevi, M.R. (2020) Parimaladevi Enhanced bioactivity of Fe3O4-Au Nanocompo-
sites—A Comparative Antibacterial Study. Materials Letters, 258, Article ID: 126795.  
https://doi.org/10.1016/j.matlet.2019.126795 

[27] Lennen, R.M., Kruziki, M.A., Kumar, K., et al. (2011) Membrane Stresses Induced by Overproduction of Free Fatty 
Acids in Escherichia coli. Applied and Environmental Microbiology, 77, 8114-8128.  
https://doi.org/10.1128/AEM.05421-11 

[28] Mourenza, A., Gil, J.A., Mateos, L.M., et al. (2020) Oxidative Stress-Generating Antimicrobials, a Novel Strategy to 
Overcome Antibacterial Resistance. Antioxidants (Basel), 9, Article No. 361. https://doi.org/10.3390/antiox9050361 

[29] Hegemann, D., Hanselmann, B., Zuber, F., et al. (2022) Plasma-Deposited AgOx-Doped TiOx Coatings Enable Rapid 
Antibacterial Activity Based on ROS Generation. Plasma Processes and Polymers, 19, Article ID: 2100246.  
https://doi.org/10.1002/ppap.202100246 

[30] Yoo, Y., Park, J.C., Cho, M.H., et al. (2018) Lack of a Cytoplasmic RLK, Required for ROS Homeostasis, Induces 
Strong Resistance to Bacterial Leaf Blight in Rice. Frontiers in Plant Science, 9, Article No. 577.  
https://doi.org/10.3389/fpls.2018.00577 

[31] Qayyum, S., Oves, M. and Khan, A.U. (2017) Obliteration of Bacterial Growth and Biofilm through ROS Generation 
by Facilely Synthesized Green Silver Nanoparticles. PLOS ONE, 12, e181363.  
https://doi.org/10.1371/journal.pone.0181363 

[32] Seixas, A.F., Quendera, A.P., Sousa, J.P., et al. (2022) Bacterial Response to Oxidative Stress and RNA Oxidation. 
Frontiers in Genetics, 12, Article ID: 821535. https://doi.org/10.3389/fgene.2021.821535 

[33] Chatterjee, A.K., Chakraborty, R. and Basu, T. (2014) Mechanism of Antibacterial Activity of Copper Nanoparticles. 
Nanotechnology, 25, Article ID: 135101. https://doi.org/10.1088/0957-4484/25/13/135101 

https://doi.org/10.12677/hjbm.2023.132016
https://doi.org/10.1016/j.saa.2014.03.070
https://doi.org/10.1016/j.tiv.2016.08.013
https://doi.org/10.2174/0929867327666200128103653
https://doi.org/10.1146/annurev-micro-102215-095630
https://doi.org/10.1007/s11051-015-2984-7
https://doi.org/10.1016/j.jiph.2021.10.007
https://doi.org/10.1016/j.cbi.2021.109709
https://doi.org/10.1080/10590501.2015.1055161
https://doi.org/10.1111/1462-2920.15471
https://doi.org/10.1016/j.colsurfa.2021.127915
https://doi.org/10.1016/j.msec.2014.03.037
https://doi.org/10.1007/s10311-020-01071-0
https://doi.org/10.1016/j.matlet.2019.126795
https://doi.org/10.1128/AEM.05421-11
https://doi.org/10.3390/antiox9050361
https://doi.org/10.1002/ppap.202100246
https://doi.org/10.3389/fpls.2018.00577
https://doi.org/10.1371/journal.pone.0181363
https://doi.org/10.3389/fgene.2021.821535
https://doi.org/10.1088/0957-4484/25/13/135101


刘玉琳，吴亮 
 

 

DOI: 10.12677/hjbm.2023.132016 150 生物医学 
 

[34] Zhang, Y.M. and Rock, C.O. (2008) Membrane Lipid Homeostasis in Bacteria. Nature Reviews Microbiology, 6, 
222-233. https://doi.org/10.1038/nrmicro1839 

[35] Perez-Diaz, M.A., Boegli, L., James, G., et al. (2015) Silver Nanoparticles with Antimicrobial Activities against 
Streptococcus mutans and Their Cytotoxic Effect. Materials Science and Engineering: C, 55, 360-366.  
https://doi.org/10.1016/j.msec.2015.05.036 

[36] Wang, Y., Wan, J., Miron, R.J., et al. (2016) Antibacterial Properties and Mechanisms of Gold-Silver Nanocages. Na-
noscale, 8, 11143-11152. https://doi.org/10.1039/C6NR01114D 

[37] Bing, W., Sun, H., Wang, F., et al. (2018) Hydrogen-Producing Hyperthermophilic Bacteria Synthesized Size-Controllable 
Fine Gold Nanoparticles with Excellence for Eradicating Biofilm and Antibacterial Applications. Journal of Materials 
Chemistry B, 6, 4602-4609. https://doi.org/10.1039/C8TB00549D 

[38] Umamaheswari, K. and Abirami, M. (2023) Assessment of Antifungal Action Mechanism of Green Synthesized Gold 
Nanoparticles (AuNPs) Using Allium sativum on Candida Species. Materials Letters, 333, Article ID: 133616.  
https://doi.org/10.1016/j.matlet.2022.133616 

[39] Xu, C., Li, J.L., Yang, L.Q., Shi, F., Yang, L. and Ye, M. (2017) Antibacterial Activity and a Membrane Damage Me-
chanism of Lachnum YM30 Melanin against Vibrio parahaemolyticus and Staphylococcus aureus. Food Control, 73, 
1445-1451. https://doi.org/10.1016/j.foodcont.2016.10.048 

[40] Hong, S. and Pedersen, P.L. (2008) ATP Synthase and the Actions of Inhibitors Utilized to Study Its Roles in Human 
Health, Disease, and Other Scientific Areas. Microbiology and Molecular Biology Reviews, 72, 590-641.  
https://doi.org/10.1128/MMBR.00016-08 

[41] Hards, K. and Cook, G.M. (2018) Targeting Bacterial Energetics to Produce New Antimicrobials. Drug Resistance 
Updates, 36, 1-12. https://doi.org/10.1016/j.drup.2017.11.001 

[42] Bisio, A., Schito, A.M., Pedrelli, F., et al. (2020) Antibacterial and ATP Synthesis Modulating Compounds from Sal-
via tingitana. Journal of Natural Products, 83, 1027-1042. https://doi.org/10.1021/acs.jnatprod.9b01024 

[43] Xie, Y., Yang, J., Zhang, J., et al. (2020) Activating the Antibacterial Effect of 4, 6-Diamino-2-Pyrimidinethiol-Modi- 
fied Gold Nanoparticles by Reducing Their Sizes. Angewandte Chemie International Edition, 59, 23471-23475.  
https://doi.org/10.1002/anie.202008584 

[44] Zhao, Y., Ye, C., Liu, W., et al. (2014) Tuning the Composition of AuPt Bimetallic Nanoparticles for Antibacterial 
Application. Angewandte Chemie International Edition, 53, 8127-8131. https://doi.org/10.1002/anie.201401035 

[45] Khan, T., Sankhe, K., Suvarna, V., et al. (2018) DNA Gyrase Inhibitors: Progress and Synthesis of Potent Compounds 
as Antibacterial Agents. Biomedicine & Pharmacotherapy, 103, 923-938.  
https://doi.org/10.1016/j.biopha.2018.04.021 

[46] Arafa, M.G., El-Kased, R.F. and Elmazar, M.M. (2018) Thermoresponsive Gels Containing Gold Nanoparticles as 
Smart Antibacterial and Wound Healing Agents. Scientific Reports, 8, Article No. 13674.  
https://doi.org/10.1038/s41598-018-31895-4 

[47] Duran, N., Nakazato, G. and Seabra, A.B. (2016) Antimicrobial Activity of Biogenic Silver Nanoparticles, and Silver 
Chloride Nanoparticles: An Overview and Comments. Applied Microbiology and Biotechnology, 100, 6555-6570.  
https://doi.org/10.1007/s00253-016-7657-7 

[48] Borisov, V.B., Siletsky, S.A., Nastasi, M.R., et al. (2021) ROS Defense Systems and Terminal Oxidases in Bacteria. 
Antioxidants, 10, Article 839. https://doi.org/10.3390/antiox10060839 

[49] Lee, H. and Lee, D.G. (2018) Gold Nanoparticles Induce a Reactive Oxygen Species-Independent Apoptotic Pathway 
in Escherichia coli. Colloids and Surfaces B: Biointerfaces, 167, 1-7. https://doi.org/10.1016/j.colsurfb.2018.03.049 
http://www.mlr.gov.cn/xwdt/jrxw/201201/t20120109_1056142.htm,2012-01-09  

https://doi.org/10.12677/hjbm.2023.132016
https://doi.org/10.1038/nrmicro1839
https://doi.org/10.1016/j.msec.2015.05.036
https://doi.org/10.1039/C6NR01114D
https://doi.org/10.1039/C8TB00549D
https://doi.org/10.1016/j.matlet.2022.133616
https://doi.org/10.1016/j.foodcont.2016.10.048
https://doi.org/10.1128/MMBR.00016-08
https://doi.org/10.1016/j.drup.2017.11.001
https://doi.org/10.1021/acs.jnatprod.9b01024
https://doi.org/10.1002/anie.202008584
https://doi.org/10.1002/anie.201401035
https://doi.org/10.1016/j.biopha.2018.04.021
https://doi.org/10.1038/s41598-018-31895-4
https://doi.org/10.1007/s00253-016-7657-7
https://doi.org/10.3390/antiox10060839
https://doi.org/10.1016/j.colsurfb.2018.03.049
http://www.mlr.gov.cn/xwdt/jrxw/201201/t20120109_1056142.htm,2012-01-09

	金纳米颗粒的抗菌机制研究进展
	摘  要
	关键词
	Advances in Antibacterial Mechanism of Gold Nanoparticles
	Abstract
	Keywords
	1. 引言
	2. 抗菌机制
	2.1. AuNPs造成细胞壁、细胞膜的损伤
	2.2. AuNPs触发活性氧的产生和氧化应激
	2.3. AuNPs导致三磷酸腺苷(ATP)水平的降低
	2.4. AuNPs造成DNA损伤

	3. 回顾与展望
	参考文献

