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Nanomaterial-Enhanced Antifouling Coatings: Mechanisms, Performance, and

Design Strategies

Mehran Rostami*, Maryam Sadat Ghorashi*

1. Department of Nanomaterials and Nanocoatings, Institute for Color Science and
Technology, P.O. Box 16765-654, Tehran, Iran

Abstract:

Biofouling represents a major challenge, contributing to health risks and considerable economic burdens in marine
infrastructure, medical applications, and water treatment systems. This situation underscores the urgent need for the
development of innovative antifouling coatings. Numerous technologies have been introduced that utilize toxic biocides,
ecologically-harmful antifouling coatings, and chlorine to mitigate biofouling through hydration barrier. Nevertheless, their
use is accompanied by environmental and health risk. Polymeric antifouling coatings have surfaced as a viable solution,
effectively maintaining performance while minimizing biofouling. Recent studies in polymeric antifouling coatings have
incorporated environmentally safe, non-toxic nanomaterials with outstanding antimicrobial characteristics as fillers, which
have demonstrated efficacy against various waterborne microorganisms and the development of bacterial biofilms. This article
offers a review of nanotechnology-driven antifouling agents including metals, metal oxides, carbon, polymeric, and composite
nanostructures. Additionally, it discusses the various mechanisms that underlie the inhibition of bacterial cell proliferation and
biofilm formation by antifouling nanocomposite coatings.-The article also addresses the obstacles related to the synthesis of

antifouling nanomaterials, their practical constraints, and future prospects.

Keywords: Biofouling, Polymeric antifouling coatings, nanomaterials, nanocomposite
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Figure 1. Strategies for designing a@'fouli 0atings (32).
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Figure 2. Schematic illustration of nanomaterials application in the fight against biofouling (32).
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Table 1. Antibiofouling properties of some usual metal oxide nanostructures.

Nanomaterial ‘ Organisms Mechanisms Applications References

TiO, Nps Stenotrophomonas Photocatalytic effect Marine underwater (25)
maltophilia archaeological sites

Ag-TiO, hybrid Halomonas pacifica Reduced biofilm attachment Antimicrofouling
by 98%

ZnO NPs S. aureus Photocatalytic and toxic Anti-microfouling on
effects glass surface

ZnO nanorods Escherichia coli ROS generation leading to Anti-biofouling
oxidation of membrane
lipids

MgO NPs Escherichia coli Salmonella  Cell membrane deterioration Antifouling food (65)
enterica surfaces

1 Photocatalysis
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PDMS/GO-Al,03 Pseudomonas aeruginosa Formation of micro-nano Superhydrophobic self-
Micrococcus sp., roughness, lower surface cleaning antifouling
Pseudomonas free energy surface
putida, and Aspergillus

niger

GO NPs Bacillus sp. Significant reduction of Anti-biofouling and
Pseudomonas sp. biofilm and biomass anticorrosion
thickness
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Figure 3. Functional mechanisms of antifouling coatings based on metal and metal oxidgynopa ticles on bacteria

(32).
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Figure 4. Antibiofouling mechanism of graphene based nanomaterials on bacterial cells (32).

ool 5388 ST Sl 3986 Jlie i 4 S o Jlal 2l Sl sla STy oo 51 (g S b eSS 538 yasil
e85l 93 5 gl (658 0081 D39l s e (50,5500 5 g yal (2l S has slaclad slls TiO2 5 ZN0 wils 55 4
asY 5 55, 5 (9,5 2y el 5)lS (2d5e Sl 5 S (oo 953 oS yoe LROS Slgagil (ol i)ls Curoms 0T g 5,5 Lo 5 9,50
Sloids il (29,50 25 Al pagilla al idly IHTIO2 a4y 1 0nigd ead 395 (slogidgy Sl oolitul (Jos ;5 (A+) s (oo LMoo
Jds s Ag 3 TIO2 (slalins Sl Jols o j5elS 5l S dnasgs 5,10 S UV 55 Lasgs L il Jlad 4 Gowe TiO: al >
el il o Gl (s peSatir 5o & S (29,50 9 Colad s 99 (oo Bl olml 5 )il S o THO2 393 gelans (24581
a5 Sellad (LS o5 Jloisin 515 dong Sn sl (s 08 sl 53Lodlil 158 <o THO2 Lawgs ROS G Julis (al3fl ol
AV sws o Gl IS (09,500

Ol gl 69 (s 29y Slapml g S wd ) Wil oo (Bl 9558 (518 9T B30l basgs (698 ouiiS apnST sladisS as
PSS Sl yos Job (Bl 5358 (G518 00T 1353 Jasgs 005 055 ROS o SUjkas gla Sy b dnnlin o 038 Jladyed b oy
o imnsST 23U 900 b0 o ol o 1) (638 a8 35l el g WS o Joe o83 Jlns Jolsh 10 s ROS (ol sl
AT AT) w5 e

O b Sgdoe 485 S 50 2bys led )5 sl ey banze b 5l 5 el (50050 )95 4 ol lgagil I aiis cnl il p egdle
sanlio ROS g 15 Sslite collad dTiOz 5 ZN0) (6518 areST 35 ol b I 5 Siglis Jds 4y a5 sl o o3ls L o
Slgagil anwss @y 5L g, (nl S gdise Sgame UV 455 (2yme 5o (ol Jlb s codled (ol oS5 6551 S5 Jus 4 058 (o
Esome 3 )00 (S gy 3590 S3ogil & Dy 9 gy Coron gl oo JUb (S0 495 y3a> 53 45 9103 9925 (5 5598 (S g5
69k el atly (o (2l 5 i sl 0,3 o3l aile (e Thg 4 Cgmyud Sla i gl S jod 3 Shes CiF Gl (o0
a3 5l i elil 5558 sloanl ;b oyl SIROS il b laidigy ool iyl (630l (i il e Jobos )2 5o gozd 9 3583 L iSzsS 35l

(AF,80) S o (655 5l Lol g Ko sl 5
g gl Jolgs (63lwis ki 0 LLKS g Lz -0

Yl o 85, i sdeon 458,515 & JUbslh i sloobona dmnss sl (o V0 ) s p o o 5l any a2z b e b ol
3k, ol 5l oyls 1y 095 cules 5 Llie gy ol nl b el (s 5o laslislogil i sl Vb & Gl 9 b @
Sy e S Jolad 0358 )18 azgi 0 )50 D yao0il slaJslre dnwgi plSin Wl &5 st gudS gladiz wlse DS 5 (03,10
slaJsle 45355 sl 1y T 515 U5 el 306 031l 4o Sl i 0,05 o 1,8 35l xhans (g3, ,b 5 05l )*’L' Cos l,dgl 5 Y
Slgagil Gudo Limlejl el (5,0 el Sy gl a8 sgae um B ) Ggyas Codlad cunl (S g da 0 S (29,500

ilazd 5518 anlllae 5 )50 Sl Ll il 50 45510 0929 9,5 Lo (il 50 gasy Lo 3550 40 Allie iz Lo el ogdle el (oo igas ol



B

PR Wy
@ ¥
Slr Gl aly p (raw il (nl egsl adsi 5 S0 Lulyd po 6l Al gey wd sla sl o Z Sl @M sk 4y

(AP Sl oo Sl 5 3ls )5 a1

O odazn OMelad (185 LA )0 ey gy wS (Liu Sl sy Sl 0lgegil (9,500 wo o dlad el iiie slah )l iy
),JL slge ol ol (Son (SIS laan; b S5z ge ST s, Gl ) 5 D139l les il oals plonil Lanses g oy oo
Glp S o sileand b o 1) 55 odioms Ol a5 o0 Slalllas o 10 )....L gy dd Jelme sailadl o Slas s g 0,135
Sy S5 el (ol pogdle el 5L 3,00 e o Sle 53 Slgagl by 2 wgm; wS Sladslme 63 Shes ol Sy
STy 5 Ghale b 5l ol DY gams ooty iU ST (s (5955 e S5e 2l sl St (ot 520 (Sislsms S
Gy daze b Lo o slaclale )0 a0l oo ¢ goal 5 e SV s colatul (gl Wsd pwyp b A wiis coge Jolse 5l Y ca;
IXW) e\)'i Slgegili (o2lg cdale 4y o sl Wosls (pl 0sd (6 pSojlal 585 jsb a4y obye Laoe )0 olgagili 3l 5L )....L G ogs 2bs)l

(A=) 0) 0 valss ade 9,500 (59,55 b oj)le (sl dlgegil 5l yigs ooliinl sl (o)l slasylaslinl b Gillas cnsy Laes 5o

o] (gl jlilpmiery 9 (g S amii -7

B (Sho b8l o 530 o 31 sl A5 Cannty (lse 5l oMl aisS (o0 05 )l () 29y b &5 (S (slatg) iien
0ol &l S Jos 00iiS Dy y SUanslS ] 1 g el ply 53 Wlg o 50 S Jske o isoly 3,500, g el
ez 55 5 LS Sla S a1 s Dm) S (Sl Ysame 5 05 on o (09 Send Jalse (laie 4 (538 Slgesili ol
osliul olge ol o b Adgrplyieiar 8y Sl)3gl S g0 i 1) il Glacy joalS il g )39l (e 0 slagi ¢yl
25 sla sl 5l S50 Gomi¥sep So w00 T ol> gl 4 oy S (Shieaz 5 damoe laS (o9 Seend Sollid s e
Slga S0 sloe |y 555 Le 02 5 5,50 Slacses; o8 4T Cesl e GlaEST ey Olgie b Gidey S5 @ b eolsasil n (e o)
05 slogysr¥sn,isl il gl Ysane LT slocy jsmelS il § ZNO &l ydsil § TiOs (53,5 o isS cslo slyl AG wile s logil
055 3 (9,550l 5 29,500l sore s Pls> ROS wlsi 5 536 (g siluslil o @ game Sldgil sl g oalil g,
ol b sLad (2byo slagids ;0 00,58 b 4l Sues 5 6o s @ (655 S (53 08T D35l e e Las
Sislugl sl idg elul p oS 03300 slag |l 05,8 o )8 solitul 590 oSl 5y alo 5l alises slapanslS )l oo b abilio
Sl Bk 5l 45 WAL Anngs 525 S350 gV g0 3 a5 o (2l SlaealE ]l 3 Al anngs (518 9]
Slyess Jds @ 16 o Slapansl )lg S0 08 5l s 53 9 0 (00 3ol b3 Glae! (Slapansllg Kool )3 JSUlas cliblone (b
Ao 228 50 el 9IS 5 9 (555l 1 (e (st 03500 (Sl 950,35 o ungilSo 02l 2 oMl S o (5 gl s Bl 50

el 4185 18 By 990 gy ) 3 (S SlolSies 5 Ol 5 8 Sl
Pl 5 SBL S yo nl popdle el gl Jolie 50 5 25,Se 0B o Sl gy 2 Slagidsy anwg j Slgegils oS
el osile (Bl colol 1l S plyisar Glizen T (lapmocunyj )8 5 b il i 53 SIFU 5 olyosl alandisSid

972 iepllis g gl Slasdizg plovl o 09,500 ()95 5 gy b Ablie ;0 5L (5593 (5l o5 Cod b I JelS (61 o e (51 9,005



% o [% Qo o
A5 48 paly
) ==

Sl Alg S (o rd 58 (929,500 () g (AU 0ds o MR plos b ablie sl plitel Cge; s ool a2
Sl S ey amls i Jl al b ige 48,8 i g gl LI gl ange 5 25 @ ez b (Ganeis oy SajseelS

)18 357y e (SVsh plgs g S sy o (2153 b o ey lacejeelS angs
58bos SollB sl gy 35 slagidn (n FelS Bl s Lasme b J5ko 5 1)l plgols b ey w5 g S Jlowsl S 5o
0809 S 2Bl Cgmy 05 SISl cnl podle andl andls | oAl oy 5o Seslnd g Sliul g, Lulid 90 0 50 i
(S, NS 5 (Sateas (5 x5S bas aibltles lac s Lo jslatenin sby idis (S5 szl 53 el pliy el L5 0,590 (5l loJale
loosms JLasl 5|l gy 25 slagigy i dnmsi plKa 55 0 widlys WLt Cgu s sla)lSal) o osllas Hlyie 4 Yool
Sasre BOREs €55 ol (shammaonss SIS GRS S0l ogdle b solisid aaly) 5 (lne (SR syl 3520 sl o250
gl sl Wil 5l Olie a5 wiload €Ll (055 4 4 ey )lee 0Sbes 5 (09)5en 32 Pl S 4 (LS Sl ol
agiedy Cenaj Lanzma b )55l D390 52 (e g jad (slaidy dxwgs (J nl L )5 o0l 55 iBeloge ) S la gV g0 Bl
Sl BAS ey e sladel> Blyie 4 Satedisn slgagl (Sl (nl 2 odle il 0ads (o) el b i (a9 b ablis

Qi o LS 1) pgas o Glo S oy 5l cU Jaredins ) Slylas 5 S Coens b Wl 1S5 Cail (559,50 00l 7S Liuley (slagias

&la )l

el oas ple Bains vy gdlio b)les 465 gun

&zl

1. Schultz ‘MP. Effects of coating roughness and biofouling on ship resistance and powering. Biofouling.
2007;23(5):331-41. https://doi.org/10.1080/08927010701461974

2. Townsin RL. The ship hull fouling penalty. Biofouling. 2003;19(S1):9-15.
https://doi.org/10.1080/0892701031000088535

3. Organization IM. International convention on the control of harmful anti-fouling systems on ships. In: (AFS
Convention) and associated Conference resolutions, as amended. 2001.

4. Yebra DM, Kiil S, Dam-Johansen K. Antifouling technology—past, present and future steps towards efficient and

environmentally friendly antifouling coatings. Prog Org coatings. 2004;50(2):75-104.
https://doi.org/10.1016/j.porgcoat.2003.06.001

5. Lejars M, Margaillan A, Bressy C. Fouling release coatings: a nontoxic alternative to biocidal antifouling coatings.
Chem Rev. 2012;112(8):4347-90. https://doi.org/10.1021/cr200350v
6. Chen R, Li Y, Tang L, Yang H, Lu Z, Wang J, et al. Synthesis of zinc-based acrylate copolymers and their marine

antifouling application. RSC Adv. 2017;7(63):40020—7. https://doi.org/10.1039/C7RA04840H

7. Li Y, Chen R, Feng Y, Liu L, Sun X, Tang L, et al. Antifouling behavior of self-renewal acrylate boron polymers
with  pyridine-diphenylborane  side  chains. New J  Chem.  2018;42(24):19908-16.  http://
doi.org/10.1039/C8NJ04298E

8. Bressy C, Hellio C, Nguyen MN, Tanguy B, Maréchal JP, Margaillan A. Optimized sily| ester diblock methacrylic

1 Cross-linkers


https://doi.org/10.1016/j.porgcoat.2003.06.001

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

B

& b 2

L Ly

& ==

copolymers: A new class of binders for chemically active antifouling coatings. Prog Org Coatings. 2014;77(3):665—
73. https://doi.org/10.1016/j.porgcoat.2013.12.004

Zhou X, Xie Q, Ma C, Chen Z, Zhang G. Inhibition of marine biofouling by use of degradable and hydrolyzable silyl
acrylate copolymer. Ind Eng Chem Res. 2015 Oct 7;54(39):9559-65. https://doi.org/10.1021/acs.iecr.5b01819
Lagerstrém M, Ytreberg E, Wiklund AKE, Granhag L. Antifouling paints leach copper in excess — study of metal
release rates and efficacy along a salinity gradient. Water Res.  2020;186:116383.
https://www.sciencedirect.com/science/article/pii/S0043135420309180

Brady Jr RF, Singer IL. Mechanical factors favoring release from fouling release coatings. Biofouling. 2000;15(1—
3):73-81. https://doi.org/10.1080/08927010009386299

Wang P, He B, Wang B, Wang L, Yu H, Liu S, et al. Durable self-polishing antifouling coating based on fluorine-
containing pyrrolidone amphiphilic copolymer-functionalized nanosilica. Prog Org Coatings. 2022;165:106706.
https://doi.org/10.1016/j.porgcoat.2022.106706

Ralston E, Swain G. Bioinspiration—the solution for biofouling control? Bioinspir Biomim. 2009;4(1):15007.
https://doi.org/10.1088/1748-3182/4/1/015007

Li S, Feng K, LiJ, LiY, LiZ, YuL,etal. Marine antifouling strategies: Emerging opportunities for seawater resource
utilization. Chem Eng J. 2024;486:149859. https://doi.org/10.1016/j.cej.2024.149859

Telegdi J, Trif L, Romanszki L. 5 - Smart anti-biofouling composite coatings for naval applications. In: Montemor
MFBTSCC and M, editor. Woodhead Publishing Series in Composites Science and Engineering. Woodhead
Publishing; 2016. p. 123-55. https://doi.org/10.1016/B978-1-78242-283-9.00005-1

Wei C, Zhang X, Deng Y, Wu B, Wu J. Antifouling behaviour of pH responsive amphiphilic smart coatings on the
basis of charge conversion in the marine environments. Prog Org Coatings. 2026;210:109701.
https://doi.org/10.1016/j.porgcoat.2025.109701

Sun H, He X, Yuan C, Bai X. Research progress and performance enhancement strategies of marine antifouling
hydrogel coatings. Prog Org Coatings. 2025;206:109365. https://doi.org/10.1016/j.porgcoat.2025.109365

Qiu Q, Gu Y, Ren Y, Ding H, Hu C, Wu D, et al. Research progress on eco-friendly natural antifouling agents and
their antifouling mechanisms. Chem Eng J. 2024;495:153638.

Krishnan S, Thirunavukarasu A, Jha NK, Gahtori R, Roy AS, Dholpuria S, et al. Nanotechnology -based therapeutic
formulations in-the battle against animal coronaviruses: An update. J Nanoparticle Res. 2021;23(10):229.
https://doi.org/10.1016/j.cej.2024.153638

Nile SH, Baskar V, Selvaraj D, Nile A, Xiao J, Kai G. Nanotechnologies in food science: applications, recent trends,
and future perspectives. Nano-micro Lett. 2020;12(1):45. https://doi.org/10.1007/s40820-020-0383-9

Yebra DM, Kiil S, Weinell CE, Dam-Johansen K. Effects of marine microbial biofilms on the biocide release rate
from antifouling  paints—A  model-based analysis. Prog Org  Coatings. 2006;57(1):56-66.
https://doi.org/10.1016/j.porgcoat.2006.06.003

Lakhotia SR, Mukhopadhyay M, Kumari P. Surface-Modified Nanocomposite Membranes. Sep Purif Rev. 2018 Oct
2;47(4):288-305. https://doi.org/10.1080/15422119.2017.1386681

Dasgupta A, Rajukumar LP, Rotella C, Lei Y, Terrones M. Covalent three-dimensional networks of graphene and
carbon  nanotubes:  synthesis and environmental applications. Nano Today. 2017;12:116-35.
https://doi.org/10.1016/j.nantod.2016.12.011

Bystrov VS, Bdikin IK, Silibin M V, Karpinsky D V, Kopyl SA, Goncalves G, et al. Graphene/graphene oxide and
polyvinylidene fluoride polymer ferroelectric composites for multifunctional applications. Ferroelectrics. 2017 Mar
12;509(1):124-42. https://doi.org/10.1080/00150193.2017.1295745

Ruffolo SA, Macchia A, La Russa MF, Mazza L, Urzi C, De Leo F, et al. Marine Antifouling for Underwater
Archaeological Sites: TiO2 and Ag-Doped TiO2. Int J Photoenergy. 2013 Jan 1;2013(1):251647.
https://doi.org/10.1155/2013/251647

Al-Naamani L, Dobretsov S, Dutta J, Burgess JG. Chitosan-zinc oxide nanocomposite coatings for the prevention of
marine biofouling. Chemosphere. 2017;168:408-17. https://doi.org/10.1016/j.chemosphere.2016.10.033

Li X, YuZ, Wang J, Zhang J, Zhao W, Wang L, et al. Nanomaterials Reinforced Antifouling Coatings: From Strategic


https://doi.org/10.1016/j.porgcoat.2022.106706

28.

29.

30.

3L

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

B

ol AT pa

Design to Potential Applications. Adv Mater. 2026 Jan;38(5):e14795. doi.org/10.1002/adma.202514795

Thakur A, Ganesan R, Ray Dutta J. Nanomaterials against antimicrobial resistance and beyond: toward mitigating
bacterial resuscitation. Total Environ Microbiol. 2026;2(1):100052. https://doi.org/10.1016/j.temicr.2025.100052
Maan AMC, Hofman AH, de Vos WM, Kamperman M. Recent Developments and Practical Feasibility of Polymer-
Based Antifouling Coatings. Adv Funct Mater. 2020;30(32):2000936. https://doi.org/10.1002/adfm.202000936
Idumah CI, Obele CM, Emmanuel EO, Hassan A. Recently emerging nanotechnological advancements in polymer
nanocomposite coatings for anti-corrosion, anti-fouling and self-healing. Surfaces and Interfaces. 2020;21:100734.
https://doi.org/10.1016/j.surfin.2020.100734

Kumar S, Ye F, Dobretsov S, Dutta J. Nanocoating is a new way for biofouling prevention. Front Nanotechnol.
2021;3:771098. https://doi.org/10.3389/fnan0.2021.771098

Sinha S, Kumar R, Anand J, Gupta R, Gupta A, Pant K, et al. Nanotechnology-based solutions for antibiofouling
applications: an overview. ACS Appl Nano Mater. 2023;6(14):12828—48. https://doi.org/10.1021/acsanm.3c01539
Song C, Yang CM, Sun XF, Xia PF, Qin J, Guo BB, et al. Influences of graphene oxide on biofilm formation of gram-
negative and gram-positive bacteria. Environ Sci Pollut Res. 2018;25(3):2853-60. https://doi.org/10.1007/s11356-
017-0616-8

Choudhary P, Das SK. Bio-reduced graphene oxide as a nanoscale antimicrobial coating for medical devices. Acs
Omega. 2019;4(1):387-97. https://doi.org/10.1021/acsomega.8b02787

Staneva AD, Dimitrov DK, Gospodinova DN, Vladkova TG. Antibiofouling Activity of Graphene Materials and
Graphene-Based Antimicrobial Coatings. Vol. 9, Microorganisms. 2021. p. 1839.
https://doi.org/10.3390/microorganisms9091839

Syama S, Mohanan P V. Comprehensive Application of Graphene: Emphasis on Biomedical Concerns. Nano-Micro
Lett. 2019;11(1):6. https://doi.org/10.1007/s40820-019-0237-5

Di Giulio M, Zappacosta R, Di Lodovico S, Di- Campli E, Siani G, Fontana A, et al. Antimicrobial and antibiofilm
efficacy of graphene oxide against chronic wound microorganisms. Antimicrob Agents Chemother. 2018;62(7):10—
1128. https://doi.org/10.1128/AAC.00547-18

Cheng W, Lu X, Kaneda/M, Zhang W, Bernstein R, Ma J, et al. Graphene oxide-functionalized membranes: the
importance of nanosheet surface exposure for biofouling resistance. Environ Sci Technol. 2019;54(1):517-26.

Wu J, Li Z, Li Y, Pettitt A, Zhou F. Photothermal effects of reduced graphene oxide on pancreatic cancer. Technol
Cancer Res Treat. 2018;17:1533034618768637. https://doi.org/10.1177/1533034618768637

Wei Y, Zhang Y, Gao X, Ma Z, Wang X, Gao C. Multilayered graphene oxide membranes for water treatment: A
review. Carbon N Y. 2018;139:964-81. https://doi.org/10.1016/j.carbon.2018.07.040

Aldred N, Clare AS. The adhesive strategies of cyprids and development of barnacle-resistant marine coatings.
Biofouling. 2008 Oct 21;24(5):351-63. https://doi.org/10.1080/08927010802256117

Ardeshana BA, Jani UB, Patel AM, Joshi AY. Analyzing the Dynamic Characteristics of Double-Walled Carbon
Nanotube Reinforced Polymer Nanocomposites BT - Handbook of Polymer and Ceramic Nanotechnology. In:
Hussain CM, Thomas S, editors. Cham: Springer International Publishing; 2021. p. 429-63.
https://doi.org/10.1007/978-3-030-40513-7_54

Zhao DL, Chung TS. Applications of carbon quantum dots (CQDs) in membrane technologies: A review. Water Res.
2018;147:43-9. https://doi.org/10.1016/j.watres.2018.09.040

Kim YK, Sharker SM, In I, Park SY. Surface coated fluorescent carbon nanoparticles/TiO2 as visible-light sensitive
photocatalytic complexes for antifouling activity. Carbon N Y. 2016;103:412-20.
https://doi.org/10.1016/j.carbon.2016.03.036

Guo Y, Fan Y, Li G, Wang Z, Shi X, Shen M. “Cluster bomb” based on redox-responsive carbon dot nanoclusters
coated with cell membranes for enhanced tumor theranostics. ACS Appl Mater Interfaces. 2021;13(47):55815-26.
https://doi.org/10.1021/acsami.1c15282

Liu Y, Zhang L, Cai H, Qu X, Chang J, Waterhouse GIN, et al. Biomass-derived carbon dots with pharmacological
activity for biomedicine: Recent advances and future perspectives. Sci Bull. 2024;69(19):3127-49.
https://doi.org/10.1016/j.scib.2024.08.011



47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

B

& b &

L Ly

& ==

Zhu C, Li H, Wang H, Yao B, Huang H, Liu Y, et al. Negatively charged carbon nanodots with bacteria resistance
ability for high-performance antibiofilm formation and anticorrosion coating design. Small. 2019;15(23):1900007.
https://doi.org/10.1002/sml1.201900007

Yang Q, Mi B. Nanomaterials for Membrane Fouling Control: Accomplishments and Challenges. Adv Chronic
Kidney Dis. 2013;20(6):536-55. https://doi.org/10.1053/j.ackd.2013.08.005

Bruna T, Maldonado-Bravo F, Jara P, Caro N. Silver nanoparticles and their antibacterial applications. Int J Mol Sci.
2021;22(13):7202. https://doi.org/10.3390/ijms22137202

Haider MS, Shao GN, Imran SM, Park SS, Abbas N, Tahir MS, et al. Aminated polyethersulfone-silver nanoparticles
(AgNPs-APES) composite membranes with controlled silver ion release for antibacterial and water treatment
applications. Mater Sci Eng C. 2016;62:732-45. https://doi.org/10.1016/j.msec.2016.02.025

Islam MJ, Khatun N, Bhuiyan RH, Sultana S, Shaikh MAA, Bitu MNA, et al. Psidium guajava leaf extract mediated
green synthesis of silver nanoparticles and its application in antibacterial coatings. RSC Adv. 2023;13(28):19164-72.
https://doi.org/10.1039/D3RA03381C

Liu Y, Li M, Zhao X, Zhang R, Zhang Y, Xing Y. Preparation of nano-silver particles and its application in
antibacterial coatings. New Chem Mater. 2019;47(2):37—41.

Lischer S, Kérner E, Balazs DJ, Shen D, Wick P, Grieder K, et al. Antibacterial burst-release from minimal Ag-
containing plasma polymer coatings. J R Soc Interface. 2011;8(60):1019-30. https://doi.org/10.1098/rsif.2010.0596
Naskar A, Khan H, Sarkar R, Kumar S, Halder D, Jana S. Anti-biofilm activity and food packaging application of
room temperature solution process based polyethylene glycol capped Ag-ZnO-graphene nanocomposite. Mater Sci
Eng C. 2018;91:743-53. https://doi.org/10.1016/j.msec.2018:06.009

Garcia C V, Shin GH, Kim JT. Metal oxide-based nanocomposites in food packaging: Applications, migration, and
regulations. Trends Food Sci Technol. 2018;82:21-31. https://doi.org/10.1016/j.tifs.2018.09.021

Dobretsov S, Sathe P, Bora T, Barry M; Myint MTZ; Abri M Al. Toxicity of different zinc oxide nanomaterials at 3
trophic levels: implications for development of low-toxicity antifouling agents. Environ Toxicol Chem.
2020;39(7):1343-54. https://doi/org/10.1002/etc.4720

Hoshyar N, Gray S, Han'H, Bao G. The effect of nanoparticle size on in vivo pharmacokinetics and cellular
interaction. Nanomedicine. 2016;11(6):673-92. https://doi.org/10.2217/nnm.16.5

Youssef Z, Colombeau L, Yesmurzayeva N, Baros F, Vanderesse R, Hamieh T, et al. Dye-sensitized nanoparticles
for heterogeneous photocatalysis: Cases studies with TiO2, ZnO, fullerene and graphene for water purification. Dye
Pigment. 2018;159:49-71. https://doi.org/10.1016/j.dyepig.2018.06.002

Mooss VA, Hamza F, Zinjarde SS, Athawale AA. Polyurethane films modified with polyaniline-zinc oxide
nanocomposites for biofouling mitigation. Chem Eng J. 2019;359:1400-10. https://doi.org/10.1016/j.cej.2018.11.038
Deng Y, Song GL, Zheng D, Zhang Y. Fabrication and synergistic antibacterial and antifouling effect of an
organic/inorganic hybrid coating embedded with nanocomposite Ag@ TA-SiO2 particles. Colloids Surfaces A
Physicochem Eng Asp. 2021;613:126085. https://doi.org/10.1016/j.colsurfa.2020.126085

Valenzuela L, Iglesias A, Faraldos M, Bahamonde A, Rosal R. Antimicrobial surfaces with self-cleaning properties
functionalized by photocatalytic ZnO electrosprayed coatings. J Hazard Mater. 2019;369:665-73.
https://doi.org/10.1016/j.jhazmat.2019.02.073

Bojarska M, Nowak B, Skowronski J, Pigtkiewicz W, Gradon L. Growth of ZnO nanowires on polypropylene
membrane surface—Characterization and reactivity. Appl Surf Sci. 2017;391:457-67.
https://doi.org/10.1016/j.apsusc.2016.04.130

Al-Hinai MH, Sathe P, Al-Abri MZ, Dobretsov S, Al-Hinai AT, Dutta J. Antimicrobial activity enhancement of poly
(ether sulfone) membranes by in situ growth of ZnO nanorods. ACS omega. 2017;2(7):3157-67.
https://doi.org/10.1021/acsomega.7b00314

Rasmi KR, Vanithakumari SC, George RP, Kamachi Mudali U. Active nano metal oxide coating for bio-fouling
resistance. Trans Indian Inst Met. 2018;71(6):1323-9. https://doi.org/10.1007/s12666-017-1264-x

Jin T, He Y. Antibacterial activities of magnesium oxide (MgO) nanoparticles against foodborne pathogens. J
Nanoparticle Res [Internet]. 2011;13(12):6877-85. https://doi.org/10.1007/s11051-011-0595-5



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

B

& b &

L Ly

& ==

Dong L xi, Yang H wei, Liu S ting, Wang X mao, Xie YF. Fabrication and anti-biofouling properties of alumina and
zeolite nanoparticle embedded ultrafiltration membranes. Desalination. 2015;365:70-8.
https://doi.org/10.1016/j.desal.2015.02.023

Selim MS, El-Safty SA, Fatthallah NA, Shenashen MA. Silicone/graphene oxide sheet-alumina nanorod ternary
composite  for  superhydrophobic  antifouling coating. Prog Org Coatings. 2018;121:160-72.
https://doi.org/10.1016/j.porgcoat.2018.04.021

Alpaslan E, Geilich BM, Yazici H, Webster TJ. pH-Controlled Cerium Oxide Nanoparticle Inhibition of Both Gram-
Positive and Gram-Negative Bacteria Growth. Sci Rep. 2017;7(1):45859. https://doi.org/10.1038/srep45859
Balakrishnan A, Jena G, Pongachira George R, Philip J. Polydimethylsiloxane—graphene oxide nanocomposite
coatings with improved anti-corrosion and anti-biofouling properties. Environ Sci Pollut Res. 2021;28(6):7404-22.
https://doi.org/10.1007/s11356-020-11068-5

Roy CJ, Leprince L, De Boulard A, Landoulsi J, Callegari V, Jonas AM, et al. Electrosynthesis of pyrrole 3-carboxylic
acid copolymer films and nanotubes with tunable degree of functionalization for biomedical applications. Electrochim
Acta 2011;56(10):3641-8. https://doi.org/10.1016/j.electacta.2010.10.076

Zhao S, Wang Z, Wei X, Tian X, Wang J, Yang S, et al. Comparison study of the effect of PVVP and PANI nanofibers
additives on membrane formation mechanism, structure and performance. J Memb Sci. 2011;385:110-22.
https://doi.org/10.1016/j.memsci.2011.09.029

Chen X, Huang Y, Yang G, Li J, Wang T, H. Schulz O, et al. Polydopamine integrated nanomaterials and their
biomedical applications. Curr Pharm Des. 2015;21(29):4262-75.
https://doi.org/10.2174/1381612821666150901103418

Ranneh A, Takemoto H, Sakuma S, Awaad A, Nomoto'T, Mochida Y, et al. An ethylenediamine-based switch to
render the polyzwitterion cationic at tumorous pH for effective tumor accumulation of coated nanomaterials. Angew
Chemie. 2018;130(18):5151-5. https://doi.org/10.1002/ange.201801641

Zhang C, Yuan J, Lu J, Hou Y, Xiong W, Lu H. From neutral to zwitterionic poly(a.-amino acid) nonfouling surfaces:
Effects of helical conformation and anchoring orientation.  Biomaterials.  2018;178:728-37.
https://doi.org/10.1016/j.biomaterials.2018.01.052

Wu A, Gao Y, Zheng L. Zwitterionic amphiphiles: their aggregation behavior and applications. Green Chem.
2019;21(16):4290-312. http://doi.org/10.1039/C9GC01808E

Agrawal A, Sharma A, Awasthi KK, Awasthi A. Metal oxides nanocomposite membrane for biofouling mitigation
in wastewater treatment. Mater Today Chem. 2021;21:100532. https://doi.org/10.1016/j.mtchem.2021.100532
Mahmoudi E, Ng LY, Ang WL, Chung YT, Rohani R, Mohammad AW. Enhancing Morphology and Separation
Performance of Polyamide 6,6 Membranes By Minimal Incorporation of Silver Decorated Graphene Oxide
Nanoparticles. Sci Rep. 2019;9(1):1216. https://doi.org/10.1038/s41598-018-38060-x

Pandey RP, Rasheed PA, Gomez T, Azam RS, Mahmoud KA. A fouling-resistant mixed-matrix nanofiltration
membrane based on covalently cross-linked Ti3C2TX (MXene)/cellulose acetate. J Memb Sci. 2020;607:118139.
https://doi.org/10.1016/j.memsci.2020.118139

Xu Y, Wang X, Ding C, Luo X. Ratiometric Antifouling Electrochemical Biosensors Based on Multifunctional
Peptides and MXene Loaded with Au Nanoparticles and Methylene Blue. ACS Appl Mater Interfaces. 2021 May
5;13(17):20388-96. https://doi.org/10.1021/acsami.1c04933

Selim MS, Elmarakbi A, Azzam AM, Shenashen MA, EL-Saeed AM, El-Safty SA. Eco-friendly design of
superhydrophobic nano-magnetite/silicone composites for marine foul-release paints. Prog Org Coatings.
2018;116:21-34. https://doi.org/10.1016/j.porgcoat.2017.12.008

Gholami F, Zinatizadeh AA, Zinadini S, Rittmann BE, Torres Cl. Enhanced antifouling and flux performances of a
composite membrane via incorporating TiO2 functionalized with hydrophilic groups of L-cysteine for nanofiltration.
Polym Adv Technol. 2022 May 1;33(5):1544-60. https://doi.org/10.1002/pat.5620

Wang Z, Zou Y, Li Y, Cheng Y. Metal-Containing Polydopamine Nanomaterials: Catalysis, Energy, and
Theranostics. Small. 2020 May 1;16(18):1907042. https://doi.org/10.1002/smll.201907042

Liang Q, Jiang B, Yang N, Zhang L, Sun Y, Zhang L. Superhydrophilic Modification of Polyvinylidene Fluoride



84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

B

& b 2

L Ly

& ==

Membrane via a Highly Compatible Covalent Organic Framework—COOH/Dopamine-Integrated Hierarchical
Assembly Strategy for Oil-Water Separation. ACS Appl Mater Interfaces. 2022 Oct 12;14(40):45880-92.
https://doi.org/10.1021/acsami.2¢c13402

Sharmin S, Rahaman MM, Sarkar C, Atolani O, Islam MT, Adeyemi OS. Nanoparticles as antimicrobial and antiviral
agents: A literature-based perspective study. Heliyon 2021;7(3):e06456.
https://doi.org/10.1016/j.heliyon.2021.e06456

Kyung JW, Cheong KH, Woo KK, Sook S, Hyun KS, Ho PY. Antibacterial Activity and Mechanism of Action of the
Silver lon in Staphylococcus aureus and Escherichia coli. Appl Environ Microbiol. 2008 Apr 1;74(7):2171-8.
https://doi.org/10.1128/AEM.02001-07

Leung YH, Ng AMC, Xu X, Shen Z, Gethings LA, Wong MT, et al. Mechanisms of Antibacterial Activity of MgO:
Non-ROS Mediated Toxicity of MgO Nanoparticles Towards Escherichia coli. Small. 2014 Mar 1;10(6):1171-83.
https://doi.org/10.1002/smll.201302434

Munafo P, Goffredo GB, Quagliarini E. TiO2-based nanocoatings for preserving architectural stone surfaces: An
overview. Constr Build Mater. 2015;84:201-18. https://doi.org/10.1016/j.conbuildmat.2015.02.083

Perreault F, De Faria AF, Elimelech M. Environmental applications of graphene-based nanomaterials. Chem Soc
Rev. 2015;44(16):5861-96. https://doi.org/10.1039/C5CS00021A

Lu X, Feng X, Zhang X, Chukwu MN, Osuji CO, Elimelech M. Fabrication of a Desalination Membrane with
Enhanced Microbial Resistance through Vertical Alignment of Graphene Oxide. Environ Sci Technol Lett. 2018 Oct
9;5(10):614-20. https://doi.org/10.1021/acs.estlett.8b00364

Farré M, Gajda-Schrantz K, Kantiani L, Barcelé D. Ecotoxicity and analysis of nanomaterials in the aquatic
environment. Anal Bioanal Chem. 2009;393(1):81-95. https://doi.org/10.1007/s00216-008-2458-1

Dou H, Wang J, Zhao Y, Liu J, Li Y. Preparation of Ag-Decorated TiO(2) Composite Materials and Study on
Photocatalytic Performance. Nanomater (Basel, Switzerland). 2025 Sep;15(18).
https://doi.org/10.3390/nan015181383

Zhang X, Zhang S, Mathivanan K, Zhang R, Zhang J, Jiang Q, et al. Research progress and prospects in antifouling
performance of photocatalytic sterilization: A review. J Mater Sci Technol. 2025;208:189-201.
https://doi.org/10.1016/j.jmst.2024.04.052

Jia B, Xu T, Zhang Q, Geng X, Xu J, Li Y, et al. Synergistic photobiocatalytic antifouling strategy based on a
Bi5071/Ce02 heterojunction for sustainable marine coating. Chem Eng J. 2026;535:175410.
https://doi.org/10.1016/j.cej.2026.175410

da Silva BL, Caetano BL, Chiari-Andréo BG, Pietro RCLR, Chiavacci LA. Increased antibacterial activity of ZnO
nanoparticles: Influence of size and surface modification. Colloids Surfaces B Biointerfaces. 2019;177:440-7.
https://doi.org/10.1016/j.colsurfb.2019.02.013

Jonidi Jafari A, Moslemzadeh M. The effect of TiO2 nanoparticles on bacterial growth: the effect of particle size and
their structure — a systematic review. Int J Environ Health Res. 2024 Feb 1;34(2):697-707.
https://doi.org/10.1080/09603123.2022.2163990

Maréchal JP, Hellio C. Challenges for the Development of New Non-Toxic Antifouling Solutions. Vol. 10,
International Journal of Molecular Sciences. 2009. p. 4623-37. https://doi.org/10.3390/ijms10114623

Knowles BR, Yang D, Wagner P, Maclaughlin S, Higgins MJ, Molino PJ. Zwitterion Functionalized Silica
Nanoparticle Coatings: The Effect of Particle Size on Protein, Bacteria, and Fungal Spore Adhesion. Langmuir. 2019
Feb;35(5):1335-45. https://doi.org/10.1021/acs.langmuir.8b01550

Vourna P, Falara PP, Papadopoulos ND. In Situ and Laboratory Investigation of the Anti-Corrosion and Anti-Fouling
Efficacy of an Innovative Biocide-Free Coating for Naval Steels. Vol. 15, Metals. 2025. p. 1000.
https://doi.org/10.3390/met15091000

He X, Deng H, Hwang H min. The current application of nanotechnology in food and agriculture. J Food Drug Anal.
2019;27(1):1-21. https://doi.org/10.1016/j.jfda.2018.12.002

Athukoralalage SSA, Amiralian N. Dual-functional surface coatings integrating antimicrobial and antibiofouling

mechanisms: from material design to application landscapes. Mater Horizons. 2025;12(23):9966-93.



101

102.

103.

B

RIS

http://doi.org/10.1039/D5MH01132A
Ale A, Andrade VS, Gutierrez MF, Ayech A, Monserrat JM, Desimone MF, et al. Metal-based nanomaterials in

NIFLLP

aquatic environments: What do we know so far about their ecotoxicity? Aquat Toxicol. 2024;275:107069.
https://doi.org/10.1016/j.aquatox.2024.107069

Kalajahi ST, Misra A, Koerdt A. Nanotechnology to mitigate microbiologically influenced corrosion (MIC). Front
Nanotechnol. 2024;VVolume 6-2024. https://doi.org/10.3389/fnan0.2024.1340352

LiJ, Wang P, Zhang D, Liao X. Unraveling the anti-biofouling mechanisms of slippery liquid-infused porous surface
from molecular interaction perspective. J Colloid Interface Sci. 2025;686:785-94.
https://doi.org/10.1016/j.jcis.2025.02.001


https://doi.org/10.1016/j.aquatox.2024.107069

