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Abstract

At the biointerface where materials and microorganisms meet, the organic and synthetic worlds 

merge into a new science that directs the design and safe use of synthetic materials for biological 

applications. Vapor deposition techniques provide an effective way to control the material 

properties of these biointerfaces with molecular-level precision that is important for biomaterials 

to interface with bacteria. In recent years, biointerface research that focuses on bacteria−surface 

interactions has been primarily driven by the goals of killing bacteria (antimicrobial) and fouling 

prevention (antifouling). Nevertheless, vapor deposition techniques have the potential to create 

biointerfaces with features that can manipulate and dictate the behavior of bacteria rather than 

killing or deterring them. In this review, we focus on recent advances in antimicrobial and 

antifouling biointerfaces produced through vapor deposition and provide an outlook on 

opportunities to capitalize on the features of these techniques to find unexplored connections 

between surface features and microbial behavior.
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1. INTRODUCTION

The term “biointerface” refers to the area of contact between biological organisms or 

biomolecules and another material. Surfaces at which bacteria interact physically and 

chemically with synthetic materials constitute an important form of biointerface, the 

engineering of which could find applications ranging from implantable biomaterials to 

wastewater treatment.1–3 Although the properties of antifouling (i.e., repelling bacteria/

biomolecules) and antimicrobial (i.e., killing bacteria that come into contact) have been the 

primary foci of bacteriacentric biointerface engineering research, recent technological 

advances in interface engineering are poised to push the boundaries of how surfaces interact 

with bacteria toward more sophisticated, intricate modes of communication.

Numerous microbial-repellant strategies have been identified for biointerfaces, including 

chemical moieties (e.g., zwitterionic structures analogous to the head groups of membrane 

lipids),4–6 physical structures (e.g., nanostructures found on insect wings and plant leaves),7 

and bacterial signaling molecules (e.g., emergent functionalities from quorum sensing/

quenching).8 Coatings that have become predominant in recent years feature a multitude of 

mechanisms to ward off or kill bacteria.9 Among antifouling materials, detailed study and 

application of poly(ethylene glycol) (PEG) have been complemented by a focus on 

zwitterionic coatings, superhydrophobic materials, and surface topology. Moreover, contact-

active materials, whose antimicrobial activity stems from quaternary ammonium compounds 

(QACs) and antimicrobial peptides (AMPs), have been realized by anchoring these 

molecules to polymer brushes that are coated on a substrate.

A few of the antifouling/antimicrobial strategies have been commercialized as surface 

modifications for implants and other medical solutions to mitigate infections and associated 

medical complications.10–13 Continued development of microbial centric biointerfaces has 

expanded applications beyond biomedical devices into environmental science (e.g., ship hull 

fouling resistance),14,15 consumer products (e.g., antibacterial textiles for medical care or 

athletic clothing),16 and the food industry (e.g., eradication of bacteria during the 

preparation of edible products)17 yet maintained its focus on antimicrobial and antifouling 

outcomes.

Conventional solution-based coating techniques to create biointerfaces include spin coating, 

dip coating, spray coating, and layer-by-layer deposition (see refs 18 and 19 for a review of 

solution-based techniques).18,19 Structural characteristics (e.g., thickness and roughness) of 

the resultant coatings are typically linked to the solvent rheology and the drying process 

inherent to each solution-based procedure.20–22 This makes it challenging to independently 

and simultaneously define the chemistry and structure of the resulting film, which is likely 

required for the molecular-level engineering of next-generation biointerfaces.

Vapor-based surface modification techniques, such as chemical vapor deposition (CVD) and 

physical vapor deposition (PVD), provide an effective way to decouple and thus exert 

simultaneous control over multiple surface properties.23,24 CVD primarily comprises 

technologies in which the reaction of vapor-phase (or aerosolized) reagents deposits a 

product layer onto a substrate surface. The operating pressure of CVD processes can vary 
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from atmospheric pressure to medium vacuum to high or ultrahigh vacuum. Often, the most 

intricate chemistry is performed under medium to high vacuum conditions [e.g., initiated 

CVD (iCVD),25–28 plasma-enhanced CVD (PECVD),29–31 parylene CVD,32 oxidative CVD 

(oCVD),33–35 and atomic layer deposition (ALD)36,37], in which vapor phase transport in 

the Knudsen diffusion regime ensures conformal coverage of the vapor-deposited coating on 

micro- and nanostructures. PVD comprises technologies that produce thin films similar to 

CVD, but without reliance on a chemically reactive species. Instead, PVD utilizes energetic 

means to transfer atoms, or clusters of atoms, from a liquid or solid sample through a 

vacuum in the vapor phase onto a substrate (see Figure 1 for details about the CVD and PVD 

techniques named in this review).38

Table 1 outlines the mechanistic differences among the vapor deposition techniques 

discussed in this review. The descriptions highlight the key components of each technique 

and the common experimental setups to execute those components. However, the design and 

utilization of each vapor deposition reactor is highly flexible and often customized. For 

example, substrate surfaces in PECVD may or may not be heated depending on the targeted 

surface properties of a biointerface. The CVD techniques share many common 

characteristics, but there are also important distinctions in their mechanistic features. In the 

cases of iCVD, PECVD, parylene CVD, and flame-assisted CVD (FACVD), the reactive 

precursor is commonly delivered as a volatile vapor (and heated as needed), while aerosol-

assisted CVD (AACVD) relies on the dissolution of precursors in a solvent that is 

aerosolized using an aerosol generator.39 Most CVD techniques require an energy source to 

kick-start the reaction that leads to deposition—the heated filament array in iCVD, plasma in 

PECVD, the pyrolysis furnace for parylene CVD, and the flame in FACVD—while others 

rely on spontaneous chemical reactions between two components, such as the chemisorption 

to the preceding layer in ALD and oxidation in oCVD. A complete account of these 

differences can be found in Table 1.

Vapor deposition methods can produce biointerfaces made of inorganic and/or organic 

materials. Inorganic coatings (e.g., metals and metal oxides) could be deposited through 

CVD or PVD, both of which could overcome the challenges associated with vaporizing 

inorganic raw materials. PVD often directly vaporizes the target coating material, while 

CVD often utilizes a metal-containing compound as a precursor and chemical reactions to 

convert the precursor into an inorganic coating. CVD techniques that utilize high-energy 

species (e.g., plasma), such as PECVD, and AACVD have been used to produce both 

inorganic and organic materials. Nevertheless, the CVD methods with benign reaction 

conditions, such as iCVD, oCVD, and parylene CVD, are designed to produce organic 

materials such as polymers and graphene with complete retention of chemical 

functionalities.

Compared to solution-based biointerface engineering techniques, vapor deposition processes 

benefit from a solvent-free and substrate-independent nature. When considering vapor-

deposited polymer coatings as an example, the absence of solvents affords several distinct 

advantages: (1) some vapor techniques, such as iCVD, are compatible with delicate 

substrates such as paper or fabrics, allowing control of device mechanical properties (e.g., to 

match the elastic modulus of human tissue) independent of the device surface chemistry;40 
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(2) the requirement of an often-incomplete solvent removal step is eliminated, enhancing the 

purity of the final film and thus the biocompatibility; (3) any restrictions on polymer 

solubility, as often required by solution coating techniques, are eliminated.41 Insoluble, 

cross-linked polymers can thus be synthesized and made into a coating in a single step, 

improving durability of the modified surface using vapor deposition techniques. The 

removal of solvent from the synthetic process is also crucial for generating amphiphilic 

biointerfaces, composed of elements with contrasting wettability that lack a common 

solvent. (Amphiphilic materials with precisely controlled wettability are of interest for 

antifouling applications because of their distinct fouling repellent mechanism.)42,43

In comparison to solution-based coating techniques, there are also aspects of vapor 

deposition that may be viewed as less desirable. Some techniques are limited to precursors 

with high volatility.44 Others may require high-temperature conditions or the presence of 

high-energy species (like plasma),45,46 which could be costly and/or damaging to the 

delicate substrates (i.e., ones with limited thermal or chemical resistance) used to fabricate 

biomaterials.47 A few techniques are limited to depositing coatings in a line-of-sight manner, 

which obscures the underlying structures that may be important for biointerfaces.

Recent technological advances have addressed some of these limitations. Room-temperature 

and conformal deposition that does not require high-energy plasma has been achieved using 

techniques such as iCVD.48 Moreover, many of the aforementioned issues could be averted 

simply by resorting to the flexibility in the choice of vapor deposition parameters and 

instrument configurations. One such example is the use of carrier gas and bubblers to deliver 

monomers with low volatility,49 thus expanding the library of vapor-deposited chemistries. 

Altogether the broad range of vapor deposition techniques enables the creation of 

biointerfaces that consist of a large variety of materials: inorganic and organic matters, 

homopolymers and copolymers, nanoparticles and thin films, and much more that are 

reviewed below in the context of bacteria-centric applications.

The biocompatibility, access to insoluble molecules, and independent control of structure 

and chemistry that is characteristic of vapor deposition methods bolster their potential for 

creating surfaces that can interface with living systems.50 Bacteria outside of a laboratory 

setting are most commonly found in the form of surface-attached communities called 

biofilms.51,52 These matrix-bound structures afford advantages to the survival of microbes 

and can be found in nearly every environment on Earth.53 Microbial sensory apparatuses 

(pili and fimbriae), which play a major role in the characteristics of biofilms,54 operate at the 

micrometer to nanometer scale, requiring biointerfaces with heterogeneities of similar length 

scale in order to establish effective interference/ communication.55,56

When targeted toward bacteria, vapor-deposition techniques offer unique nanoscale control 

of patterned/gradient designs and topographical features, mechanical properties, and surface 

energy that can be leveraged to interface with the sensory apparatuses of bacteria.57,58 

Vapor-deposited inorganic biointerfaces are most commonly utilized for antimicrobial 

applications, because inorganic materials can damage bacterial membranes or generate toxic 

reactive species (see Section 2.1 for details). Vapor deposition of organic biointerfaces 

further enables the tuning of a wide range of surface features, including surface energy, 
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topography, stimuli-responsiveness, and incorporation of bioactive molecules (such as 

enzymes and peptides). These surface characteristics are most commonly tuned for 

antifouling applications, where the vapor-deposited biointerfaces can be hydrophilic or 

hydrophobic (see Section3.1), or stimuli-responsive, i.e. changing shape/size in response to 

changes in pH or temperature (see Section 3.3), to ward off the attachment of microbes or to 

remove surface-attached colonies. In recent years, topography and incorporation of bioactive 

molecules have also been leveraged in antimicrobial applications (see Section 2.2). The wide 

range of chemistries available for vapor-deposited biointerfaces further enhances the 

potential to establish novel modes of surface-bacteria communication, such as controlled 

interactions at the biointerface that turn multicellular biofilms into therapeutic tools.59

This review will focus on vapor-deposited biointerfaces for antimicrobial and antifouling 

applications, as well as surface-bacteria communication beyond those two common 

objectives with a predominant focus on research in the past five years (Figure 2). We will 

first profile recent advances in antimicrobial biointerfaces, where chemical species that kill 

bacteria have been deposited. Subsequently, we will address recent advances in antifouling 

biointerfaces designed to repel the accumulation of biological materials. That discussion 

leads to an overview of emerging efforts in multifunctional materials, which combine both 

antimicrobial and antifouling properties in a single design. Finally, we will conclude with an 

outlook on the potential to capitalize on the conversation between biointerfaces and bacteria 

to dictate the bacterial phenotype or biofilm characteristics. We will discuss existing efforts 

to understand how materials communicate with bacteria at a biointerface beyond “kill or 

repel” and potential future directions for the evolving “dialogue” between biointerfaces and 

bacteria.

2. ANTIMICROBIAL BIOINTERFACES

Vapor-deposited antimicrobial surfaces can be roughly organized into two categories based 

on composition: those that contain inorganic antimicrobial agents and those that leverage 

organic species. Inorganic biointerfaces are known to have broad-spectrum antimicrobial 

activities.60 Although a number of competing mechanisms have been proposed to explain 

the antimicrobial activity of inorganic materials, it is generally agreed upon that metals/

metallic nanoparticles or the dissolution of metal ions disinfect by breaking down bacteria 

membranes, proteins, or DNA.61 Organic biointerfaces herein include polymer-based and 

graphene-containing coatings that utilize antimicrobial mechanisms such as inhibitory 

topography (for graphene), antibiotic encapsulation/binding, and the presence of bactericidal 

functional groups.62 Carbon nanotubes (CNTs) have also been used as antimicrobial agents.
63,64 Despite their ability to produce CNTs,65 CVD techniques have not often been 

employed to produce CNTs for antimicrobial applications.66

The existing literature on vapor-deposited antimicrobial coatings suffers from large 

variabilities in the approaches adopted by different studies and research groups, including 

the microbes used, the assays employed to assess antimicrobial activities, and the assessment 

durations. That variability makes a direct comparison of antimicrobial efficacies among 

various biointerfaces challenging. To enable an objective evaluation of different studies/

materials despite the disparities, we have included information on the microbe of interest 
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and duration of study, along with the report on efficacy. Furthermore, differences in the 

cellular architecture of Gram-negative and Gram-positive bacteria could have important 

ramifications on the effectiveness of antimicrobial treatments. For example, the outer 

membrane of Gram-negative bacteria presents a permeation barrier that is not shared by 

most Gram-positive bacteria, and the membranes of each type differ in thickness and 

structure, all of which could affect the penetration of antimicrobial species.67 Some studies 

addressed that difference by testing their biointerface with at least one Gram-positive and 

one Gram-negative strain. In those cases, the antimicrobial biointerface is typically effective 

against both Gram-positive and Gram-negative bacteria, but to different degrees.

2.1. Inorganic Biointerfaces.

2.1.1. Silver.—Silver, particularly in the form of nanoparticles, is the most effective 

antimicrobial metal when applied as a coating.68 It has broad applications in water 

treatment, air treatment, textiles, and medicine.69 A multitude of proposed mechanisms for 

silver’s bactericidal activity suggest that silver has a multifaceted impact on bacteria. 

Dissolved silver ions are suspected to damage chromosomal DNA and to be reactive toward 

thiol groups of proteins found in the membrane or cytoplasm, potentially leading to 

degradation of biomolecules critical for cellular functions (for a review of the biological 

activities, see ref 70).70,71

Recent work shows a heightened focus on silver nanoparticles on the order of 1–100 nm that 

feature a larger surface to volume ratio, enhancing the release of silver ions compared to 

solid silver films.71 Silver nanoparticles can bind to membrane-bound proteins and damage 

the structural integrity of a cell membrane to hinder its normal functions. Furthermore, silver 

nanoparticles (particularly those below 10 nm in diameter) have been shown to penetrate the 

cell membranes/walls of bacteria, further damaging the membrane/wall and generating 

harm, including protein degradation from reactive oxygen species (ROS).70

Despite the popularity of silver in consumer products, the fate of silver and silver 

nanoparticles introduced into the human body is not fully understood.72,73 Notwithstanding 

the reported gap between the bactericidal concentrations of silver ions (in the μg/L range) 

and the concentrations triggering severe mammalian toxicity (in the mg/L range),74 

biocompatibility is not guaranteed. The toxicity of silver to mammalian cells has been 

shown to rely on a variety of experimental factors, including culture medium composition 

during in vitro experiments75 and particle size, chemistry, and concentration when in the 

nanoparticle form.76–78

To fabricate biointerfaces containing silver, CVD methods commonly reduce a silver 

precursor to form nanometer-scale silver layers/composites/nanoparticles, whereas PVD 

typically involves transfer and deposition of metal silver.79,80 Coatings of pure silver have 

been employed for a range of antimicrobial applications. Micron-thick silver PVD coatings 

on limb prosthetics have been utilized to prevent infection until skin cells took over to fill 

that role.81 Coated samples exposed to Staphylococcus aureus, Staphylococcus epidermis, 

and Pseudomonas aeruginosa in vitro generated a 5–8 log reduction in colony-forming unit 

(CFU) counts on the surface over the course of 72 h. The biocompatibility of the silver 

coating was demonstrated in a rabbit amputation model, where equivalent ingrowth of 
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fibrovascular connective tissue and host cells inside the pores of the implants was observed 

on silver-coated and uncoated implants over the course of six months. The silver-coated 

implant did not cause ulceration or thinning of the femur bone. Silver thin films consisting 

of droplets ranging from a few nanometers to 500 nm in diameter have been deposited onto 

titanium dioxide by AACVD,80 which led to a 3-log reduction of Escherichia coli after 6 h 

of contact time under dark, in vitro conditions. Notably, silver coatings synthesized from 

conventional electroplating, PVD, and a method termed plasma immersion ion implantation 

and deposition (PIIID)—a combination of PVD and electrodeposition—have been compared 

in vivo.82 While larger-than one-micron-thick coatings of each type reduced biofilm volume 

48 h postimplantation, the PIIID-modified dental implant displayed greater bactericidal 

efficacy in humans. 57% of oral bacteria present on the devices were killed upon contacting 

PIIID-modified dental brackets, compared to 51% for PVD and 41% for electrodeposition.

Silver has also been employed with other compounds using vapor deposition to fabricate 

composite materials. Silver coatings on titanium, titanium oxide, and zirconium commonly 

have yielded greater antimicrobial activity than that of the metals and metal oxides alone 

while maintaining the physical strength.83–86 Silver has also been layered with SiOx under 

atmospheric pressure conditions to reduce manufacturing cost87 and integrated with highly 

smooth zirconia to improve antibacterial implant durability.88

Some of the studies presented here compared the impact of silver on bacteria versus 

mammalian cells.85 Nevertheless, the toxicity of silver-based antimicrobial materials and 

interfaces would be best assessed in vivo on a large scale. Moreover, there is evidence that 

silver can breed bacterial resistance.72,91,92 While recent studies have shown that silver has 

comparable antimicrobial activity to antibiotics (e.g., colloidal silver spray versus oral 

antibiotics for recalcitrant chronic rhinosinusitis),93 concerns about drug resistance may 

undermine the potential for silver to supplant antibiotics during infection control and 

treatment.

2.1.2. Copper.—The successes and limitations of silver coatings have inspired research 

into probing the antimicrobial qualities of other metals as alternatives, such as copper. 

Similar to silver, copper is a Group 11 element commonly used in household products. 

Though the antimicrobial activity of copper is pathogen-specific, copper ions capable of 

traversing the cell membrane are known to produce destructive ROS.94 Furthermore, the 

thiophilicity of aqueous copper ions is understood to be responsible for the replacement of 

iron in dehydratase complexes and disrupting metabolic functions.95

Copper is often used in combination with other inorganic materials, such as metals and 

metal oxides, to improve its antimicrobial efficacy, durability, or biocompatibility. Copper 

has been codeposited with silver via PVD to gain antimicrobial efficacy against a broader 

spectrum of bacteria, leveraging the diverse strain specificity of each metal.96 Surprisingly, 

rather than the anticipated synergistic effect, 50 nm copper-silver coatings with more than 

50% copper had reduced antimicrobial efficacy compared to pure silver. Samples with the 

lowest percentage of copper (below 22 wt %) prevented E. coli growth from reaching the 

exponential phase over the course of 100 h, in contrast to 7 h for a control culture as 

determined by OD600 measurements. Interestingly, in the same report, copper was shown to 
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increase the dissolution rate of silver ions into a synthetic sweat solution, implying that the 

copper–silver combination might lead to greater antimicrobial activity than either metal 

individually. Joint replacement alloys have been coated with copper–titanium alloy (to 

leverage the biocompatibility of both materials), using various PVD methods.97 The 

resulting surface was designed to feature increased adhesion of the coating to the implant 

and hardness compared to pure copper coatings. Alloy films deposited using a PVD method 

called dual high power impulse magnetron sputtering demonstrated the best antibacterial 

efficacy. Despite some initial bacterial growth in the first 24 h, 10-day in vitro exposures of 

S. aureus and S. epidermidis to the 122 nm-thick copper-titanium films led to a 6-log 

reduction of planktonic bacterial count.

Copper-doped silicon oxide (SiOx) films deposited by atmospheric pressure plasma vapor 

deposition have been investigated as a class of optically clear and durable antimicrobial 

nanocomposite coatings for medical devices.98 This method eliminated toxic chemicals 

commonly used in alternative synthetic routes, which can leave hazardous residues that are 

prohibitive for medical devices. Copper-doped SiOx films reduced surface E. coli counts 

(evaluated by ATP luminescence) to 1% that of a control sample after 3 h. Nevertheless, 

fluorescent imaging revealed no significant difference in the growth of mammalian cells 

(osteoblastic mouse cells) over the course of 1 week compared to undoped SiOx, implying 

low cytotoxicity. The antimicrobial effect remained after 1,000 washing cycles despite the 

surface becoming smoother by losing copper-containing surface clusters. Tests of zinc-

doped SiOx films under the same conditions did not yield the same degree of antimicrobial 

effect. Copper has also been embedded in a silica matrix using CVD to combat surface 

contamination in healthcare facilities.99 Copper ions were released from nanostructured 

copper aggregates embedded within a 25 nm-thick silica matrix. The coating led to a 5-log 

reduction of viable E. coli and P. aeruginosa after 4 and 6 h, respectively, as well as a 5-log 

reduction of a disinfectant test strain of S. aureus after 6 h and a 3-log reduction of 

vancomycin-resistant Enterococcus faecium after 24 h.

Zirconium oxide has also been combined with copper in an AACVD process to capitalize on 

the mechanical strength and bioinertness of zirconium oxide100 and bactericidal activity of 

copper. The composite coating was applied on silica for potential use in orthopedic implants.
101 The AACVD process created densely packed copper/zirconium oxide domains that were 

on the order of 50–75 nm in diameter. The coatings resulted in a 4.5-log decrease of viable 

E. coli and S. aureus in vitro, reaching surface bacterial counts below the 100 CFU detection 

limit after 20 and 60 min of contact time, respectively.

2.1.3. Metal Oxides.—Coatings of titanium dioxide102 and copper/zinc oxides103,104 

have been fabricated using vapor deposition techniques to harness their inherent antibacterial 

nature (see below for details on their antibacterial mechanisms). Metal oxides have also been 

employed as a physical material enhancement (e.g., transparency) for copper-oxide based 

antimicrobial coatings.105

Titanium dioxide (TiO2) has received considerable attention for its antimicrobial 

photocatalytic activity.106 In the presence of oxygen and water, TiO2 can be activated by 

wavelengths in the ultraviolet (UV) range of 300–400 nm, generating ROS that are 
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damaging to bacteria.106,107 TiO2 can be synthesized by a wide range of methods—sol−gel, 

electrodeposition, hydrothermal, etc.108 Vapor-deposited TiO2 is often combined with other 

materials to introduce a complementary bactericidal mechanism that does not rely on UV 

exposure.80 In a recent example, TiO2 has been combined with copper using CVD to combat 

S. aureus.102 Mixing 3.5 atom % copper into the TiO2 coatings (>100 nm thick) produced 

maximal antibacterial effect after 3 h, although the precise reduction in bacterial count was 

not reported. Another study designed a self-cleaning surface that integrated antibacterial 

silver into an anatase TiO2 matrix via CVD.109 The embedded silver nanoparticles 

(spherical; 5–10 nm in diameter) provided a source of antimicrobial ions, while TiO2 was 

photocatalytically activated to oxidize and to promote the removal of organic matters from 

the surface, thus renewing the antimicrobial capacity. Without UV exposure, antimicrobial 

tests (run for 24 h) on films of over 500 nm against S. aureus revealed maximal bactericide 

at 15% silver content (mole fraction based on EDS intensity). However, a trade-off between 

antimicrobial and self-cleaning capabilities was identified. With UV exposure, the self-

cleaning ability of TiO2 (defined by % degradation of the dye Orange G) was reduced by the 

addition of silver to the coating.

One issue facing the implementation of TiO2 for antimicrobial applications is that the UV 

exposure required to activate TiO2’s photocatalytic activity is not always desirable. Indoor 

environments that would benefit from this technology, such as hospitals, often lack a readily 

accessible UV source; continuous UV exposure is simply not possible for implantable 

devices. That is why semiconducting graphitic-C3N4 has been deposited onto TiO2 

nanotubes (chosen for enhanced photocatalytic activity)110 to increase the wavelength 

required.111 The graphitic species were reported to enable visible-light photocatalysis by 

lowering the band gap required to activate a redox reaction from 3.2 eV for anatase TiO2 to 

2.69 eV. The electron generated by graphitic-C3N4 upon visible light radiation was believed 

to be passed to the TiO2 to generate antibacterial ROS. In vitro experiments on TiO2 

nanotubes (two μm long and 150 nm in diameter) revealed a decrease in E. coli colonies 

from 72% of the number present on a control surface to 16% in visible light upon the 

addition of graphitic-C3N4.

Copper oxide depositions include both the CuO and the Cu2O oxidation states, each of 

which is understood to participate in antibacterial mechanisms. For example, one study of 

copper oxide nanoparticles found that Cu2O is able to inactivate fumarase enzymes, while 

CuO has the capability of generating ROS.112 Despite its bactericidal efficacy, copper oxide 

is costly in comparison to other metal oxides and colored, detracting its suitability in 

hospitals and on the displays of electronic devices.105 To address these issues, AACVD has 

been used to deposit a 500 nm film of gallium oxide and copper oxide. Gallium ions from 

gallium oxide are able to interrupt the iron metabolism of bacteria to complement copper 

oxide’s production of ROS, and gallium oxide-containing films have the additional benefit 

of transparency. Transparency may be a requirement, e.g. when applied on touch screens, or 

a preference, e.g. in healthcare facilities where clarity signifies cleanliness. Films containing 

both materials led to a 4-log reduction of E. coli and S. aureus grown on the surface in the 

short term (over 24 h). Furthermore, an antimicrobial coating that is antireflective and 

transparent has been fabricated for electronic device touch screens by the simultaneous 

deposition of copper oxide and silica via FACVD.103 In FACVD, a flame is used to break 
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down stable precursors prior to deposition. The silica-copper oxide silica coatings (of 50–

100 nm for each layer) generated a 6-log reduction of E. coli viability in the short term (over 

24 h) without sacrificing the optical clarity of pure silica due to the thinness of the copper 

oxide layer.

Recent advances in metal oxide depositions also include zinc oxide which derives its 

bactericidal capacity from ROS generating photochemical reactions, adsorption to and 

destabilization of cell walls, and the cytotoxicity of zinc ions.113 Composites of zinc oxide 

and cyclodextrin along with the antibiotic cefepime were deposited using matrix-assisted 

pulse laser evaporation (MAPLE).114 MAPLE involves ablating a precursors-containing 

frozen colloidal suspension into vapor using a pulsed laser. In vitro experiments using 

micron-thick coatings of the zinc oxide composite revealed a 2-log reduction of E. coli 
growth over the course of 24 h. Biocompatibility was assessed in vivo by injecting 

nanoparticles of the composite coating material into mice veins. The nanoparticles were 

found in the liver, lung, kidney, and spleen 2 days after the injection, but were cleared from 

the system and found only in the spleen after 10 days.

2.2. Organic Biointerfaces.

2.2.1. Polymers.—Polymers have been used in antimicrobial applications in two ways: 

by presenting a biocidal structure, or by releasing another antimicrobial agent in a sustained 

fashion.115 In some vapor deposition experiments, polymers that are inherently antibacterial 

are made into coatings. The antimicrobial activity is often made possible by functionalizing 

the polymer side chains with biocidal moieties (e.g., quaternary ammonium or antimicrobial 

peptides). One such application witnessed a 5-log reduction of S. aureus and E. coli growth 

after contacting a guanidine-derived (1,1,3,3-tetramethylguanidine) polymer coating for 2 h 

(see Table 2 for illustrations of the macromolecules named in Sections 2–5 of this review).
116 The coating was deposited using atmospheric pressure plasma enhanced chemical vapor 

deposition (AP-PECVD). Another used iCVD to coat fabrics (i.e., nylon fibers) with nearly 

200 nm of poly(dimethylaminomethylstyrene) (PDMAMS) and caused a 6-log reduction in 

viable E. coli over the course of 60 min.117

Polymer coatings have also been implemented as diffusive barriers to an antimicrobial 

species (e.g., metal or antibiotics) in order to realize its sustained release. By sandwiching 

silver metal between layers of poly(p-xylylene) (PPX), release of the underlying bactericidal 

metal was prolonged.118 Coatings of 190 nm PPX on top of 1 μm of silver entirely 

prohibited the growth of E. coli for four hours. The release rate of silver [650 pg/(cm2·min)] 

would correspond to three years of antimicrobial efficacy if implemented on an artificial 

bladder. In some systems, the diffusive barrier can be designed to be stimuli-responsive. One 

such design entailed a pH-responsive poly(acrylic acid) (PAAc) barrier layer deposited using 

plasma CVD (in combination with poly(1,7-octadiene) (POct), which promoted adhesion of 

PAAc and provided a secondary release barrier) to control the release of antibiotic 

levofloxacin from a porous silicon device.119 The carboxyl groups of PAAc reversibly 

deprotonated in basic environments, resulting in negatively charged groups that repulsively 

stretched the polymer. This design was tailored to the increasing pH of an infected wound 

site such that antibiotics would be released through the vapor-deposited barrier in response 
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to an infection. At a pH of 8 versus 5, twice as much levofloxacin was found to diffuse 

through a barrier made of 180 nm PAAc and 263 nm POct. After 16 h of cumulative 

levofloxacin release at pH 8, the solution was diluted 1:10 into a P. aeruginosa culture and 

inhibited microbial growth, while the release at pH 5 was insufficiently antimicrobial.

Vapor-deposited functional polymers have also been used to immobilize antimicrobial 

peptides (AMPs), giving rise to an antimicrobial biointerface. These represent a promising 

class of abiotic-biotic materials that tend to be biocompatible, a favored feature for medical 

applications.120 AMPs (both naturally derived and synthetic) commonly present cationic 

groups and depolarize or disrupt bacterial membranes as an antimicrobial mechanism.121 

AMPs are also known to modulate the host immune response in some cases and improve 

wound healing.120,122 Vapor deposition enables the application of a coating to which AMPs 

may be added through subsequent chemical reactions. Thiol−ene click chemistry has been 

used to immobilize AMPs to iCVD-deposited poly-(2,4,6,8-tetravinyl-2,4,6,8-tetramethyl 

cyclotetrasiloxane) (PV4D4) layered onto a latex glove, which killed over 97% of E. coli 
and S. aureus.123 Another study of a cecropin−melittin hybrid AMP showed enhanced 

biocidal activity and improved stability when immobilized on a CVD-generated polymer 

coating compared to a self-assembled monolayer (SAM).124 Interestingly, analysis of the 

AMP structure during bactericidal activities highlighted the interactions between the cell 

membrane and charged AMP groups as the primary antimicrobial mechanism, rather than 

puncturing of the bacterial membrane.

2.2.2. Graphene.—The mechanical strength, flexibility, conductivity, thermal stability, 

and functionalizable nature of graphene and its derivatives make this material an intriguing 

candidate for applications that require both bactericide and biocompatibility.125 Graphene 

oxide in particular, which is amenable to CVD, is capable of damaging bacterial membranes 

without harming mammalian cells when introduced at the right dosage.126 To demonstrate 

those properties of graphene oxide, researchers treated MG-63 human osteoblast cells with 

graphene oxide nanoribbons fabricated using a coupled CVD-plasma treatment method.127 

When utilized at a concentration of 100 μg/mL, the material exhibited no cytotoxicity or 

impact on expression of a gene encoding bone proteins. Meanwhile, bactericidal and biofilm 

formation experiments revealed a 50% decrease in viable bacterial counts for both E. coli 
(after 3 h) and S. aureus (after 12 h) at comparable graphene oxide concentrations.

Graphene has also offered a new approach to using topographic features to eradicate 

bacteria. Graphene nano spikes oriented away from a surface have been deposited using 

PECVD to examine their antibacterial activity.89 Atomic force microscopy (AFM) and 

scanning electron microscopy (SEM) revealed small graphitic spikes on the order of 60–100 

nm. This topography displayed significant bactericidal effects, achieving nearly 100% loss 

of cell viability after merely one hour of contact, which was attributed to a spike’s ability to 

puncture bacterial cell walls. Interestingly, graphene spikes with heights ranging from 60 to 

100 nm were lethal to E. coli and S. epidermidis, while exhibiting no toxicity to mammalian 

(mouse fibroblast) cells. That result was attributed to the difference in cell wall structure and 

strength. Use of this topographic strategy is intriguing, but has been explored infrequently in 

conjunction with vapor deposition in recent years.
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3. ANTIFOULING BIOINTERFACES

Antifouling biointerfaces are surfaces equipped with chemistry that prevents biological 

matter—bacteria, proteins, and other cellular products—from attaching. In the case of 

bacteria, this inhibition of attachment has the added benefit of preventing the development of 

biofilms that rely on an initial attachment of planktonic bacteria. These bacterial 

communities are so ubiquitous that they constitute one of the major forms of biomass on our 

planet, and the issues they present are numerous.53 In healthcare alone, 80% of human 

infections are attributed to biofilms that, once formed, require complex therapeutic 

procedures.128 Even in the absence of bacteria, other cellular products can cause build-up of 

contaminants, such as the clogging of purification membrane pores.129

Numerous surface features have been found to reduce fouling, which include, but are not 

limited to, surface energy/ wettability, topography, and stimuli-responsiveness.130,131 Each 

of these cases intersects with the field of vapor deposition most prominently through 

polymer coatings because of the endless variations and combinations of functional polymers 

that present any number of these antifouling mechanisms. As a result, polymers constitute 

the majority of vapor-deposited antifouling surfaces. Unlike antimicrobial biointerfaces, the 

differences between the efficacy of antifouling biointerfaces on Gram-positive versus Gram-

negative bacteria have not been studied as thoroughly.

3.1. Surface Energy.

Surface energy is the most common antifouling mechanism explored by vapor deposition 

techniques. It is frequently employed for dental132,133 and purification membrane 

applications134,135 owing to the warm and/or wet, bacteria-accommodating environment. 

The range of surface energies may be roughly categorized as amphiphilic, hydrophobic, and 

hydrophilic, each of which is capable of reducing the surface presence of bacteria, proteins, 

and biofilms under differing conditions. Hydrophilic and hydrophobic domains in 

amphiphilic coatings have been successful for antifouling applications but have not often 

been applied through vapor deposition in recent years.136 Hydrophobic biointerfaces are 

traditionally known as self-cleaning (i.e., debris and bacteria that attach under ambient air 

conditions can be removed by water droplets rolling off the surface at a low sliding angle) 

rather than antifouling (i.e., inherently resistant to the attachment of bacteria) but can be 

fouling-resistant in the presence of oil.137 For example, hydrophobic polymer PV4D4 has 

been deposited onto melamine sponges using iCVD which selectively absorbed oil from an 

E. coli contaminated water/oil mixture without bacteria uptake.138 We will focus the 

following discussions on hydrophilic interfaces.

Hydrophilic polymers constitute the most common antifouling polymer category for use in 

aqueous environments. The ability of these macromolecules to bind water through chemical 

groups at a surface creates a large enthalpic penalty for replacing the water with biological 

molecules and bacteria.139,140

Poly(ethylene glycol) (PEG), also referred to as poly-(ethylene oxide) (PEO), and its 

derivatives are the most commonly utilized polymers for antifouling coatings of medical 

devices due to their biocompatibility and oxygen-containing repeat units (which act as a 
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hydrogen receptor, a feature considered characteristic of antifouling chemistry).140,141 In 

one example, CVD enabled the preparation of amine- containing surfaces of poly(4-amino-

p-xylylene-co-p-xylylene) onto which poly(ethylene glycol) methyl ether methacrylate 

(PEGMA) was layered.142 Low attachment density of fluorescent kinesin motor protein 

probes was demonstrated by attachment rate measurements of microtubules. In another 

study, PEO deposited via iCVD rejected attachment of fluorescein isothiocyanate-labeled 

bovine serum albumin (FITC-BSA) across 90% of the surface versus less than 10% on 

silicon, amine, and hydroxyl controls.143

Unique among hydrophilic polymers are zwitterionic polymers which contain separated 

positive and negative charges that strongly bind a water layer to repel incoming foulants.144 

Chemical treatment of iCVD poly(4-vinylpyridine) has created sulfobetaine-containing 

zwitterionic surfaces that prevented biofouling in water purification environments.145 Quartz 

crystal microbalance with dissipation monitoring (QCM-D) showed a 75% reduction in 

attached mass of bovine serum albumin (BSA) onto the zwitterionic coatings compared to a 

gold control substrate.

3.2. Surface Topography.

The effect of surface topography on fouling resistance has been investigated by changing the 

spatial arrangement of antifouling chemistry and exposing the resulting surfaces to bacteria. 

Due to the thin, conformal coatings that are a staple of vapor deposition, the generation of a 

topographically varied surface typically necessitates an additional patterning step or 

deposition atop a surface with preexisting topographical features. For example, PEG has 

been grafted (via a solution-phase treatment) onto a plasma polymerized and patterned 

allylamine (PAAm) surface.146 SEM imaging confirmed that, after one hour of exposure, a 

negligible amount of P. aeruginosa attached to PEG-coated surfaces, while PAAm and glass 

controls had significant colonization. Furthermore, biofilm surface coverage of one-micron 

diameter PEG spots on glass was half that of 3–5 μm spots, implying enhanced antifouling 

capability when surface energy and topography were engineered simultaneously. Although 

the effect of surface topography on the adhesion of mammalian and bacterial cells has been 

studied,147 there are few recent examples that involve vapor-deposited biointerfaces. This 

identifies the combination of topography and vapor deposition as a potentially rich area for 

research in the future.

3.3. Stimuli-Responsive Fouling Resistance.

Polymers that change surface energy in response to environmental cues have been made into 

antifouling coatings. Such coatings could be used to encourage cell adhesion under one 

condition while promoting foulant removal under another. For example, iCVD has been used 

to incorporate stimuli-responsive poly(N-isopropylacrylamide) (PNIPAAM) onto titanium 

surfaces to prevent fouling commonly encountered in dental implants.148 Following a 

deposition of 60 nm-thick poly(glycidyl methacrylate) (PGMA) onto titanium disks, 

PNIPAAM brushes were grafted via the epoxy groups afforded by the PGMA coating, 

enabling a thermal-responsive surface. At room temperature, approximately 90% of adhered 

S. aureus and Porphyromonas gingivalis was successfully rinsed away, while only ~40% of 

adhered bacteria could be washed away at a warmer mouth temperature. Nevertheless, at 
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mouth temperature, the polymer coating enabled adhesion of human adipose-derived stem 

cells, implying benign tissue reactions.

3.4. Incorporation of Bioactive Molecules.

In addition to surface energy, molecules with a variety of biological activities have been 

immobilized onto surfaces using vapor-deposition techniques as antifouling measures.

Antifouling surfaces can be made from antimicrobial compounds, especially naturally 

occurring ones, using vapor deposition. Inspired by the clinically proven antimicrobial 

characteristics of essential oils, 1,8-cineole (a precursor to tea tree oil) has been polymerized 

using PECVD as a coating for medical devices.149 Although the surface was not 

antimicrobial, there was a notable antifouling effect. Biofilm coverage for E. coli and S. 

aureus measured in the 4–7% and 24% range, respectively, compared to approximately 40% 

and 68% coverage, respectively, on 1,7-octadiene controls after 5 days of incubating coated 

coupons with the corresponding bacteria.

Extracellular DNA (eDNA) has also been surface immobilized via vapor-deposited coatings.
150 eDNA was of interest because it was posited to regulate biofilm attachment given its 

abundance in the biosphere and proven effect of promoting biofilm growth. Plasma-

polymerized allylamine provided a platform to covalently immobilize eDNA through 

carbodiimide chemistry upon drop-casting a solution containing 2 mg/ mL eDNA of varying 

lengths extracted from salmon sperm. Rather than promotion of growth, P. aeruginosa 
biofilm surface coverage was reduced by more than 50% on all eDNA-coated surfaces 

compared to controls after one and four hours of exposure to static bacterial culture. These 

results brought into question the exact role eDNA plays in regulating the activity of bacteria. 

Anchoring eDNA to a surface may have produced charge-based antifouling effects, rather 

than the effects inhibiting the settlement of planktonic bacteria into a biofilm state. The latter 

have been shown in previous experiments where eDNA were mixed with planktonic 

cultures.151,152

4. MULTIFUNCTIONAL BIOINTERFACES

When presented alone, antimicrobial biointerfaces may suffer from increasing surface 

accumulation of dead bacteria cells and/or biomolecules over time. That accumulation 

diminishes the antimicrobial activities by shielding the surface-attached living microbes 

from the antimicrobial moieties.153 Despite the resistance to bacterial adhesion, antifouling 

biointerfaces do not eliminate the presence of bacteria, which could cause infections and 

other complications in vivo. Consequently, researchers have sought to attain both features on 

a single biointerface. That biointerface could reduce bacterial attachment and eradicate 

attached bacteria simultaneously, yielding a multifaceted line of defense. Antimicrobial 

metals and antifouling organic coatings are often combined via vapor deposition techniques 

to fabricate those multifunctional biointerfaces. Among the antimicrobial metals, silver and 

copper are the most commonly used.

A superhydrophobic (i.e., advancing water contact angle greater than 150°) 

poly(dimethylsiloxane) (PDMS) polymer layer on a glass substrate has been coated with 
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antimicrobial copper nanoparticles in a two-step AACVD process.154 In the antifouling 

experiments, samples of uncoated glass showed no resistance to the attachment by E. coli 
while samples containing the copper nanoparticles atop PDMS reduced adhesion by 50%. In 

antimicrobial experiments, the surfaces containing nanoparticles of around 3.5 nm in 

diameter reduced the amount of living bacteria to below the detection limit (>4 log 

reduction) in less than 15 min. PDMS surfaces without nanoparticles showed no significant 

reduction of living bacteria; hence, the nanoparticles are considered responsible for the 

antimicrobial activity.

In the same vain, silver nanowires atop a plastic substrate were coated with hydrophobic 

graphene using CVD for antifouling/antibacterial display screens.155 The smooth graphene 

coating reduced biofouling while allowing antimicrobial silver to leach from beneath. The 

graphene/silver nanowire composite coating reduced the count of surface-attached colonies 

of Candida albicans by more than 50% compared to an uncoated control. The graphene 

coating was also found to stabilize the silver nanowires and preserve the antimicrobial 

activity even after ultrasonic elution, whereas silver nanowire coatings without graphene 

stopped being antimicrobial after 25 min of ultrasonic elution.

Silver NPs have also been sputtered onto the surface of ultrafiltration membranes, which 

were coated by poly(methyl methacrylate) (PMMA) using PECVD.156 Despite a reduced 

flux of up to 50% compared to uncoated membranes (resulted from the additional 

permeation resistance introduced by the PMMA and silver NP layers), the coated 

membranes displayed no biofilm formation or planktonic growth of Salmonella 
typhimurium over the course of five hours of exposure to bacterial suspensions.

To address the simultaneous need for antifouling and antimicrobial interfaces on implantable 

devices, a PDMS tracheal stent was coated with poly(pentafluorophenyl methacrylate) 

(PPFM) using PECVD, and then layered with micropatterned metallic silver.157 After 24 h 

of incubation with suspensions of S. aureus and P. aeruginosa in TSB medium, cell viability 

assays displayed 100% death of both pathogens. Furthermore, a lack of bacterial adhesion to 

the coated samples compared to a PMDS control was attributed to the simultaneous 

occurrence of a protective dissolving silver layer and the nanostructured surface.

In order to address the issue of biofilm formation on titanium-based implants, a hybrid 

coating of antimicrobial protein and stabilizing polymer was explored. MAPLE was utilized 

to deposit microspheres made of a physical mixture of poly(3-hydroxybutyric acid-co-3-

hydroxyvaleric acid) [P(3HB-3HV)], PEG, and lysozyme, a naturally occurring 

antimicrobial enzyme secreted by the human immune system.90 The resulting surface 

leveraged the solubility of PEG and the biodegradability of P(3HB-3HV) to control the 

release of antimicrobial lysozyme without disrupting mammalian cell growth. After 24 h of 

incubation with a bacterial suspension, a greater-than-4-log reduction in S. aureus and P. 

aeruginosa biofilm formation was observed.

Another study targeted to reduce bacterial adherence and proliferation on electrospun 

nanofiber meshes used for filtration membranes and tissue engineering.158 Conformal 

polymer coatings of acrylic acid (PAAc), POct, 1,8-cineole (PCo), and PAAm were 
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introduced onto the surface of polystyrene meshes using plasma polymerization. The coated 

meshes were then brought into contact with a biofilm-coated agar plate for one hour. The 

attachment and viability of E. coli were examined using SEM and confocal imaging of 

LIVE/ DEAD-stained samples. The tests revealed differences between the penetration of 

bacteria into each mesh and the viability of those bacteria depending on the surface 

chemistry. The PAAm and POct coatings promoted cell attachment and displayed larger 

numbers of viable bacteria compared to uncoated samples, whereas PAAc and PCo reduced 

the number of attached cells (comparative viability unclear).

One distinct method known as “kill-and-release” leverages both surface chemistry and 

adaptive morphology to kill attached bacteria and release them in response to external 

stimuli. Stimuli-responsive PNIPAAM has been deposited in a hybrid layer with a 

quaternary ammonium salt (QAS), [(3-trimethoxysilyl)propyl]ammonium chloride, using 

resonant infrared matrix-assisted pulsed laser evaporation (RIR-MAPLE).159 At higher 

temperature (37 °C), surface-attached S. epidermidis cells were killed upon contact with the 

QAS species, while at a lower temperature (25 °C), the PNIPAAM surface component 

promoted detachment of the dead bacteria. The switch was enabled by a change in the 

surface energy at around 32 °C, the lower critical solution temperature (LCST) of 

PNIPAAM. The hybrid coating killed approximately 80% of attached E. coli and S. 

epidermidis after two hours of incubation at 37 °C and released around 60% of the attached 

bacteria when cooled to 25 °C.

5. OUTLOOK: MORE SOPHISTICATED SURFACE COMMUNICATION AND 

INTERACTIONS

The ubiquity of biofilms across all of Earth’s environments marks them as an alluring target 

for applications that are beneficial to humankind. Despite the overwhelming amount of 

research aimed at killing or avoiding the adherence of bacteria, not all microbes are harmful. 

Some have the potential to be harnessed, without needing genetic modifications, for 

application in fields like medical care, food preparation, agriculture, and environmental 

health.160 The bacteria within biofilms may act as biosynthetic agents to produce chemicals 

through fermentation or bioremediation, while some biofilm components have applications 

in biotechnology, such as proteins capable of stabilizing foods and cosmetics.161,162 For 

synthetic biointerfaces to realize the goal of dictating the behavior of attached biofilm 

communities, research must push toward a deeper understanding of the relationship between 

surfaces and microbes that links material properties with the phenotype of exposed bacteria.

There is an increasing awareness that bacteria in sessile, biofilm communities exhibit 

drastically different behaviors compared to those associated with the planktonic state. 

Studies of biochemical pathways have revealed the upregulation of quorum sensing 

molecules, increased microbial virulence, and protection from immune system attack among 

bacteria in biofilms.163,164 However, less is known about how surface properties trigger 

those responses. The growing knowledge base of how and why bacteria attach to a surface 

should be accompanied by insight into the relationship between surface properties (e.g., 

chemistry or morphology) and the resulting bacterial genotype and phenotype. Establishing 
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the correlation between material properties and microbial behavior is the key to enabling 

systematic manipulation or inhibition of biofilm characteristics with specificity.

To date, there have been a handful of studies attempting to establish the correlation between 

material properties and bacterial behavior. For example, surface stiffness has been revealed 

as a physical characteristic that may influence the activity of attached bacteria. Studies of P. 

aeruginosa and E. coli grown on PMDS substrates of varying stiffness revealed a decrease in 

antibiotic susceptibility on stiffer surfaces.165 That enhanced drug resistance could be 

partially attributed to the observed effect of surface stiffness to alter the size of attached 

bacteria. After 3.5 h of exposure to ofloxacin, 8.8% of E. coli survived on 2.6 MPa PDMS 

while 3.1% did on the less stiff 0.1 MPa PDMS. Sensing of surface stiffness was later 

discovered to be influenced in part by the motB gene, which promotes adhesion on softer 

surfaces.166

Though relatively unexplored by vapor deposition research, topography has been shown to 

influence biofilm activity. Micron-scale square features were found to promote the 

horizontal gene transfer (i.e., conjugation) associated with antimicrobial resistance in E. coli 
biofilm communities.167 That influence was exerted by generating spots of increased cell 

density at the vertical sides of square features that were 10 μm in height. In another example, 

a hybrid chemical−topographic approach (realized by patterning alkanethiols) was used to 

control the degree of isolation of discrete E. coli clusters.168 The patterned alkanethiols 

(squares 5–50 μm wide and spaced 2–50 μm apart) provided a standard attachment 

environment for discrete E. coli clusters. Measurements of the Cell Cluster Interaction Index 

(defined in this paper to quantify the interaction between clusters) revealed 10 μm to be a 

critical distance beyond which the ability to form connections among adjacent clusters was 

hindered. Studies of genetic mutants of the luxS gene revealed that the quorum sensing 

molecule, autoinducer 2 (AI-2), was involved in each cluster’s sensing of the local 

environment and the decision-making of whether or not to form bridges between clusters.

Recently, researchers uncovered evidence that surface chemistry could affect bacterial 

production of specific toxins. During the concurrent treatment of P. aeruginosa with 

ciprofloxacin and DC electrical stimulation (to generate dissolved ROS), DNA microarray 

analysis revealed the upregulation of different toxin-producing genes when carbon or 

stainless steel was used as the electrode.169 Eighteen phage related genes were found to be 

induced by the carbon electrode compared to the stainless steel electrode. Of those, 17 were 

associated with the production of pyocin, a stress indicating molecule.

To date, vapor deposition solutions for surface-microbial communication that evades a goal 

of killing or fouling prevention have been scarce. A recent study touched upon this topic, but 

instead of a planar biointerface, the impact of nanoparticles on biofilms was studied. In this 

work, sulfur-functionalized fullerene (SFF) nanoparticles were associated with the 

expression of exotoxin A (toxA, a primary virulence factor) by P. aeruginosa.170 SSF 

nanoparticles synthesized via CVD resulted in a 36% reduction in toxA expression, 

potentially providing an opportunity for treatment of P. aeruginosa infections. Studies of this 

kind highlight the promise of surface characteristics as influencers on microbes. Establishing 

direct correlations between material properties and microbial behaviors (elicited by surface 
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attachment) requires precise and independent control of surface properties (like surface 

chemistry, morphology, structure, and mechanical strength), for which vapor deposition may 

be appropriate.

As vapor-deposited biointerface design advances, manipulating microbiological behavior 

using biomaterials could be realized by combining the advantages inherent to this technique 

with knowledge from fundamental microbiology. Studies on mammalian cells and how they 

react to surface properties could inform the biomaterials research that focus on biofilms. For 

example, micro- and nanopatterned structures, including nanotubes and nanoparticles, have 

been shown to dictate the adhesion, morphology, and other qualities of mammalian cell 

communities—an outcome that could inspire similar approaches to control bacterial 

communities.171 This endeavor also presents an opportunity to address issues of long-term 

effectiveness in the activity of biointerfacial features on biofilm communities.172 On the 

most fundamental level, such an endeavor allows better understanding of the interactions 

between synthetic materials, the modern tool used by mankind to explore and engineer their 

surroundings, and one of the most ubiquitous and ancient biological systems on the planet.
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Figure 1. 
Generic diagrams of (A) chemical vapor deposition (CVD) and (B) physical vapor 

deposition (PVD). The details of the multitude of CVD and PVD processes which 

differentiate one technique from another are elaborated upon in Table 1. Briefly, the process 

characteristics can be categorized into “Source”, “Action”, and “Substrate”. Source: The 

precursors or reagents necessary for the deposition are unique to each technique. CVD 

generally applies energy to turn the precursors into vapor, which is then metered into the 

reactor. PVD precursors are often placed inside of the reactor. Action: In CVD, the action 

encompasses the reactive mechanism by which the precursors or reagents are chemically 

altered in preparation for deposition onto a substrate. It typically entails an energetic source 

and/or chemical reaction between two materials. In PVD, the action is the mechanism by 

which the precursors or reagents are vaporized. It typically entails an energetic input such as 

plasma or a laser directed at the source. Substrate: The substrate conditions differ among 

vapor deposition techniques, as some require a temperature-controlled or rotating substrate, 

or one to be placed upon an electrode. The above diagram is a conceptual representation of 

these steps; the configuration of reactor components and location of steps 1–3 may vary 

widely from process to process and diverge from the above concept. See Table 1 for an 

elaboration of steps 1–3 for the CVD and PVD techniques named in this review.
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Figure 2. 
Vapor-deposited biointerfaces that are highlighted in this review and their interactions with 

microorganisms. (a) Antimicrobial interfaces kill bacteria that make contact with or come 

close to the surface (see Section 2); (b) antifouling interfaces reduce bacteria attachment but 

may not have an effect on their viability (see Section 3); (c) in this review, multifunctional 

interfaces refer to surfaces that display both antifouling and antimicrobial behavior (see 

Section 4).
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