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Every year, more than 4 million people are at risk of dying due to acquiring a microbial infection. As per the COVID-19

pandemic, such infections alone increase the cost and burden to the healthcare system. Therefore, mitigating the risk of

microbial infection in the built environment is one of the essential considerations in preparedness for future pandemic

situations. This is especially important for a dense population within urban cities and for indoor environments with higher

concentrations of indoor contaminants due to poorer ventilation. The widely diverse types of built environments in public

areas with their varying purpose, design, and surfaces also mean that there is no “one-size-fits-all” solution for every

space. In order to improve the adoption and consideration of antimicrobial surfaces, the built environment industry and

stakeholders could benefit from more in-depth and long-term evaluation of these antimicrobial technologies, which

demonstrate their real-time impact on various built environment spaces.
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1. Introduction

There are two fundamental mechanisms in antimicrobial technologies. Key mechanisms look at contact killing of microbial

mechanisms by incorporating materials with biocide actives released to kill microbes. Common biocides are silver ,

copper , and quaternary ammonium compounds . Another mechanism focuses on repelling microbes inherently

with antimicrobial polymer , thus preventing microbial attachment . On top of functionality and aesthetic purposes,

in a built environment, materials are also considered for their ability to induce physical and psychological responses in the

occupants .

2. Ceramics

Ceramics include a wide range of materials that are inorganic and nonmetallic and are known for their hardness, density,

and durability . Ceramic materials include clay, bricks, and glass. For example, glazed porcelain is frequently used for

sanitary wares, such as basins and toilet bowls found in bathrooms . The base material of porcelain is strong, and

glazing provides waterproof properties and facilitates easy cleaning . Since bathrooms are where users discharge their

fecal and urine waste, it is not surprising that the space would be a breeding ground for pathogens . Studies have

found that this worsens with poorly ventilated restrooms  and the emission of the airborne pathogen during flushing .

Hence, bathrooms are one of the most frequently sanitized public spaces. Additionally, sanitary ware already has several

commercialized products incorporating antimicrobial technologies , and many of these were mentioned in a recent

review, “The challenge of antimicrobial glazed ceramic surfaces” .

Another application of ceramics would be for wall and flooring tiles, chosen for their lasting properties and aesthetics .

In one particular work by Golshan et al., the research explored the possibility of modifying industrial floor tiles to achieve

antibacterial activity . The sol–gel method was used to prepare both titanium dioxide (TiO ) solution and silver-titanium

dioxide (Ag-TiO ) solution for dip-coating of the tiles. The solution prepared with 0.1% TiO  and 0.2% silver nitrate

(AgNO ) has the best effect, reducing S. aureus by 99% and E. coli by 95%. Another work evaluating tiles designed

copper hydrophobic glazed ceramic tile. These copper glazed ceramic tiles were able to increase antibacterial properties

against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) . The tiles undergo real-life assessment in a

public toilet, and consistent antibacterial efficiency of 99.9% was found even after two years when evaluated with the JIS

Z 2081/ISO 22196 standard.

Glass

Glass is a type of ceramic that is commonly used in window panels, touch screens, doors, display shelves, and tabletops

within the built environment. In many of these applications, transparency and aesthetic appeal are the main reasons for

utilizing this material . Additionally, the cleanliness of glass should be frequently maintained to ensure it retains its
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transparency; hence, any antimicrobial technology applied should be resistant to frequent cleaning. With the abundance

of touch screens in this era, numerous works have demonstrated antimicrobial coatings specifically for their application on

glass surfaces. In order to minimize COVID-19 transmission, touch screens were also listed as one of the most highly-

touched surfaces that require frequent sanitation .

Many studies on glass surfaces evaluate the use of oxides and/or metals such as silver  for their

antimicrobial effect. The use of nano titanium oxide coating doped with silver (Ag-TiO ) was described in the work by Khan

and Mailk . The Ag-TiO  nanocoating was spin coated on glass substrates with different concentrations and underwent

surface and optical analysis. Although the Ag-TiO  nanocoating was not evaluated for its antimicrobial properties, the work

predicted that the smaller crystallite size, lower band gap energy, higher surface area, and more excellent light absorption

would result in superior self-disinfecting properties. Another paper on metal oxide compares titanium dioxide incorporated

with silver (Ag-TiO ), graphene (G-TiO ), and iron (Fe-TiO ). These three materials, when tested against E. coli, found that

10% Ag-TiO  had the best ability to reduce bacteria growth with 5 mm of inhibition around the material. Additionally, G-

TiO , at 10%, had the best self-cleaning properties when assessed for its photocatalytic ability to degrade methylene blue.

The initial concentration of 4.99 mg/mL methylene blue was reduced to 0.55 mg/mL after 180 min .

Due to the COVID-19 pandemic, there were also works assessing antiviral properties. Delumeau et al. evaluated six

different antiviral coatings (of about 50 nm thick): copper (Cu), copper oxide (Cu O), silver (Ag), zinc oxide (ZnO), zinc tin

oxide (ZTO), and titanium oxide (TiO ) on glass and polypropylene fabric surfaces against the virus . The work found

that Cu-containing coatings demonstrated the most robust virucidal properties but proposed that this could vary based on

test conditions. It was hypothesized that the key mechanism of Cu ion release kills the COVID-19 virus. However,

durability, coating strength, and detailed mechanism will need to be further investigated.

The use of micro-size silver oxide (Ag O) as antimicrobial coating prepared with a modified Stöber sol−gel process was

reported by Hosseini et al. . The work compares the effectiveness of a single layer (1.2 mm) and a double layer (2.4

mm) of Ag O against the COVID-19 virus, Pseudomonas aeruginosa (P. aeruginosa), and S. aureus bacteria. Both single-

and double-layered Ag O could inactivate at least 95% of the COVID-19 virus and kill at least 99% of all the bacteria

tested.

Quaternized polydopamine coatings with magnetite nanoparticles attaching silver salts could offer an alternative strategy

for good dispersion of silver ion . Mude et al. synthesized such coatings and evaluated them on both bacteria and

fungi. Significant antibacterial properties (on S. aureus and E. coli) were witnessed after 20 min–40 min, and antifungal

properties toward Aspergillus nigger (A. nigger) after 24 h. The antibacterial effect remains even after wiping artificial

sweat over the glass slips up to 20 times.

Photodynamic inactivation (PDI) of microbes in the presence of reactive oxygen species  and polycationic polymer for

cell wall disruption  were also considered to be antimicrobial technology for glass surfaces. Instead of using the

commonly studied titanium dioxide, Baigorria et al. shared the potential of PDI of bacteria using electroactive metalated

phthalocyanines added with potassium iodide (KI) to enhance PDI effect . In another work, Pigareva et al. described

the use of polycation polymer coating, polydiallyldimethylammonium chloride (PDADMAC), and water-soluble complex,

sodium polystyrene sulfonate (PSS), to form an interpolyelectrolyte complex (IPEC) . Glass or poly vinyl chloride (PVC)

substrate that had been prepared was dip coated in the IPEC and PDADMAC. IPEC was found to have slightly better

performance during wash-off evaluation, retaining 50% of IPEC after the first cycle of washing.

In comparison, 75% of PDADMAC polymer was washed off after the first cycle. Though the work demonstrated that IPEC

could improve in washing resistance as a proof-of-concept data, evaluating its antimicrobial behavior toward specific

microbe species would provide a better understanding of the benefit of such a polymer coating. The durability of IPEC

would also require further improvement to be suitable for actual application. Commercially available materials have also

been assessed in three separate works, this includeshyperbranched Kaustamin , Azure A and 5-(4-

aminophenyl)-10,15,20-(triphenyl)porhyrin (APTPP) , and TiO  nanocoated glass .

3. Textile

Textiles are cloth or woven fabric that can be found as curtains, carpets, tablecloths, cushions/sofa/seat covers, and

blankets/bedsheet in hospitals . Textiles frequently affect the comfort of people , and hence, the material requires a

vastly different set of properties compared to other materials such as glass, discussed Section 2. Common properties

considered are flexibility, durability, weight, tactility, water absorption, and mechanical properties of the textile . In

many of their applications, textiles should provide insulation (e.g., carpet), visual privacy (e.g., curtains), and comfort (e.g.,
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bedding) as well . Certain textiles would benefit from their ability to block out ultraviolet light, and bedsheets, which are

frequently changed, should also have antimicrobial technology applied that is highly resistant to continuous spinning in

washing machine and heat resistant to the steaming/ironing process. Common textile materials usually found in the built

environment include cotton, polyester, nylon, or a blend of these materials . 

Again, the incorporation of metal/metal compound nanoparticles is one of the main strategies studied for antimicrobial

textiles or yarn . In one such work, Tania and Ali presented a straightforward mechanical thermo-

fixing method to prepare zinc oxide (ZnO)-coated textiles. Cotton was dipped into a ZnO nanoparticle solution, roller

squeezed, and then dried at 90 °C before curing at 150 °C for 5 min. Three samples were prepared—ZnO only; ZnO and

binder (OB-45, thermally cross-linkable acrylate dispersion); and ZnO, binder, and wax emulsion (Jinlub Eco NP-825N, a

polyethylene wax emulsion). All the samples had antimicrobial ability against E. Coli and S. aureus; the sample with

binder had the highest bacteria reduction, with 86.14% for E. Coli and 90.43% for S. aureus in the 1st hour of contact

killing. The inclusion of binder was found to stabilize the coating during washing and has minimal impact on antimicrobial

activity after 10 laundering cycles. Samples with wax emulsion created a flexible coating, improving mechanical properties

such as tensile strength, bending length (a measure of stiffness), elongation, and tearing strength. Rezic et al. shared an

investigation of dip-coating nanosilver that is encapsulated in alginate . While the encapsulated silver is a different

approach and can offer prolonged release of nanosilver, an extensive study on its durability and actual antimicrobial

performance is required to understand its viability. Consideration of how to trigger the release of nanosilver in textile

applications will also be crucial for real-life applications.

Several other metal/metal compound nanoparticle studies leverage dual materials/mechanisms to achieve a combinatorial

effect by combining graphene and cuprose oxide , cuprose oxide and titanium dioxide , and silver and titanium oxide

 to enhance antimicrobial properties. The usage of quaternary ammonium compounds was also considered for textile-

type materials. However, it is a challenge to prepare durable coating on such materials. Phutthatham et al. applied

quaternary ammonium for antimicrobial effects and benzophenone group to bond quaternary ammonium on the textile

surface. The study used poly(2-methacryloyloxy dodecyl dimethyl ammonium chloride-4-allyloxy-2-

hydroxybenzophenone)-iodide ((P(QAC -BP)-I)) to prepare poly(styrene-butyl methacrylate) (P(S-BA)) particles via

emulsion iodine transfer polymerization . The work demonstrated the effectiveness of the particles against E. Coli and S.
aureus and these spray dried and UV curedparticles, help to reduce loss of particles while washing the textile.

Another example of quaternary ammonium on fabric was developed by Wang et al., who prepared a copolymer,

poly(DMD-co-MA) of [2-(methacryloyloxy) ethyl] trimethylammonium chloride (DMC) and methyl acrylate (MA) . Cotton

fabric was first treated with carboxymethyl chitosan (CMC), allowing an amidation reaction between amino groups and

pendant ester from poly (DMD-co-MA). They thoroughly studied the antibacterial effect (for E. coli and S. aureus), and its

tactile properties remained similar to uncoated cotton. The antibacterial effect of the coated cotton fabric remains above

98% even after 50 laundering cycles. While the work targets wearable textiles by evaluating their tactile properties, such

cotton can also be considered in built environment applications such as bedsheets or cushion covers in hospitals. A few

other studies look at differing technologies for antimicrobial textiles  for hospital garments and personal

protection equipment (PPE).

Cationic antimicrobial polymers have also been explored for application on textiles; polyionenes were functionalized with

silane to aid bonding to cotton fabric . The silane-functionalized polyionenes were effective when tested against E. coli,
S. aureus, and Candida albicans (C. albicans). In conjunction with the COVID-19 pandemic, Qiu et al. also applied the

material to model the virus with p22 bacteriophage, and killing was evidenced by 7 log PFU (plaque-forming units). The

materials were evaluated for skin irritation on mice with no erythema or edema observed. The cytotoxicity test found high

L929 cells after 48 h, and antimicrobial activity was retained even with the laundering of up to 50 cycles.

A handful of works focus on evaluating antimicrobial properties, but not all studies suggested to work on textiles were

evaluated for their suitability . For example, in an interesting work that considers magneto-optical properties of ZnO

nanoparticles doped with the rare-earth elements Ho  and Sm , the work mentioned their potential suitability for walls

and fabrics utilizing antimicrobial activity of doped ZnO. However, the suitability was not evaluated in the paper. While the

doped ZnO has better antimicrobial performance against ZnO when tested with Staphylococcus epidermidis (S.
epidermidis), Bacillus subtillis (B. subtillis), C. albicans, and A. niger, the additional magnetic properties are not typical

properties required for the built environment .

Lastly, the work by Mirzaei et al.  approached antimicrobial technologies on textiles from a refreshing perspective.

Instead of developing a new way to prepare the antimicrobial coating, the group designed a regression model that can

predict the antimicrobial ability of nanomaterials after several cycles of laundering, as many studies incorporate
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nanoparticles to achieve antimicrobial properties. To date, the model has an accuracy rate of 70%. In the future,

researchers working on the incorporation of nanoparticles into textile materials for antimicrobial properties can consider

using this machine learning model for prediction. This is especially helpful for long laundering cycles that can be incredibly

time consuming.

4. Fibrous Material (Filter)

Filter is one application that is especially important for indoor conditioned spaces. While high-efficiency particulate air

(HEPA) filters are commonly used in air purifiers and are known to be efficient in removing airborne pathogens,

significantly more energy is needed to have air pass through these filters as compared to typical heating, ventilation, and

air-conditioning (HVAC) filters . The majority of HVAC filters in air-conditioning are made of either fiberglass , cotton,

or polymeric materials such as polypropylene . Despite the strong emphasis and importance of ventilation  in

infection spreading, relatively fewer research articles evaluating antimicrobials for air filters were found as compared to

those for textile and glass material. Research has also shown that certain microbes can colonize filter surfaces, especially

bacteria and fungal species . Key factors when applying antimicrobial technology to filter are to ensure that the use of

technology should minimize the need to increase energy output and coating should not leech out with pressure from the

fan within HVAC .

Out of four articles found, two of them discuss the application of their antimicrobial work for personal-use masks ,

while the others discuss air filters for use in air-conditioning or air purifiers . In one such work, which targets both

medical and industrial filters made of nonwoven polypropylene (PP), graphene oxide (GO) and polydopamine (PD) were

evaluated for their performance to achieve antimicrobial filters. PD as an adhesive and GO have high hydrophilicity and

surface charge, which are qualities known to inhibit bacterial adhesion. The work offers a very scalable solution with spray

drying; the coated filter also has improved efficiency and little change in pressure drop. PP-GO-PD was evaluated for its

antimicrobial property with E. coli, and the bacterial cell viability was 72.5%. Kasbe et al.  then added cationic poly[(2-

(methacryloyloxy) ethyl) trimethylammonium chloride] (PMETAC) polymer grafting on GO to further reduce E. coli cell

viability to 42.2%.

In another work by Park et al. , silver nanowire was electrosprayed on electrospun polyacrylonitrile (PAN) fibers. Again,

filtration efficiency was improved without affecting the pressure drop. The material was then tested for its antimicrobial

efficiency and was found to be 95.2% efficient toward Bacillus cereus (B. cereus), 93.7% efficient toward Micrococcus
luteus (M. luteus), and 98% efficient toward S. aureus. The silver nanowire-coated fibers were also evaluated on

bacteriophage MS2 as a model virus and were 72.5% efficient.

A quick scan in Google Scholar picked up another recent work by Watson et al.  that did not appear in the Scopus

search. Watson et al. demonstrated the use of chlorhexidine digluconate (CHDG), a broad-spectrum biocide, on an air

filter. It was then tested to be efficient in killing fungi C. albicans, bacteria E. coli, and Methicillin-resistant S. aureus
(MRSA). It was also effective in destroying the COVID-19 virus within 30 s. The group took the extra step to evaluate the

durability of this air filter and measure the leaching of CHDG with continuous air flow. No CHDG was detected after 24 h.

More interestingly, the air filter was evaluated on a field test in an actual train transport in the UK for 3 months. The

CHDG-containing air filter found no detectable microbes, whereas the standard air filter had 2 × 10  CFU of microbes.

5. Polymer

Plastics or polymers needs no introduction, and they are everywhere around people. In some cases, polymers can be a

more affordable option, and yet, they have probably the widest range of form and properties, from insulation to strong

chairs made of polymer composite . Their applications are almost limitless, and there is no fixed set of properties, as

the applications vary. Hence, the works performed on polymer cover a wide range of applications.

Fischer et al. presented work on the incorporation of titanium dioxide (TiO ) or zinc oxide (ZnO) into silicone rubber matrix

. Compared to using coating mechanism as in most studies, blending these fillers into the matrix would ensure that the

antimicrobial effect will not be lost from surface damage. One reported concern in mixing such particles into the matrix

would be the reduction of tensile strength when the particles are poorly distributed. The composite materials were found to

have an antibacterial effect against E. coli, S. aureus, and Pseudomonas fluorescens (P. fluorescens), with varying

degrees depending on the additive amount and type. The inherent mechanical strength of silicone rubber enhanced with

antimicrobial additives is especially useful in high-touch areas such as door handles and keypads. Another study of

composites looked at the preparation of polylactic acid (PLA) filled with nanosized particles of polyoxometalates (POM); a

double sodium–copper(II) paratungstate was processed by solvent casting and melt extrusion method . The
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antimicrobial test here uses the agar diffusion test to evaluate the inhibition zone as a result of the antimicrobial PLA

composite. PLA with POM Na Cu (CuOH) [W O (OH) ]_32H O had the largest inhibition zone of 16 mm against E.
coli. As PLA is a common material used for the three-dimensional (3D) printing processes, one other advantage of such

PLA composite is its potential to be prepared into filament for 3D printing, which is becoming increasingly popular for the

customization of parts. Additionally, UV-curable polymers have also been explored. Bedard et al. developed a

phosphonium-containing benzophenone that can either be used as a coating or can be coextruded with polypropylene .

Antimicrobial coatings using silver (Ag) nanoparticles were again studied for application in a biopolymer blend . The

work leverages Arboblend, which contains various biopolymers, lignin, and other naturally derived organics such as

cellulose and oils. Ag nanoparticles were coated on the pellet and compared against noncoated pellet as injection molded

parts. The work used sustainable and renewable biopolymers, which is often a neglected factor in several of the studies

reviewed thus far. However, using an alternative of Ag nanoparticles as an antimicrobial can further improve sustainability

of this material. Another work that considers sustainability when designing the material uses renewable source from

nature rubber to synthesize cationic hydrophilic polyurethane.

Finally, a work by Francone et al. utilized a different approach that looks at preventing microbial attachment by

engineering the surface of polypropylene film . Nanoimprint lithography was used to create texture, with hierarchical

samples showing good inhibition toward E. coli and S. aureus. The surfaces were also exposed to a wet scrub test with

chemical agents for 810 cycles, were found to show resistance to cleaning protocol, and are potentially suitable to replace

frequently cleaned surfaces in hospitals.

6. Metal

Metallic materials are sturdy and strong materials that are frequently found in public spaces and public transport.

Handrails, lift buttons, doorknobs, and handles are some of the typical applications of metal surface/finishing found in a

built environment . Many of these applications are also known as high-touch surfaces (which will be discussed in

detail in the following Section 4). Therefore, they are one of the areas that would benefit from antimicrobial technology.

Common metallic materials that can be found on surfaces of the built environment are brass, stainless steel, and

aluminum .

One study introduced the use of core-shell-incorporated coating for multifunction purposes ; silica was used as the core

material to improve mechanical properties and TiO  shell was used to achieve antimicrobial properties. Verma et al.

fabricated such core-shell particles and included them in polyurethane coating. The coating was then evaluated on

stainless steel coupons and tested on blue green algae, Fusarium solani (F. solani), Bacillus, and E. coli. A total of 1% of

core-shell particles were already sufficient to kill 100% of fungi growth; 4% was required for both bacteria and algae. The

coating with 4% of these particles was also put through an antiscratch test and could withstand up to 20 N load.

Unlike the methods used to bond silver nanoparticles to textile and glass, it is possible to bind silver to metal surfaces with

electrodeposition for a more durable layer by making use of grain boundaries of 304 stainless steel. This was validated by

Wang et al.  on the stainless steel surface and found to have increased resistance toward the bacteria species E. coli
and S. aureus. Another common metal used for its antimicrobial properties, copper, was also investigated using cold gas

spraying on a stainless steel 316 surface . Santos et al. demonstrated copper incorporation into plasma electrolytic

oxidation, which produces a high-adherence ceramic coating  on an aluminum surface.

In another work on the aluminum surface AA2024, Nie et al. developed a sandwich-like superhydrophobic coating with a

silicon dioxide-hybridized silane layer that is superhydrophobic and, on top, a Mxene (Ti C )-hybridized silane layer. This

sandwich-like coating was tested in various conditions and was found to have the best antimicrobial performance against

E. coli when tested under light condition . Several of the strategies mentioned here would provide very durable

antimicrobial surfaces. However, they would be more suitable for greenfield projects, as the recommended processes

require several pretreatment steps and coatings. It would be challenging to apply these technologies to existing

infrastructure. Mandal et al. reported the use of a more scalable process that uses filter paper to transfer graphene oxide

(GO) onto pretreated aluminum surfaces . However, minor delamination was observed in 2.0 mg/mL of GO

concentration coating after 5 min of sonication.

The use of quaternary ammonium on metal was investigated by Ikner et al., who reported spray coating of a quaternary

ammonium polymer (Surfacewise2) on stainless steel coupon . They then evaluated their work against coronavirus

229E and the COVID-19 virus. A reduction of 99.9% was observed after 2 h of exposure. The brief report, however, did
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not measure long-term effectiveness, durability, and mechanical properties, which will be insightful for built environment

applications.

As shared by a work that investigated the use of more than 20 different antimicrobial commercial products , while many

tested products did demonstrate initial antiviral behavior, several lost their efficiency after wet abrasion, hence

emphasizing again the importance of durability studies for actual application. The products tested in that particular work

contain quaternary ammonium using organosilane 3-(trimethoxysilyl)propyl-dimethyloctadecyl ammonium chloride or 3-

(trihydroxysilyl) propyl-dimethyl octadecyl ammonium chloride) applied as a coating on both copper and steel surfaces via

spray coating stick-on film on metal alloy. A more straightforward and quick way to coat metal would be to consider the

use of varnish, as reported by Eliwa et al. . Varnish made of polyurethane containing gadolinium (I)/cesium and CS (III)

metal complexes (Gd(I)/Cs(III)) was tested on stainless steel and wood. Such a varnish may be easier to apply on existing

infrastructure in a brownfield project, as it can be cured at room temperature.

7. Other Works and General Antimicrobial Applications (Nonsurface
Specific)

There are several different material surfaces in the built environment that may benefit from having an antimicrobial

coating. However, there were only a handful of studies on these surfaces, such as walls , leather , and

wood . While these are also frequently used materials in common built environment spaces, there is significantly

more work focusing on textiles and glass, as they are considered “high-touch places” in hospital ward facilities, personal

protective equipment (PPE), and touch screens.

Numerous studies suggested their suitability for the built environment but were not tested for their application on specific

surface materials. Many of them reported the use of similar or derivatives of technologies that were mentioned in earlier

sections suggesting the use of quaternary compounds  and metal-based antimicrobials that utilize zinc ,

copper , and silver  metal or metal compounds on their own or combined for synergistic effect 

. Titanium dioxide (TiO ) was also widely studied, as it can generate reactive oxygen species under UV

radiation . With the recent pandemic, a few of these works were also investigated for COVID-19 antiviral

performance .

On top of that, some works developed less prevalent antimicrobial approaches, such as enzyme lysozyme grafting ,

guanidinium-containing polyoxometalate-ionic liquids integrated into poly (methyl methacrylate) , and visible light

irradiated boron dipyrromethenes-containing copolymer . Other studies also investigated conductive polymer poly 3,4-

ethylenedioxythiophene (PEDOT) with carbon nanomaterial fullerene C60, covalently linked, which allows for

photodynamic antimicrobial activity . The PEDOT-C60 resulted in >99.9% S. aureus reduction. Another fascinating

way of destroying microbials is to use a mechanical approach. Paxton et al. demonstrated such an approach where a

diamond nanospike can rupture and kill bacteria . The use of vertically aligned, layered double hydroxide (V-LDH) also

leverages its structure to rupture bacteria . The studies by Yi et al. investigated V-LDH on various substrate types,

including glass and stainless steel. They concluded that calcination of V-LDH improves the hydrophilicity, and the sharper

V-LDH resulted in improved antimicrobial properties against E. coli, S. aureus, and C. albicans. Many of these works

present very attractive proof-of-concept data, which may require a more in-depth understanding of their scalability and

long-term application to be considered in built environment surfaces. Works which are less likely to trigger microbial

resistance, such as enzyme lysozyme grafting , diamond nanospike , and V-LDH  can be beneficial in the long

run in preventing the evolution of microbials exposed to antimicrobials .

8. Sustainability Considerations

Some studies also explored the incorporation of organic and nature-derived compounds, including castor seed oil  and

tea , in the coating preparation process. Using such nature-derived and biodegradable material can be a sustainable

option and reduce environmental impact. One of the works reviewed for polymers in Section 4 suggested coating of

Arboblend pellets (contains various biopolymers, lignin, and other naturally derived organics) with silver (Ag)

nanoparticles. Although the idea cleverly allows for the incorporation of Ag nanoparticles into injected molded parts,

improper handling during degradation in landfill could lead to Ag nanoparticles leeching into soil and intoxicating living

organisms .

In one work, curcumin, a natural ingredient derived from turmeric, was mixed with TiO  and ZnO to prepare a potentially

antimicrobial film . The usage of curcumin was also described in a work which combined it with cationic polymeric
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biocides to obtain a higher number of bacteria reduction . Another work that leverages natural ingredients combines

antimicrobial cinnamon bark oil into polydopamine, a biodegradable coating investigated by Cox et al.
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