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【摘要】  临床上生物膜的消除是控制医院感染至关重要的一环。生物膜一旦在管腔型器械中定植，采用传统消毒方

法难以将其去除。传统的消毒方法现面临耐药性、腐蚀性、细胞毒性、消毒副产物残留和环境污染等一系列的问题。因

此，开发针对生物膜清除的新型消毒技术具有重要意义。微酸性电解水、等离子体技术、表面改性技术、纳米材料消毒技

术、噬菌体消毒技术、酶解消毒技术等新型消毒技术不断涌现，这些技术通过活性氧爆发、光催化氧化、物理破坏及生物

靶向等机制协同增效，在对抗生物膜方面表现优异。本研究综述了上述新型消毒技术的特点、机制及潜在应用场景，并重

点关注对医院环境表面常见致病菌生物膜的作用效果，为这些消毒技术的实际应用转化以及消毒新策略的开发提供参考

的依据。
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[Abstract]  The  elimination  of  biofilms  is  a  crucial  step  in  controlling  hospital-acquired  infections.  Once  biofilms

colonize  luminal  instruments,  it  is difficult  to  remove  them using  traditional  disinfection  methods.  Conventional

disinfection approaches now face a series of challenges, including microbial resistance, corrosiveness, cytotoxicity, residual

disinfection byproducts,  and environmental  pollution.  Therefore,  developing novel  disinfection technologies specifically

targeting  biofilm  removal  is  vitally  important.  New  disinfection  technologies,  such  as  slightly  acidic  electrolyzed  water,

plasma  technology,  surface  modification  techniques,  nanomaterial-based  disinfection,  bacteriophage  disinfection,

and enzymatic disinfection, are constantly emerging. These technologies exhibit excellent performance against biofilms by

leveraging  the  synergistic  effects  of  multiple  mechanisms, including  the  reactive  oxygen  species  (ROS)  burst,

photocatalytic  oxidation,  physical  disruption,  and  biological  targeting.  This  review  summarizes  the  characteristics,

underlying  mechanisms,  and  potential  application  scenarios  of  these  novel  disinfection  technologies,  with  a  particular

focus on their effects against biofilms formed by common pathogenic bacteria on surfaces in hospital settings. It aims to

provide  a  reference  basis  for  the  practical  application  and  translation  of  these  disinfection  technologies  and  the

development of new disinfection strategies.
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生物膜由微生物群落及其分泌的胞外聚合物

（extracellular polymeric substance, EPS）组成。EPS复杂的

空间结构不仅为微生物群落提供了物理屏障，也是生物

膜耐受消毒剂的主要原因[1]。研究显示，生物膜内微生物

的抵抗力可以提高10～1 000倍[2]。美国国立卫生研究院

指出，生物膜的形成与65%的微生物感染和80%的慢性疾

病有关[3]。生物膜广泛存在于重复使用的医疗器械及管

道系统中，已经成为院内感染防控的难题[4-5]。

传统的消毒方案包括次氯酸钠（NaClO）、酒精、过

氧化氢、紫外线辐射、臭氧等[6-7]。EPS中的多种有机物与

NaClO相互作用从而降低NaClO的渗透速率，若作用浓度
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或接触时间不足将导致消毒失败[8]；紫外线对生物膜的穿

透能力弱，且含汞的灯管存在环境污染问题[9]，这些消毒

方案在应对生物膜感染方面有一定局限性（表1）[10-12]。此

外，传统消毒方法的单独使用并不能实现对成熟生物膜

100%的清除[13]，因此，开发新型的消毒替代方案从而对生

物膜实现有效的控制是目前研究的焦点[14-16]。
 
 

表 1    几种常见消毒方法的优缺点

Table 1    The advantages and disadvantages of several common

disinfection methods
 

Index NaClO O3 UV H2O2

Simplicity √ × √ √

Low cost √ × × √

Germicidal efficacy √ √ √ ×

Residual effect √ × × ×

Disinfection byproducts × √ √ √

Environmental friendliness × × × √

Corrosiveness × ×* √ ×*

Irritancy × × × √

Cytotoxicity × × × ×

Biofilm penetration ability × √ × √

Biofilm drug resistance × － × ×

　√ indicates an advantage; × indicates a challenge/disadvantage; ×*
indicates that the method shows a disadvantage at high concentrations; －
indicates that no relevant research is currently available.

为应对传统消毒策略的局限性，一系列基于传统消

毒方法改进或新机制、新材料、新剂型的消毒技术不断

被开发，参考相关文献[17-20]，我们将相关原理绘制为图1。

本文回顾了近年来开发的生物膜有效消除技术，综述了

这些技术抗生物膜的机制、优缺点以及适用范围，重点关

注其对常见生物膜院感菌的作用效果，探讨了这些技术

的应用前景及潜在改进方向，为后续更多新方法的开发

提供参考。

 1     物理与材料学消毒技术

 1.1    等离子体消毒技术

等离子体是物质的第四态，最常用于灭菌的是低温

等离子体。研究指出，常压或三分之一脉冲等离子体更

适用于医疗环境的消毒[21]。BHATT等[22]研究出了一种新

型氩等离子体活化气体，该气体能够在9 min内分散内窥

镜通道中金黄色葡萄球菌（taphylococcus aureus, SA）、铜

绿假单胞菌（Pseudomonas aeruginosa, PA）和大肠杆菌

（Escherichia coli, EC）的生物膜并抑制其再生，同时不对

管道形态造成任何改变。由于干燥的生物膜往往具有更

强的抵抗力，用液体等离子体能够避免生物膜干燥，从而

达到更好的清除效果。NOOPAN等[20]通过低温等离子体

灭菌系统显著降低了附着在牙科水线水管表面生物膜的

数量和活性。等离子体活化水（plasma-activated water,

PAW）能够通过活性氧和活性氮（reactive oxygen and
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图 1  各类新型消毒技术抗生物膜机制示意图

Fig 1  Schematic diagram of the anti-biofilm mechanisms of various new disinfection technologies

QAC: quaternary ammonium compound; CHG: chlorhexidine gluconate; PAA: peracetic acid; PAW: plasma activated water; NPs: nanoparticles; RONS: reactive

oxygen and nitrogen species.
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nitrogen species, RONS）直接渗透到生物膜内部杀菌或通

过破坏EPS从而使内部细菌恢复浮游状态[23]。NORTHAGE

等[24]在此基础上进一步改进，用等离子体对过氧乙酸进

行活化得到了效果优于P A W的等离子体活化液体

（plasma-activated liquid, PAL），使用PAL对内窥镜进行消

毒，  3 min内即可达到与市售的pH缓冲过氧乙酸溶液

（DIS: Olympus EndoAct/EndoDis, Olympus Surgical

Technologies）处理5 min相当的抗生物膜效果。相较于传

统消毒方法，PAL还将生物膜的再生率降低了一个数量

级。此外，有研究发现等离子体技术还可以通过激活

EC中的λ噬菌体发生级联反应，从而增强对该菌的灭活

及其生物膜的破坏[25]。

 1.2    纳米材料技术

研究表明，抗黏附纳米、聚合物接枝纳米、生物活性

纳米、活性氮氧物释放纳米和响应性纳米等纳米

材料通过多种机制抑制生物膜 [ 1 9 ]，对鲍曼不动杆菌

（Acinetobacter baumannii, AB）、肺炎克雷伯菌（Klebsiella

Pneumoniae, KP）、EC、PA、SA等多种生物膜均具有抑制

作用[26-28]。研究显示，100 µg/mL的银纳米颗粒可使EPS合

成减少64%～86%[29]。LEE等[30]发现ZnO纳米颗粒可通过

改变细胞疏水性、调控基因表达和抑制初始黏附来抑制

PA生物膜，通过抑制SA和EC细菌的生长来抑制其生物膜

的形成。

在临床应用中需根据具体场景来选择合适的纳米材

料。比如，在颌面消毒领域，已知二氧化钛纳米颗粒可以

提高有机硅弹性体的硬度和撕裂强度，CEVIK等[31]将纳

米钛掺入硅胶中，不仅提高了颌面材料的性能，还通过二

氧化钛与葡萄糖酸氯己定（chlorhexidine gluconate,

CHG）的协同达到更好的抗生物膜效果；而在血液透析管

道消毒方面，ZnO纳米颗粒则被用作功能性载体，通过结

合天然一氧化氮（NO）供体控制NO的释放，增强对隧道

式透析导管枢纽区域PA和SA生物膜的清除效率[32]。

 1.3    表面改性技术

大量研究证明，预防生物膜的形成比生物膜形成后

再利用消毒剂杀灭更为有效[2]。因此，通过表面改性防止

生物膜的定植成为研究热点。目前表面改性技术主要围

绕两个方向展开：一是通过降低表面自由能抑制细菌初

始黏附，二是通过引入活性官能团实现长效杀菌。在低

表面自由能的改性方面，YABUNE等[33]研发了一款应用

于牙科水线的聚偏氟乙烯涂层管道，其低表面自由能可

以减少有机物和细菌的非特异性附着，实验表明该涂层

对生物膜的抑制率达85%以上。有机硒被证明可以抑制

细菌对不同聚合物材料的附着，TRAN等[34]将有机硒掺入

到聚丙烯隐形眼镜盒中，发现其能够抑制嗜麦芽窄食单

胞菌（Stenotrophomonas maltophilia, SM）、PA、SA等多种

细菌的生物膜。在活性官能团改性方面，LUO等[35]设计

了一款N-卤胺基氯化再生循环抗菌聚氨酯（PU）管道，在

PU管道内表面引入甲基丙烯酰胺聚合物，经氯化形成N-

卤胺结构。实验发现该技术对PA生物膜的抑制时效达

4周以上，并可通过重复氯化恢复抗菌功能。

 2     生物与酶解技术

 2.1    噬菌体

噬菌体能够靶向杀灭目标宿主菌。研究发现，噬菌

体对凝固酶阴性葡萄球菌 （ c o a g u l a s e  n e g a t i v e

staphylococci ,  CNS）、耐甲氧西林金黄色葡萄球菌

（methicillin-resistant Staphylococcus aureus, MRSA）、白色

念珠菌（Candida albicans, CA）、KP、AB、PA、EC[36-38]形成

的生物膜均具有抑制作用。为了使噬菌体在特定条件下

释放，ZUO等[39]将噬菌体封装在壳聚糖中开发了pH响应

型噬菌体，使噬菌体在pH5时释放，减少了PA生物膜的生

物量及覆盖率。噬菌体基因组的模块化设计可进一步优

化噬菌体的性能。SUN等[40]对M13噬菌体尾纤维蛋白进

行定向修饰得到多价噬菌体，实现了工程化噬菌体向

PA主导的双菌种生物膜内部细菌的靶向递送，其在高浓

度下通过下调群体感应（quorum sensing, QS）和EPS分泌

相关基因抑制生物膜的再生。然而，浓度是在使用噬菌

体制剂时需要重点考虑的一个问题。ZHANG等[41]的研

究发现，低浓度的噬菌体可能会刺激QS基因和EPS分泌

相关基因表达上调导致PA和EC生物膜出现反向生长和

致密化，从而加剧其对含氯消毒剂的抵抗力。除了直接

使用噬菌体，噬菌体的基因产物也可用于杀菌。比如，噬

菌体内溶素被发现能够在体外靶向细菌，水解宿主细胞

壁从而导致细菌死亡[42]。

 2.2    天然提取物

天然提取物的抗菌机制多样，一些天然提取物具有

潜在的抗生物膜功效。研究发现，弯子木提取物中的没

食子酸可通过调节胞间黏附素操纵子的表达来抑制

MRSA生物膜的形成，从而便于其他抗菌化合物对生物膜

的渗透[43]；黄芩提取物中的黄芩苷、人参提取物中的人参

皂苷CK可通过干扰分枝菌酸的生物合成抑制脓肿分枝

杆菌的生长及其生物膜的形成[44-45]；百里香提取物中的百

里香酚通过淬灭QS抑制多种临床耐药菌株的生物膜[46]。

传统的消毒方法可干扰有机硅的颜色稳定性、硬

度、弹性和粘性等，天然提取物在这一方面表现出色，尤

其适用于颌面硅胶材料的消毒。例如，使用10%巴西绿
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蜂胶酒精溶液浸泡5 min可完全清除硅胶表面的SA生物

膜，且对材料性能无显著影响[47]。百里香衍生草药消毒

剂有效作用于SA和CA生物膜，且几乎不会造成有机硅的

颜色变化[48]。不同浓度的提取物在抗菌性能和美学耐久

性的表现上差异显著，未来应精确界定其最佳浓度范围

以平衡其抗菌性和材料的相容性。

 2.3    酶解技术

使用组合酶制剂对EPS进行降解有助于提高消毒效

率。 STIEFEL等 [49 ]在96孔板和内窥镜通道中评估酶对

SA和PA生物膜的清除效果，发现使用单一酶仅能去除

SA生物膜，使用组合酶方能去除PA生物膜。不同材质表

面生物膜的去除效率不同。IÑIGUEZ-MORENO等[50]发

现蛋白酶和α-淀粉酶混合物对不锈钢表面多菌种生物膜

的去除率为 93.4%～96.3% ，而对于聚丙烯B表面的生物

膜去除率仅为12.2%。此外，酶的效果易受环境影响，因

此，在开发试剂时要考虑其在实际消毒场景的作用效

果。MECHMECHANI等[51]将酶进行微胶囊化包埋实现

其对特定环境的响应，DEL POZO等[52]将酶负载在水凝胶

上以实现酶的按需释放。这些方法均有效增强了酶的稳

定性和活性。

此外，还可以通过构建新型的工程酶用于生物膜的

清除。比如，Al-MADBOLY等[53]使用模块化组装技术开

发了一类新的嵌合裂解酶，增强了裂解酶抗MRSA生物膜

的活性和特异性。FANG等[54]则尝试合成了内酯酶和酰

化酶等群体感应猝灭酶，降解信号分子（如酰基同丝氨酸

内酯）破坏细菌间的通讯，从而阻止生物膜的形成。然

而，LIM等[55]观察到在酶存在的情况下生物膜形成增加，

提示了新酶制剂在投入使用前需要进行系统的评估。

 3     化学消毒新技术

  3.1     微酸性电解水（sl ightly  acidic  electrolyzed

water, SAEW）

目前以NaClO为代表的含氯消毒剂面临着环境污

染、安全性等问题，相对而言，次氯酸（HClO）消毒后无化

学残留，对人体和环境更安全。电中性的HClO能够破坏

生物膜并穿透细胞壁，而带负电的ClO－则无法穿透细胞

壁，因此，HClO的杀菌能力是ClO－的80～100倍 [ 5 6 ]。

HClO对MRSA的最小杀菌浓度（minimum bactericidal

concentration, MBC） 范围为0.1～2.8 μg/mL，远远低于

NaClO的500 μg/mL[57]。NaClO在化学残留、腐蚀性等方

面的局限性催生了以HClO为主导的新型消毒体系的发

展。HClO在SAEW中占比达90%以上，是SAEW的主要杀

菌成分。OKANDA等[58]研究将SAEW应用于内窥镜的消

毒，并且证明了SAEW能降解EPS中的藻酸盐，对内窥镜

中的PA生物膜实现有效清除。为充分发挥SAEW的安全

性优势，可将S A E W应用于口腔接触器械生物膜的

消除[58]。

 3.2    复合消毒剂

随着生物膜的耐药问题日益严重，使用单一的化学

消毒剂很难达到对生物膜的完全清除，多种消毒策略联

用可能是减少生物膜耐药性的有效策略。化学组合制剂

协同、化学-物理协同、化学-生物协同等联合消毒策略可

能更有利于生物膜的清除。一方面，高浓度的单一消毒

剂容易引发细菌产生耐药性并增加生物膜的形成，多种

消毒策略联用可以降低各组分使用浓度；另一方面，使用

组合策略能够通过多机制协同作用应对生物膜复杂的

环境。

 3.2.1    化学组合制剂协同消毒技术

化学组合制剂是最常见的联合策略，可通过多组分

作用靶点互补发挥更好的灭菌作用。比如，已知活性溴

化物形成的有害消毒副产物低于活性氯化物，但是活性

溴化物消除生物膜的能力有限。基于此，SHUKLA等[59]发

现非离子聚环氧乙烷表面活性剂Triton-X100能够提高生

物膜基质扩散性及消毒剂渗透效率，显著增强活性溴化

物对PA生物膜的清除能力。季铵盐消毒剂是一种中低

效消毒剂，为提高季铵盐消毒剂的消毒效果，CHAGGAR

等 [6 0 ]研究了其与醇类的协同作用，发现乙醇可通过溶

解生物膜中的脂质来破坏生物膜完整性，从而增加季

铵盐消毒剂对SA和PA生物膜的杀灭效率，这种组合也对

结核和真菌有杀灭作用。基于作用机制互补的组合消毒

策略已成为研究热点，未来需着力探明各消毒剂之间

的协同作用机制，并进一步研究其在各个消毒场景下的

适用性。

 3.2.2    化学-物理协同消毒技术

化学-物理协同消毒技术以物理手段激活或增强化

学试剂的反应活性为核心，通过整合化学消毒剂与物理

能量以达到增强消毒效果、减少化学残留的目的。现已

将等离子体激活消毒、光催化氧化和纳米载药缓释系统

等技术应用在生物膜的消除中。

NORTHAGE等[24]采用等离子体-过氧乙酸复合技术

消除内窥镜内的生物膜，该技术可降低过氧乙酸的使用

浓度，减少高浓度过氧乙酸对内窥镜的损坏。IBÁÑEZ-

CERVANTES等[61]探索了氯己定和光动力法联合抗钛盘

表面生物膜的效果，发现氯己定与细菌细胞壁的结合可

增加细菌对光敏剂的通透性，从而有效降低钛盘表面的

生物膜活力；臭氧作为气态/液态双效消毒剂，对PA、SA、
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AB及KP的生物膜均有抑制作用，然而，臭氧在水中的溶

解性和稳定性限制了其消毒效果。微纳米气泡具有稳定

性高、气液传质效率高以及可产生活性自由基等优点。

ALKAN等[62]尝试通过将臭氧和微纳米气泡技术结合以增

强臭氧的稳定性。相较于传统大气泡的臭氧，微纳米

气泡的臭氧可在低浓度下实现较高的消毒效率，应用时，

臭氧剂量和反应器尺寸都将减小。除了抑制常见的细

菌生物膜，这种气泡还能够抑制CA早期生物膜的形

成[63]。值得注意的是，由于微纳米气泡增加了反应的接

触面积，该技术可能会导致更多消毒副产物（如溴酸盐）

的产生，研究发现氨的加入可以一定程度上抑制气泡臭

氧化过程中溴酸盐的生成[64]，因此，在臭氧微气泡化过程

中添加氨来减少消毒副产物有助于微纳米臭氧气泡技术

的广泛推广。

3.2.3    化学-生物协同消毒技术

通过生物技术靶向破坏生物活性成分（如噬菌体、天

然提取物、酶等）可增强化学消毒剂的渗透与杀菌效率。

STACHLER等[65]发现在使用化学消毒剂前施用噬菌体可

使湿生物膜中的细菌数量减少，并防止干生物膜的再

生。IÑIGUEZ-MORENO等[50]通过在过氧乙酸中增加蛋

白酶和淀粉酶实现对多菌种生物膜的有效去除；从骆

驼蓬种子中提取的β-咔啉类生物碱单独使用时消毒效

果有限，联用CHG后对SA浮游菌和生物膜的MIC分别降

低至原来的1/4～1/8和1/4～1/16，并杀死了生物膜内绝大

多数的细菌[66]；类似地，DRAGO等[67]研发的赤藓糖醇-氯

己定抛光粉末对PA、SA和CA的成熟生物膜清除率分别

达70%、77%和45%，这是利用赤藓糖醇减少多糖介导的

黏附、破坏微生物的代谢，从而增强抗菌剂的渗透。值得

注意的是，通过增加机械喷射能够增强赤藓糖醇-氯己定

抛光粉末对生物膜的剥离效率，CA生物膜的清除率增加

到65%[68]。

 4     结论

生物膜的清除是消毒领域面临的核心挑战之一。当

前，新兴技术在消毒效率、渗透效率、环境友好性、腐蚀

性、安全性等方面实现较多创新突破，然而不同新技术各

自的优势不同，本文列举的相关技术总结见表2，后续研

究需针对新技术的不足进行进一步优化。

表 2    新型消毒技术的优势与不足

Table 2    The advantages and disadvantages of new disinfection technologies

Technology Advantages Disadvantages

Plasma technology High sterilization efficiency
No toxic residue

Unstable active substances
High production cost and energy consumption

Nanomaterials High sterilization efficiency Toxicity requires further assessment
High cost

Surface modification
    technology

Long-term prevention of biofilm colonization
Reproducible and renewable

Complex modification process
May negatively affect material mechanical properties

Phages Target specificity
Being environmentally friendly
Low risk of resistance

Host specificity limits broad-spectrum application
Sensitivity to environmental conditions
Low concentration may lead to resistance risk

Natural extracts High biocompatibility
Environmentally friendly and low toxicity

Significant concentration dependence
Complex extraction process and low cost-effectiveness

Enzymatic hydrolysis
    technology

Environmental protection
No residue
High efficiency

Sensitivity to the environment
High cost of large-scale production
Limited effect of a single enzyme, and hence combination use is required

SAEW High sterilization efficiency
No residual chlorine, low cytotoxicity, and no
    corrosiveness

Low stability
High dependence on equipment

Compound disinfectants Synergistic enhancement
Reducing drug resistance
Enhancing the penetration of disinfectants

－

　 SAEW: slightly acidic electrolyzed water. － indicates that no relevant research is available.

目前的研究多局限于单一生物膜的消毒效果，然而，

在实际消毒场景中的生物膜往往由多种微生物共同组

成，其代谢互作的复杂性可能增强对消毒剂的抗性 [69 ]。

生物膜的生长阶段显著影响消毒效能[70]，成熟的生物膜

可能需要更加复杂的消毒手段，现有研究缺乏对生物膜

整个形成周期消毒效果的研究。未来研究将以提高消毒

效率、降低毒副作用、减少能耗成本为着力点，深入探究

多种消毒技术的协同作用，以应对复杂的环境。同时建

立更贴近真实场景的多菌种生物膜模型，并评估消毒策

略对不同生长阶段生物膜的清除效果。通过技术创新和

多技术联用并结合多方面性能验证，推进医院感染常见

病原菌生物膜消毒策略的逐步完善。

第 5 期 可东卉等: 生物膜相关院内感染的新型消毒技术研究进展 1247  



* * *

作者贡献声明　可东卉负责论文构思、调查研究和初稿写作，谭惺妍负

责调查研究、监督指导和审读与编辑写作，陈坤和薛旭负责调查研究和

可视化，安妮、 叶珂睿和张晓蕊负责验证和审读与编辑写作，李雨庆负

责监督指导和审读与编辑写作，曾菊梅负责论文构思、经费获取、研究

项目管理、提供资源、监督指导和审读与编辑写作。所有作者已经同意

将文章提交给本刊，且对将要发表的版本进行最终定稿，并同意对工作

的所有方面负责。

Author Contribution　KE Donghui is responsible for conceptualization,

investigation, and writing--original draft. TAN Xingyan is responsible for

investigation, supervision, and writing--review and editing. CHEN Kun and

XUE Xu are responsible for investigation and visualization. AN Ni, YE

Kerui, and ZHANG Xiaorui are responsible for validation and writing--

review and editing. LI Yuqing is responsible for supervision and writing--

review and editing. ZENG Jumei is responsible for conceptualization,

funding acquisition, project administration, resources, supervision, and

writing--review and editing. All authors consented to the submission of the

article to the Journal. All authors approved the final version to be published

and agreed to take responsibility for all aspects of the work.

利益冲突　所有作者均声明不存在利益冲突

Declaration of Conflicting Interests　All authors declare no competing

interests.

参　考　文　献

TOTÉ K, BERGHE D V, DESCHACHT M, et al. Inhibitory efficacy of
various antibiotics on matrix and viable mass of Staphylococcus aureus
and Pseudomonas aeruginosa biofilms. Int J Antimicrob Agents, 2009,
33(6): 525-531. doi: 10.1016/j.ijantimicag.2008.11.004.

[1]

MAH T F C, O'TOOLE G A. Mechanisms of biofilm resistance to
antimicrobial agents. Trends Microbiol, 2001, 9(1): 34-39. doi: 10.1016/
S0966-842X(00)01913-2.

[2]

ZAFER M M, MOHAMED G A, IBRAHIM S R M, et al. Biofilm-
mediated infections by multidrug-resistant microbes: a comprehensive
exploration and forward perspectives. Arch Microbiol, 2024, 206(3): 101.
doi: 10.1007/s00203-023-03826-z.

[3]

叶小芳, 孙建萍, 秦颖, 等. 江苏省扬州市74家医疗机构消化内镜清洗

消毒质量调查与建议. 实用临床医药杂志, 2025, 29(7): 122-126. doi: 10.
7619/jcmp.20245805.
YE X F, SUN J P, QIN Y, et al .  Survey and recommendation for
gastrointestinal endoscope cleaning and disinfection quality in 74 medical
institutions in Yangzhou of Jiangsu Province. J Clin Med Pract, 2025,
29(7): 122-126. doi: 10.7619/jcmp.20245805.

[4]

泽仁拥西, 叶萍, 漆海亮, 等. 2007—2023年甘孜藏族自治州部分医疗机

构消毒质量分析. 遵义医科大学学报, 2025, 48(8): 836-841. doi: 10.
14169/j.cnki.zunyixuebao.2025.0101.
ZERENYONGXI, YE P, QI H L, et al. Analysis of disinfection quality in
some medical institutions of Ganzi Tibetan autonomous prefecture from
2007 to 2023. Journal of Zunyi Medical University, 2025, 48(8): 836-841.
doi: 10.14169/j.cnki.zunyixuebao.2025.0101.

[5]

BHARTI B, LI H, REN Z, et al. Recent advances in sterilization and
disinfection technology: a review. Chemosphere, 2022, 308: 136404. doi:
10.1016/j.chemosphere.2022.136404.

[6]

常婧, 党芸, 王春丽, 等. 过氧化氢定期消毒结合持续消毒对口腔综合

治疗台水路污染控制的有效性观察. 四川大学学报(医学版), 2024,
55(1): 217-223. doi: 10.12182/20240160210.
CHANG J, DANG Y, WANG C L, et al. Effect of using hydrogen peroxide
for periodic disinfection combined with continuous disinfection to
control contamination in dental unit waterline. J Sichuan Univ (Med Sci),
2024, 55(1): 217-223. doi: 10.12182/20240160210.

[7]

WU J, THOMPSON T P, O'CONNELL N H, et al. Extended-spectrum β-
lactamase-producing bacteria from hospital wastewater pipes: isolation,
characterization and biofilm control using common disinfectants. J Hosp
Infect, 2025, 156: 34-49. doi: 10.1016/j.jhin.2024.11.013.

[8]

XIA Y, LIN Y L, XU B, et al. Effect of UV irradiation on iodinated
trihalomethane formation during post-chloramination. Water Res, 2018,
147: 101-111. doi: 10.1016/j.watres.2018.09.045.

[9]

李静, 陈庭宇, 董鉴霞, 等. 不同类别消毒技术的研究进展及优缺点分

析. 华西医学, 2025, 40(3): 481-485. doi: 10.7507/1002-0179.202409138.
LI J, CHEN T Y, DONG J X, et al, Advances, advantages, and limitations
of different disinfection technologies. West China Med J, 2025, 40(3):
481-485. doi: 10.7507/1002-0179.202409138.

[10]

FURUKAWA T, AMARASIRI M, UENO T, et al .  Summary and
perspectives on current disinfection technologies in reducing antibiotic
resistant bacteria and their resistance genes. Japanese J Wat Treat Biol,
2022, 58(1): 9-24. doi: 10.2521/jswtb.58.9.

[11]

DUBEY P, SINGH A, YOUSUF O. Ozonation: an evolving disinfectant
technology for the food industry. Food Biopro Tech, 2022, 15(9): 2102-
2113. doi: 10.1007/s11947-022-02876-3.

[12]

ELSAYED M M, ELGOHARY F A, ZAKARIA A I,  et  al .  Novel
eradication methods for Staphylococcus aureus biofilm in poultry farms
and abattoirs using disinfectants loaded onto silver and copper
nanoparticles. Environ Sci Pollut Res Int, 2020, 27(24): 30716-30728. doi:
10.1007/s11356-020-09340-9.

[13]

刘漫丽, 谢婉青, 宋思平, 等. 脉动真空清洗消毒机对牙科手机清洗效

果的影响. 四川大学学报(医学版), 2023, 54(4): 788-791. doi: 10.12182/
20230760201.
LIU M L, XIE W Q, SONG S P, et al. Effect of pulsating vacuum cleaning
sterilizer on the cleaning quality of dental handpieces. J Sichuan Univ
(Med Sci), 2023, 54(4): 788-791. doi: 10.12182/20230760201.

[14]

张萍, 罗巧玲. 大型清洗消毒机在消毒供应中心的应用价值. 成都医学

院学报, 2024, 19(6): 1095-1097. doi: 10.3969/j.issn.1674-2257.2024.06.039.
ZHANG P, LUO Q L. Application value of large cleaning and disinfecting
machine in disinfection supply center. J Chengdu Med Coll, 2024, 19(6):
1095-1097. doi: 10.3969/j.issn.1674-2257.2024.06.039.

[15]

李佳. 医院消毒供应中心外来手术器械清洗质量的管理策略—评

《外来医疗器械管理实用手册》. 中国实验方剂学杂志, 2023, 29(5): 245.
LI J. Management strategies for the cleaning quality of external surgical
instruments in hospital central sterile supply departments: a review of
"practical handbook for the management of external medical devices".
Chin J Exp Tradit Med Formulae, 2023, 29(5): 245.

[16]

JIANG S, LI H, ZHANG L, et al. Generic Diagramming Platform (GDP):
a comprehensive database of high-quality biomedical graphics. Nucleic
Acids Res, 2025, 53(D1): D1670-D1676. doi: 10.1093/nar/gkae973.

[17]

LIN Y, CHEN J, ZHOU X, et al. Inhibition of Streptococcus mutans
biof i lm format ion by  s trategies  target ing  the  metabol i sm of
exopolysaccharides. Crit Rev Microbiol, 2021, 47(5): 667-677. doi: 10.
1080/1040841X.2021.1915959.

[18]

RAMASAMY M, LEE J. Recent nanotechnology approaches for
prevention and treatment of biofilm-associated infections on medical
devices. BioMed Res Int, 2016, 2016: 1851242. doi: 10.1155/2016/1851242.

[19]

NOOPAN S, UNCHUI P, TECHOTINNAKORN S, et al .  Plasma
sterilization effectively reduces bacterial contamination in dental unit
waterlines. Int J Dent, 2019, 2019: 5720204. doi: 10.1155/2019/5720204.

[20]

SHINTANI H, SHIMIZU N, IMANISHI Y, et al .  Inactivation of
microorganisms and endotoxins by low temperature nitrogen gas plasma
exposure. Biocontrol Sci, 2007, 12(4): 131-143. doi: 10.4265/bio.12.131.

[21]

BHATT S, MEHTA P, CHEN C, et al. Efficacy of low-temperature
plasma-activated gas disinfection against biofilm on contaminated GI
endoscope channels. Gastrointest Endosc, 2019, 89(1): 105-114. doi: 10.
1016/j.gie.2018.08.009.

[22]

MAI-PROCHNOW A, ZHOU R, ZHANG T, et al. Interactions of
plasma-activated water with biofilms: inactivation, dispersal effects and
mechanisms of action. Npj Biofilms Microbiomes, 2021, 7(1): 1-12. doi:
10.1038/s41522-020-00180-6.

[23]

 1248 四川大学学报（医学版） 第 56卷

https://doi.org/10.1016/j.ijantimicag.2008.11.004
https://doi.org/10.1016/j.ijantimicag.2008.11.004
https://doi.org/10.1016/S0966-842X(00)01913-2
https://doi.org/10.1016/S0966-842X(00)01913-2
https://doi.org/10.1016/S0966-842X(00)01913-2
https://doi.org/10.1016/S0966-842X(00)01913-2
https://doi.org/10.1016/S0966-842X(00)01913-2
https://doi.org/10.1016/S0966-842X(00)01913-2
https://doi.org/10.1016/S0966-842X(00)01913-2
https://doi.org/10.1007/s00203-023-03826-z
https://doi.org/10.1007/s00203-023-03826-z
https://doi.org/10.1007/s00203-023-03826-z
https://doi.org/10.1007/s00203-023-03826-z
https://doi.org/10.1007/s00203-023-03826-z
https://doi.org/10.1007/s00203-023-03826-z
https://doi.org/10.1007/s00203-023-03826-z
https://doi.org/10.1007/s00203-023-03826-z
https://doi.org/10.7619/jcmp.20245805
https://doi.org/10.7619/jcmp.20245805
https://doi.org/10.7619/jcmp.20245805
https://doi.org/10.7619/jcmp.20245805
https://doi.org/10.7619/jcmp.20245805
https://doi.org/10.14169/j.cnki.zunyixuebao.2025.0101
https://doi.org/10.14169/j.cnki.zunyixuebao.2025.0101
https://doi.org/10.14169/j.cnki.zunyixuebao.2025.0101
https://doi.org/10.14169/j.cnki.zunyixuebao.2025.0101
https://doi.org/10.14169/j.cnki.zunyixuebao.2025.0101
https://doi.org/10.1016/j.chemosphere.2022.136404
https://doi.org/10.1016/j.chemosphere.2022.136404
https://doi.org/10.12182/20240160210
https://doi.org/10.12182/20240160210
https://doi.org/10.12182/20240160210
https://doi.org/10.12182/20240160210
https://doi.org/10.12182/20240160210
https://doi.org/10.12182/20240160210
https://doi.org/10.12182/20240160210
https://doi.org/10.1016/j.jhin.2024.11.013
https://doi.org/10.1016/j.jhin.2024.11.013
https://doi.org/10.1016/j.jhin.2024.11.013
https://doi.org/10.1016/j.watres.2018.09.045
https://doi.org/10.1016/j.watres.2018.09.045
https://doi.org/10.7507/1002-0179.202409138
https://doi.org/10.7507/1002-0179.202409138
https://doi.org/10.7507/1002-0179.202409138
https://doi.org/10.7507/1002-0179.202409138
https://doi.org/10.7507/1002-0179.202409138
https://doi.org/10.7507/1002-0179.202409138
https://doi.org/10.2521/jswtb.58.9
https://doi.org/10.2521/jswtb.58.9
https://doi.org/10.1007/s11947-022-02876-3
https://doi.org/10.1007/s11947-022-02876-3
https://doi.org/10.1007/s11947-022-02876-3
https://doi.org/10.1007/s11947-022-02876-3
https://doi.org/10.1007/s11947-022-02876-3
https://doi.org/10.1007/s11947-022-02876-3
https://doi.org/10.1007/s11947-022-02876-3
https://doi.org/10.1007/s11947-022-02876-3
https://doi.org/10.1007/s11356-020-09340-9
https://doi.org/10.1007/s11356-020-09340-9
https://doi.org/10.1007/s11356-020-09340-9
https://doi.org/10.1007/s11356-020-09340-9
https://doi.org/10.1007/s11356-020-09340-9
https://doi.org/10.1007/s11356-020-09340-9
https://doi.org/10.1007/s11356-020-09340-9
https://doi.org/10.1007/s11356-020-09340-9
https://doi.org/10.12182/20230760201
https://doi.org/10.12182/20230760201
https://doi.org/10.12182/20230760201
https://doi.org/10.12182/20230760201
https://doi.org/10.12182/20230760201
https://doi.org/10.12182/20230760201
https://doi.org/10.12182/20230760201
https://doi.org/10.12182/20230760201
https://doi.org/10.12182/20230760201
https://doi.org/10.3969/j.issn.1674-2257.2024.06.039
https://doi.org/10.3969/j.issn.1674-2257.2024.06.039
https://doi.org/10.3969/j.issn.1674-2257.2024.06.039
https://doi.org/10.3969/j.issn.1674-2257.2024.06.039
https://doi.org/10.3969/j.issn.1674-2257.2024.06.039
https://doi.org/10.3969/j.issn.1674-2257.2024.06.039
https://doi.org/10.3969/j.issn.1674-2257.2024.06.039
https://doi.org/10.3969/j.issn.1674-2257.2024.06.039
https://doi.org/10.3969/j.issn.1674-2257.2024.06.039
https://doi.org/10.1093/nar/gkae973
https://doi.org/10.1093/nar/gkae973
https://doi.org/10.1093/nar/gkae973
https://doi.org/10.1080/1040841X.2021.1915959
https://doi.org/10.1080/1040841X.2021.1915959
https://doi.org/10.1080/1040841X.2021.1915959
https://doi.org/10.1155/2016/1851242
https://doi.org/10.1155/2016/1851242
https://doi.org/10.1155/2019/5720204
https://doi.org/10.1155/2019/5720204
https://doi.org/10.4265/bio.12.131
https://doi.org/10.1016/j.gie.2018.08.009
https://doi.org/10.1016/j.gie.2018.08.009
https://doi.org/10.1016/j.gie.2018.08.009
https://doi.org/10.1038/s41522-020-00180-6
https://doi.org/10.1038/s41522-020-00180-6
https://doi.org/10.1038/s41522-020-00180-6
https://doi.org/10.1038/s41522-020-00180-6
https://doi.org/10.1038/s41522-020-00180-6
https://doi.org/10.1038/s41522-020-00180-6
https://doi.org/10.1038/s41522-020-00180-6
https://doi.org/10.1038/s41522-020-00180-6


 NORTHAGE N, SHVALYA V, MODIC M, et al. Evaluation of plasma
activated liquids for the elimination of mixed species biofilms within
endoscopic working channels. Sci Rep, 2024, 14: 28593. doi: 10.1038/
s41598-024-79276-4.

[24]

 GU X, HUANG D, CHEN J, et al. Bacterial inactivation and biofilm
disruption through indigenous prophage activation using low-intensity
cold atmospheric plasma. Environ Sci Technol, 2022, 56(12): 8920-8931.
doi: 10.1021/acs.est.2c01516.

[25]

  ELYAMNY S, ELTARAHONY M, ABU-SERIE M, et al .  One-pot
fabrication of Ag @Ag2O core–shell nanostructures for biosafe
antimicrobial and antibiofilm applications. Sci Rep, 2021, 11(1): 22543.
doi: 10.1038/s41598-021-01687-4.

[26]

 LIANG Y, HE J, GUO B. Functional hydrogels as wound dressing to
enhance wound healing. ACS Nano, 2021, 15(8): 12687-12722. doi: 10.
1021/acsnano.1c04206.

[27]

 何晓娟, 罗学仕, 陈金莺, 等. 纳米硒联合聚维酮碘对手术感染杀菌的

效果. 中山大学学报(医学科学版), 2024, 45(2): 206-215. doi: 10.13471/j.
cnki.j.sun.yat-sen.univ(med.sci).20240305.001.
HE X J, LUO X S, CHEN J Y, et al. Bactericidal effect of selenium
nanoparticles combined with povidone-iodine on pathogenic bacteria in
surgical site infection. J Sun Yat-Sen Univ (Med Sci), 2024, 45(2): 206-
215. doi: 10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001.

[28]

  SLAVIN Y N, ASNIS J, HÄFELI U O, et al. Metal nanoparticles:
understanding the mechanisms behind antibacterial activity.  J
Nanobiotechnology, 2017, 15(1): 65. doi: 10.1186/s12951-017-0308-z.

[29]

  LEE J H, KIM Y G, CHO M H, et al .  ZnO nanoparticles inhibit
Pseudomonas aeruginosa biofilm formation and virulence factor
production. Microbiol Res, 2014, 169(12): 888-896. doi: 10.1016/j.micres.
2014.05.005.

[30]

 CEVIK P, AKCA G, ASAR N V, et al. Antimicrobial effects of nano
titanium dioxide and disinfectants on maxillofacial silicones. J Prosthet
Dent, 2025, 133(2): 608-614. doi: 10.1016/j.prosdent.2023.03.001.

[31]

 DOVERSPIKE J C, MACK S J, LUO A, et al. Nitric oxide-releasing insert
for disinfecting the hub region of tunnel dialysis catheters. ACS Appl
Mater Interfaces, 2020, 12(40): 44475-44484. doi: 10.1021/acsami.
0c13230.

[32]

 YABUNE T, IMAZATO S, EBISU S. Assessment of inhibitory effects of
fluoride-coated tubes on biofilm formation by using the in vitro dental
unit waterline biofilm model. Appl Environ Microbiol, 2008, 74(19):
5958-5964. doi: 10.1128/AEM.00610-08.

[33]

 TRAN P L, HUYNH E, PHAM P, et al. Organoselenium polymer inhibits
biofilm formation in polypropylene contact lens case material. Eye
Contact Lens, 2017, 43(2): 110. doi: 10.1097/ICL.0000000000000239.

[34]

 LUO J, PORTEOUS N, SUN Y. Rechargeable biofilm-controlling tubing
materials for use in dental unit water lines. ACS Appl Mater Interfaces,
2011, 3(8): 2895-2903. doi: 10.1021/am200576q.

[35]

 GLIŹNIEWICZ M, DOŁĘGOWSKA B, AUGUSTYNIAK A, et al. Effects
of sequential administration of phage cocktail, ciprofloxacin, and
caspofungin on Staphylococcus aureus and Candida albicans dual-species
biofilms. Microbes Infect, 2025, 27(7): 105531. doi: 10.1016/j.micinf.2025.
105531.

[36]

 ALI H R, VALDIVIA C, NEGUS D. Bacteriophage-embedded and coated
alginate layers inhibit biofilm formation by clinical strains of Klebsiella
pneumoniae. J Appl Microbiol, 2025, 136(5): lxaf099. doi: 10.1093/jambio/
lxaf099.

[37]

 KULSHRESTHA M, TIWARI V. Bacteriophage D2SVT exhibits potent
antimicrobial and antibiofilm activity against carbapenem-resistant
Acinetobacter baumannii. J Appl Microbiol, 2025, 136(6): lxaf146. doi: 10.
1093/jambio/lxaf146.

[38]

 ZUO P, METZ J, YU P, et al. Biofilm-responsive encapsulated-phage
coating for autonomous biofouling mitigation in water storage systems.
Water Res, 2022, 224: 119070. doi: 10.1016/j.watres.2022.119070.

[39]

 SUN R, YU P, ZUO P, et al. Biofilm control in flow-through systems
using polyvalent phages delivered by peptide-modified m13 coliphages
with enhanced polysaccharide affinity. Environ Sci Technol, 2022, 56(23):

[40]

17177-17187. doi: 10.1021/acs.est.2c06561.
 ZHANG B, YU P, WANG Z, et al. Hormetic promotion of biofilm growth
by polyvalent bacteriophages at low concentrations. Environ Sci Technol,
2020, 54(19): 12358-12365. doi: 10.1021/acs.est.0c03558.

[41]

  GONDIL V S, HARJAI K, CHHIBBER S. Endolysins as emerging
alternative therapeutic agents to counter drug-resistant infections. Int J
Antimicrob Agents, 2020, 55(2): 105844. doi: 10.1016/j.ijantimicag.2019.11.001.

[42]

 GALVÃO F O, DANTAS F G D S, SANTOS C R L, et al. Cochlospermum
regium (Schrank) pilger leaf extract inhibit methicillin-resistant
Staphylococcus aureus biofilm formation. J Ethnopharmacol, 2020, 261:
113167. doi: 10.1016/j.jep.2020.113167.

[43]

 HE Z, XU X, WANG C, et al. Effect of Panax quinquefolius extract on
Mycobacterium abscessus biofilm formation. Biofouling, 2023, 39(1): 24-
35. doi: 10.1080/08927014.2023.2166405.

[44]

 东宝瑜, 许馨月, 李树华, 等. 黄芩提取物对脓肿分枝杆菌生长及生物

膜形成的影响. 四川大学学报(自然科学版), 2023, 60(4): 175-182. doi:
10.19907/j.0490-6756.2023.046003.
DONG B Y, XU X Y, LI S H, et al. Effect of Scutellaria baicalensis extract
on the growth and biofilm formation of Mycobacterium abscessus. J
Sichuan Univ (Nat Sci Ed), 2023, 60(4): 175-182. doi: 10.19907/j.0490-
6756.2023.046003.

[45]

  ALIBI S, BEN SELMA W, RAMOS-VIVAS J, et al .  Anti-oxidant,
antibacterial, anti-biofilm, and anti-quorum sensing activities of four
essential oils against multidrug-resistant bacterial clinical isolates. Curr
Res Transl Med, 2020, 68(2): 59-66. doi: 10.1016/j.retram.2020.01.001.

[46]

  De AZEVEDO M N, MARQUES N T,  FONSECA M F L,  et  al .
Disinfectant effects of Brazilian green propolis alcohol solutions on the
Staphylococcus aureus biofilm of maxillofacial prosthesis polymers. J
Prosthet Dent, 2022, 128(6): 1405-1411. doi: 10.1016/j.prosdent.2021.03.025.

[47]

  PETER M, KANATHILA H, BEMBALAGI M, et al .  An in vitro
comparative evaluation of conventional and novel thymus vulgaris
derived herbal disinfectant solutions against pathogenic biofilm on
maxillofacial silicones and its impact on color stability. J Contemp Dent
Pract, 2023, 24(12): 967-973. doi: 10.5005/jp-journals-10024-3602.

[48]

 STIEFEL P, MAUERHOFER S, SCHNEIDER J, et al. Enzymes enhance
biofilm removal efficiency of cleaners. Antimicrob Agents Chemother,
2016, 60(6): 3647-3652. doi: 10.1128/AAC.00400-16.

[49]

 IÑIGUEZ-MORENO M, GUTIÉRREZ-LOMELÍ M, AVILA-NOVOA M
G. Removal of mixed-species biofilms developed on food contact
surfaceswith a mixture of enzymes and chemical agents. Antibiotics, 2021,
10(8): 8931. doi: 10.3390/antibiotics10080931.

[50]

 MECHMECHANI S, KHELISSA S, GHARSALLAOUI A, et al. Hurdle
technology using encapsulated enzymes and essential oils to fight bacterial
biofilms. Appl Microbiol Biotechnol, 2022, 106(7): 2311-2335. doi: 10.
1007/s00253-022-11875-5.

[51]

  DEL POZO M L, AGUANELL A, GARCÍA-JUNCEDA E, et  al .
Lysozyme-responsive hydrogels of chitosan-streptomycin conjugates for
the on-demand release of biofilm-dispersing enzymes for the efficient
eradication of oral biofilms. Chem Mater, 2024, 36(19): 9860-9873. doi:
10.1021/acs.chemmater.4c02014.

[52]

 Al-MADBOLY L A, ABOULMAGD A, El-SALAM M A, et al. Microbial
enzymes as powerful natural anti-biofilm candidates. Microb Cell Fac,
2024, 23: 343. doi: 10.1186/s12934-024-02610-y.

[53]

 FANG K, PARK O J, HONG S H. Controlling biofilms using synthetic
biology approaches. Biotechnol Adv, 2020, 40: 107518. doi: 10.1016/j.
biotechadv.2020.107518.

[54]

 LIM E S, NAM S J, KOO O K, et al. Protective role of acinetobacter and
bacillus for Escherichia coli O157: H7 in biofilms against sodium
hypochlorite and extracellular matrix-degrading enzymes. Food
Microbiol, 2023, 109: 104125. doi: 10.1016/j.fm.2022.104125.

[55]

 CHEN C J, CHEN C C, DING S J. Effectiveness of hypochlorous acid to
reduce the biofilms on titanium alloy surfaces in vitro. Int J Mol Sci, 2016,
17(7): 1161. doi: 10.3390/ijms17071161.

[56]

 TOMIČIĆ R, TOMIČIĆ Z, NIĆETIN M, et al. Food grade disinfectants
based on hydrogen peroxide/peracetic acid and sodium hypochlorite

[57]

第 5 期 可东卉等: 生物膜相关院内感染的新型消毒技术研究进展 1249  

https://doi.org/10.1038/s41598-024-79276-4
https://doi.org/10.1038/s41598-024-79276-4
https://doi.org/10.1038/s41598-024-79276-4
https://doi.org/10.1038/s41598-024-79276-4
https://doi.org/10.1038/s41598-024-79276-4
https://doi.org/10.1038/s41598-024-79276-4
https://doi.org/10.1038/s41598-024-79276-4
https://doi.org/10.1038/s41598-024-79276-4
https://doi.org/10.1038/s41598-024-79276-4
https://doi.org/10.1021/acs.est.2c01516
https://doi.org/10.1021/acs.est.2c01516
https://doi.org/10.1038/s41598-021-01687-4
https://doi.org/10.1038/s41598-021-01687-4
https://doi.org/10.1038/s41598-021-01687-4
https://doi.org/10.1038/s41598-021-01687-4
https://doi.org/10.1038/s41598-021-01687-4
https://doi.org/10.1038/s41598-021-01687-4
https://doi.org/10.1038/s41598-021-01687-4
https://doi.org/10.1038/s41598-021-01687-4
https://doi.org/10.1021/acsnano.1c04206
https://doi.org/10.1021/acsnano.1c04206
https://doi.org/10.1021/acsnano.1c04206
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.13471/j.cnki.j.sun.yat-sen.univ(med.sci).20240305.001
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.1016/j.micres.2014.05.005
https://doi.org/10.1016/j.micres.2014.05.005
https://doi.org/10.1016/j.micres.2014.05.005
https://doi.org/10.1016/j.prosdent.2023.03.001
https://doi.org/10.1016/j.prosdent.2023.03.001
https://doi.org/10.1016/j.prosdent.2023.03.001
https://doi.org/10.1021/acsami.0c13230
https://doi.org/10.1021/acsami.0c13230
https://doi.org/10.1021/acsami.0c13230
https://doi.org/10.1021/acsami.0c13230
https://doi.org/10.1128/AEM.00610-08
https://doi.org/10.1128/AEM.00610-08
https://doi.org/10.1128/AEM.00610-08
https://doi.org/10.1128/AEM.00610-08
https://doi.org/10.1097/ICL.0000000000000239
https://doi.org/10.1097/ICL.0000000000000239
https://doi.org/10.1097/ICL.0000000000000239
https://doi.org/10.1021/am200576q
https://doi.org/10.1021/am200576q
https://doi.org/10.1016/j.micinf.2025.105531
https://doi.org/10.1016/j.micinf.2025.105531
https://doi.org/10.1093/jambio/lxaf099
https://doi.org/10.1093/jambio/lxaf099
https://doi.org/10.1093/jambio/lxaf099
https://doi.org/10.1093/jambio/lxaf146
https://doi.org/10.1093/jambio/lxaf146
https://doi.org/10.1016/j.watres.2022.119070
https://doi.org/10.1016/j.watres.2022.119070
https://doi.org/10.1021/acs.est.2c06561
https://doi.org/10.1021/acs.est.2c06561
https://doi.org/10.1021/acs.est.0c03558
https://doi.org/10.1021/acs.est.0c03558
https://doi.org/10.1016/j.ijantimicag.2019.11.001
https://doi.org/10.1016/j.ijantimicag.2019.11.001
https://doi.org/10.1016/j.ijantimicag.2019.11.001
https://doi.org/10.1016/j.jep.2020.113167
https://doi.org/10.1016/j.jep.2020.113167
https://doi.org/10.1080/08927014.2023.2166405
https://doi.org/10.1080/08927014.2023.2166405
https://doi.org/10.19907/j.0490-6756.2023.046003
https://doi.org/10.19907/j.0490-6756.2023.046003
https://doi.org/10.19907/j.0490-6756.2023.046003
https://doi.org/10.19907/j.0490-6756.2023.046003
https://doi.org/10.19907/j.0490-6756.2023.046003
https://doi.org/10.19907/j.0490-6756.2023.046003
https://doi.org/10.19907/j.0490-6756.2023.046003
https://doi.org/10.19907/j.0490-6756.2023.046003
https://doi.org/10.19907/j.0490-6756.2023.046003
https://doi.org/10.19907/j.0490-6756.2023.046003
https://doi.org/10.19907/j.0490-6756.2023.046003
https://doi.org/10.19907/j.0490-6756.2023.046003
https://doi.org/10.1016/j.retram.2020.01.001
https://doi.org/10.1016/j.retram.2020.01.001
https://doi.org/10.1016/j.retram.2020.01.001
https://doi.org/10.1016/j.prosdent.2021.03.025
https://doi.org/10.1016/j.prosdent.2021.03.025
https://doi.org/10.1016/j.prosdent.2021.03.025
https://doi.org/10.5005/jp-journals-10024-3602
https://doi.org/10.5005/jp-journals-10024-3602
https://doi.org/10.5005/jp-journals-10024-3602
https://doi.org/10.5005/jp-journals-10024-3602
https://doi.org/10.5005/jp-journals-10024-3602
https://doi.org/10.5005/jp-journals-10024-3602
https://doi.org/10.5005/jp-journals-10024-3602
https://doi.org/10.5005/jp-journals-10024-3602
https://doi.org/10.5005/jp-journals-10024-3602
https://doi.org/10.1128/AAC.00400-16
https://doi.org/10.1128/AAC.00400-16
https://doi.org/10.1128/AAC.00400-16
https://doi.org/10.1128/AAC.00400-16
https://doi.org/10.3390/antibiotics10080931
https://doi.org/10.1007/s00253-022-11875-5
https://doi.org/10.1007/s00253-022-11875-5
https://doi.org/10.1007/s00253-022-11875-5
https://doi.org/10.1007/s00253-022-11875-5
https://doi.org/10.1007/s00253-022-11875-5
https://doi.org/10.1007/s00253-022-11875-5
https://doi.org/10.1007/s00253-022-11875-5
https://doi.org/10.1007/s00253-022-11875-5
https://doi.org/10.1007/s00253-022-11875-5
https://doi.org/10.1021/acs.chemmater.4c02014
https://doi.org/10.1021/acs.chemmater.4c02014
https://doi.org/10.1186/s12934-024-02610-y
https://doi.org/10.1186/s12934-024-02610-y
https://doi.org/10.1186/s12934-024-02610-y
https://doi.org/10.1186/s12934-024-02610-y
https://doi.org/10.1186/s12934-024-02610-y
https://doi.org/10.1186/s12934-024-02610-y
https://doi.org/10.1186/s12934-024-02610-y
https://doi.org/10.1186/s12934-024-02610-y
https://doi.org/10.1016/j.biotechadv.2020.107518
https://doi.org/10.1016/j.biotechadv.2020.107518
https://doi.org/10.1016/j.biotechadv.2020.107518
https://doi.org/10.1016/j.fm.2022.104125
https://doi.org/10.1016/j.fm.2022.104125
https://doi.org/10.1016/j.fm.2022.104125
https://doi.org/10.3390/ijms17071161
https://doi.org/10.3390/ijms17071161


interfere with the adhesion of Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus and Listeria monocytogenes to stainless steel of
differing surface roughness. Biofouling, 2023, 39(9/10): 990-1003. doi: 10.
1080/08927014.2023.2288886.
  OKANDA T, TAKAHASHI R, EHARA T, et  al .  Sl ightly acidic
electrolyzed water disrupts biofi lms and effectively disinfects
Pseudomonas aeruginosa. J Infect Chemother, 2019, 25(6): 452-457. doi:
10.1016/j.jiac.2019.01.014.

[58]

 SHUKLA S K, RAO T S, N M, et al. Active-bromide and surfactant
synergy for enhanced microfouling control. Arch Microbiol, 2024,
206(11): 430. doi: 10.1007/s00203-024-04154-6.

[59]

 CHAGGAR G K, NKEMNGONG C A, LI X, et al. Hydrogen peroxide,
sodium dichloro-s-triazinetriones and quaternary alcohols significantly
inactivate the dry-surface biofilms of Staphylococcus aureus and
Pseudomonas aeruginosa  more than quaternary ammoniums.
Microbiology (Reading), 2022, 168(3): 001140. doi: 10.1099/mic.0.001140.

[60]

 IBÁÑEZ-CERVANTES G, CRUZ-CRUZ C, DURÁN-MANUEL E M, et
al. Disinfection efficacy of ozone on ESKAPE bacteria biofilms: potential
use in difficult-to-access medical devices. Am J Infect Control, 2023,
51(1): 11-17. doi: 10.1016/j.ajic.2022.03.037.

[61]

 ALKAN P E, GÜNEŞ M E, SABANCI A Ü. Can nanobubble ozone
liposomes be a new agent in the fight against foodborne infections?
Recent Pat Nanotechnol, 2023, 18(1): 17-21. doi: 10.2174/187221051666
6220613100303.

[62]

 SHICHIRI-NEGORO Y, TSUTSUMI-ARAI C, ARAI Y, et al. Ozone
ultrafine bubble water inhibits the early formation of Candida albicans
biofilms. PLoS One, 2021, 16(12): e0261180. doi: 10.1371/journal.pone.
0261180.

[63]

 LI P, WU C, YANG Y, et al. Effects of microbubble ozonation on the
formation of disinfection by-products in bromide-containing water from
Tai Lake. Sep Purif Technol, 2018, 193: 408-414. doi: 10.1016/j.seppur.
2017.11.049.

[64]

 STACHLER E, KULL A, JULIAN T R. Bacteriophage treatment before
chemical disinfection can enhance removal of plastic-surface-associated

[65]

pseudomonas aeruginosa. Appl Environ Microbiol, 2021, 87(20):
e0098021. doi: 10.1128/AEM.00980-21.
 XING M, SHEN F, LIU L, et al. Antimicrobial efficacy of the alkaloid
harmaline alone and in combination with chlorhexidine digluconate
against clinical isolates of Staphylococcus aureus grown in planktonic and
biofilm cultures. Lett Appl Microbiol, 2012, 54(5): 475-82. doi: 10.1111/j.
1472-765X.2012.03233.x.

[66]

 DRAGO L, BORTOLIN M, TASCHIERI S, et al. Erythritol/chlorhexidine
combination reduces microbial biofilm and prevents its formation on
titanium surfaces in vitro. J Oral Pathol Med, 2017, 46(8): 625-631. doi:
10.1111/jop.12536.

[67]

 DRAGO L, DEL FABBRO M, BORTOLIN M, et al. Biofilm removal and
antimicrobial activity of two different air-polishing powders: an in vitro
study. J Periodontol, 2014, 85(11): e363-e369. doi: 10.1902/jop.2014.
140134.

[68]

 BISWAS T, AHMED M, MONDAL S. Mixed species biofilm: structure,
challenge and its intricate involvement in hospital associated infections.
Microb Pathog, 2024, 195: 106866. doi: 10.1016/j.micpath.2024.106866.

[69]

 MA P, TANG X, ZHANG L, et al. Influenza A and B outbreaks differed in
their associations with climate conditions in Shenzhen, China. Int J
Biometeorol, 2022, 66(1): 163-173. doi: 10.1007/s00484-021-02204-y.

[70]

（2025 − 06 − 20收稿，2025 − 09 − 11修回）　

编辑　吕　熙　

开放获取　本文使用遵循知识共享署名—非商业性使用

4.0国际许可协议（CC BY-NC 4.0），  详细信息请访问

https://creativecommons.org/licenses/by-nc/4.0/。

OPEN ACCESS　This article is licensed for use under Creative Commons

Attribution-NonCommercial 4.0 International license (CC BY-NC 4.0). For more

information, visit https://creativecommons.org/licenses/by-nc/4.0/.

© 2025 《四川大学学报（医学版）》编辑部

Editorial Office of Journal of Sichuan University (Medical Sciences)

 1250 四川大学学报（医学版） 第 56卷

https://doi.org/10.1080/08927014.2023.2288886
https://doi.org/10.1080/08927014.2023.2288886
https://doi.org/10.1016/j.jiac.2019.01.014
https://doi.org/10.1016/j.jiac.2019.01.014
https://doi.org/10.1007/s00203-024-04154-6
https://doi.org/10.1007/s00203-024-04154-6
https://doi.org/10.1007/s00203-024-04154-6
https://doi.org/10.1007/s00203-024-04154-6
https://doi.org/10.1007/s00203-024-04154-6
https://doi.org/10.1007/s00203-024-04154-6
https://doi.org/10.1007/s00203-024-04154-6
https://doi.org/10.1007/s00203-024-04154-6
https://doi.org/10.1099/mic.0.001140
https://doi.org/10.1099/mic.0.001140
https://doi.org/10.1016/j.ajic.2022.03.037
https://doi.org/10.1016/j.ajic.2022.03.037
https://doi.org/10.2174/1872210516666220613100303
https://doi.org/10.2174/1872210516666220613100303
https://doi.org/10.1371/journal.pone.0261180
https://doi.org/10.1371/journal.pone.0261180
https://doi.org/10.1371/journal.pone.0261180
https://doi.org/10.1016/j.seppur.2017.11.049
https://doi.org/10.1016/j.seppur.2017.11.049
https://doi.org/10.1016/j.seppur.2017.11.049
https://doi.org/10.1128/AEM.00980-21
https://doi.org/10.1128/AEM.00980-21
https://doi.org/10.1128/AEM.00980-21
https://doi.org/10.1128/AEM.00980-21
https://doi.org/10.1111/j.1472-765X.2012.03233.x
https://doi.org/10.1111/j.1472-765X.2012.03233.x
https://doi.org/10.1111/j.1472-765X.2012.03233.x
https://doi.org/10.1111/j.1472-765X.2012.03233.x
https://doi.org/10.1111/j.1472-765X.2012.03233.x
https://doi.org/10.1111/jop.12536
https://doi.org/10.1111/jop.12536
https://doi.org/10.1902/jop.2014.140134
https://doi.org/10.1902/jop.2014.140134
https://doi.org/10.1902/jop.2014.140134
https://doi.org/10.1016/j.micpath.2024.106866
https://doi.org/10.1016/j.micpath.2024.106866
https://doi.org/10.1007/s00484-021-02204-y
https://doi.org/10.1007/s00484-021-02204-y
https://doi.org/10.1007/s00484-021-02204-y
https://doi.org/10.1007/s00484-021-02204-y
https://doi.org/10.1007/s00484-021-02204-y
https://doi.org/10.1007/s00484-021-02204-y
https://doi.org/10.1007/s00484-021-02204-y
https://doi.org/10.1007/s00484-021-02204-y
https://doi.org/10.1007/s00484-021-02204-y
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

	1 物理与材料学消毒技术
	1.1 等离子体消毒技术
	1.2 纳米材料技术
	1.3 表面改性技术

	2 生物与酶解技术
	2.1 噬菌体
	2.2 天然提取物
	2.3 酶解技术

	3 化学消毒新技术
	3.1 微酸性电解水（slightly acidic electrolyzed water, SAEW）
	3.2 复合消毒剂
	3.2.1 化学组合制剂协同消毒技术
	3.2.2 化学-物理协同消毒技术
	3.2.3 化学-生物协同消毒技术


	4 结论
	参考文献

