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ABSTRACT: Biofouling is a major issue across various industries ranging from healthcare to the production of food and water and
transportation. Biofouling is often induced or mediated by environmental microbes, such as bacteria. Therefore, developing
antibacterial coatings has been an essential focus of recent research on functional polymer thin films. To achieve high film quality,
vapor-phase techniques represent promising alternatives to traditional solution-based methods, especially for the design and
synthesis of antibacterial polymer coatings, as they enable highly uniform, chemically precise, and substrate-independent coatings.
This Perspective examines the potential of vapor-phase polymerization techniques to create novel antibacterial polymer coatings.
Current advancements in the design of antifouling, bactericidal, antibiofilm, and multifunctional coatings via vapor-phase techniques
are organized based on their action mechanisms and design principles. The opportunities and challenges associated with
implementing vapor-phase polymerization for developing antibacterial coatings are highlighted.
KEYWORDS: antibacterial, biofouling, chemical vapor deposition, polymer thin film, functional coating, biomaterials

1. INTRODUCTION
Biofilms are ubiquitous in nature. These surface-attached
bacterial communities form quickly on virtually any submerged
surfaces, causing biofouling that challenges a broad cross-
section of applications, such as implants or chronic infections
in healthcare,1 contaminations in food manufacturing,2

efficiency reduction in water purification,3 and increased fuel
consumption for maritime transportation.4 Taking healthcare
as an example, the growing number of bacterial infections
caused by fomite transmission (e.g., via surfaces of public
facilities or medical devices) and contamination of implants or
other devices have posed significant challenges to public health
and safety.5 Traditional approaches, such as chemical
disinfection, have been plagued by issues related to bacterial
resistance and environmental pollution, necessitating the
development of strategies that do not rely on toxic chemicals
to combat biofouling caused or mediated by bacteria.6 One
promising approach is the use of polymer coatings to prevent
bacterial adhesion and proliferation on surfaces. In this
Perspective, we aim to provide an overview of the recent
progress in the design and synthesis of such polymer coatings,

which we termed “antibacterial polymer coatings” to capture
relevant functions, including prevention of bacterial adhesion,
inhibition of growth or biofilm formation, or combinations of
both. We focus on the coatings synthesized using chemical
vapor deposition (CVD) techniques for their distinct
advantages, as detailed below.

Key considerations in choosing an appropriate synthesis or
coating technique for a particular antibacterial application
include the compatibility with the substrate to be coated (e.g.,
reverse osmosis membranes are incompatible with organic
solvents) and the coating conformality (e.g., ventricular
catheters have 3D structures that need to be preserved).
CVD-based techniques show distinct advantages over solution-
based approaches in both regards.7 The substrate-independ-
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ence of CVD processes partially arises from their all-dry nature,
where delicate substrates like textiles are coated by simple
exposure to a reactive vapor free from the potential damage
caused by organic solvents. The van der Waals interactions
between the as-deposited coating and a solid substrate, enabled
by the physisorption of gaseous monomers on a substrate
during CVD, are sufficient in most cases for preventing coating
delamination. This intrinsic quality ensures precise control
over coating chemistry and thickness regardless of the
substrate characteristics. This versatile characteristic of CVD
techniques enables the individual optimization of surface and
bulk properties, allowing for the transfer of antibacterial surface
chemistries to virtually any substrate.8 Demonstrated through
techniques like initiated chemical vapor deposition (iCVD),
this feature allows for successful coating application across
scales from centimeters to nanometers, including high-aspect-
ratio structures.9,10

CVD polymer synthesis techniques have been of particular
interest to researchers in the field of antibacterial coatings.
Their substrate independence and conformal coverage are
critical for rendering the large surface area of porous materials
antifouling, thus addressing a bottleneck issue in membrane
separation and purification/MEMS processes.11 They excel in
retaining intricate surface morphology, thus ensuring con-
formal coverage, by avoiding surface tension and delivering
reactants in a non-line-of-sight fashion due to Knudsen
diffusion into micro- and nanoscale features.11 In addition,
conformal CVD polymer thin films at the nanoscale have
proven valuable in diverse applications, including the
application of conformal iCVD fluoropolymer nanocoatings
on single-wall carbon nanotubes (SWCNTs) for high-speed
flexographic printing of transistors,12 as well as the surface
modification of membranes used in water purification
processes.13 In antibacterial research, this unique advantage
of CVD-based techniques allows for the surface modification of
various natural and nature-inspired micro/nanostructures, such
as those mimicking cicada wings14 or shark skin,15 while
retaining their surface topography. CVD polymer coatings on
such surfaces have demonstrated the ability to maintain the
bactericidal effect induced by the surface topography while
introducing antibacterial chemical functionalities to further
enhance the overall antibacterial effectiveness.16,17

Over the past decade, vapor deposition methods have
enabled the synthesis of a wide variety of functional polymers

for antibacterial purposes, most notably zwitterionic polymers,
which have become the gold standard in antibiofouling
research, and ultrastable antifouling coatings, which leverage
the tunable cross-linking density that is unique to CVD
polymerization techniques, especially to iCVD. Among the
CVD polymerization techniques, we chose to focus on iCVD,
plasma-enhanced chemical vapor deposition (PECVD), and
paracyclophane-based CVD, as these techniques take prece-
dence in the creation of antibacterial surfaces via vapor-based
techniques. Within this scope, we further chose to emphasize
innovations in materials design or modes of action that enable
antibacterial performance.

Compared to previous reviews on the topic of CVD-
synthesized antifouling coatings,18−20 which predominantly
focus on the physicochemical interactions at the bacteria−
material interface, we aim to provide a more comprehensive
discussion by including the dynamic and intricate biological
processes at play during biofouling. Take bacterial biofilm
formation as an example (Figure 1), which presents a
significant challenge to global health by causing drug-resistant
and/or chronic infections, as well as device contamination and
performance degradation in bioimplants, water purification,
food production, and marine transportation.21 It occurs over a
four-stage process, including (1) reversible attachment, where
bacteria attach to the substratum, e.g., via the cell pole or via
the flagellum,22 (2) irreversible attachment, where bacterial
cells commit to a more stable surface existence, e.g., by forming
attachment along their longitudinal axis, which is often
associated with the production of extracellular matrix (ECM)
components and reduced flagella reversal rate and flagella gene
expression; (3) maturation, where cell clusters (often several
cell layers thick) appear within the ECM, forming micro-
colonies with stable 3D structures, and (4) dispersion, where
ECM components decrease and degrade, dispersing motile
cells.23,24

Within the scope of the design and synthesis of CVD
polymer coatings for dynamic antibacterial functions, we first
briefly review several frequently used CVD techniques and the
types of antibacterial polymer coatings that can be synthesized
using these methods. The bulk of this review comprises a
discussion on the design of antibacterial materials (Figure 1),
which are categorized into antifouling (i.e., prevention of
microbial adhesion and accumulation), bactericidal (i.e.,
eradication of microbes upon contact), antibiofilm (i.e.,

Figure 1. Antibacterial mechanisms considered in this Perspective include antifouling, bactericidal, antibiofilm, and combinations of two or three of
these mechanisms.
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inhibition of the formation or disruption of a surface-attached
microbial community with 3D structures), and multifunctional
coatings (i.e., a combination of the aforementioned three
categories, mostly antifouling and bactericidal properties).
Furthermore, we will address the challenges and opportunities
associated with the development and implementation of CVD
polymer coatings for antibacterial applications. By providing a
thorough understanding of the current state of the art and
potential future directions, we hope to inspire further research
and innovation in this critical area of materials science and
public health.

2. CVD POLYMERIZATION TECHNIQUES
CVD, a mature technology in the semiconductor industry, is a
powerful tool for creating and processing inorganic and organic
surfaces. When it comes to organic material synthesis, it is key
to maintain a low process temperature to avoid damaging the
material. Various CVD-based polymerization processes are
classified based on their mechanism for activating the reactive
precursors to enable the polymerization reaction. Activation
can occur through thermal means (iCVD and hot wire CVD),
UV exposure (photo-iCVD), or plasma excitation (initiated
PECVD). While most CVD polymerization techniques rely on
step growth polymerization, including oxidative CVD (oCVD),
vapor-phase polymerization, molecular layer deposition, and
oxidative molecular layer deposition,18 chain growth polymer-
ization has been achieved using iCVD, where a volatile initiator
enables free-radical polymerization.

The iCVD technique has played a pivotal role in enabling
numerous antifouling coatings owing to its distinctive
advantages. Indeed, the fields of iCVD polymer coatings1

and antibacterial polymer coatings both emerged in the past
few decades2 and have been interacting synergistically. While
early iCVD research drew inspiration from solution-synthe-
sized antibacterial polymers, it is advancing the field of
antibacterial polymers through the development of new
chemistries, reactions, and previously unknown biological
effects of insoluble polymer coatings. Several discoveries that
originated in iCVD have been adopted by antimicrobial
material researchers in general.25 The iCVD process scheme is
depicted in Figure 2a. Activation of the initiator occurs

thermally as it passes through a heating zone, leading to the
generation of radicals. Subsequently, these radicals collide with
the monomers adsorbed on the actively cooled substrate,
initiating polymerization in a chain growth fashion. Notably,
the deposition kinetics of iCVD have been extensively
investigated, particularly in nanoconfined areas challenging
for conventional coating techniques to access.26,27 Compared
to other CVD polymerization techniques, iCVD avoids the use
of high-energy activation methods, such as plasma in PECVD
or high temperatures in paracyclophane-based CVD, mitigating
potential material degradation and ensuring maximum
retention of organic functional moieties.25 Importantly for
the development of antibacterial materials, iCVD demonstrates
chemical versatility, enabling CVD polymer chemistries unique
to iCVD, such as zwitterionic polymers, a subject that will be
elaborated upon in detail in section 3.

In PECVD, polymerization is activated by low-temperature
inductively/capacitively-coupled plasma generated by direct
current or radio frequency (RF) power (Figure 2b).28,29 The
properties of thin films produced by PECVD are influenced by
parameters such as RF power, plasma temperature, reactor
pressure, gas-phase diffusion, and gas flow rate, as well as the
types of carriers and reacting gases. Due to the presence of
plasma, material etching and film deposition occur simulta-
neously during PECVD, which may produce coatings that are
less conformal over micro- and nanostructures. Moreover, the
high-energy plasma in PECVD limits its applicability to fragile
substrates such as soft tissue scaffolds.

Paracyclophane-based CVD, also known as parylene CVD or
chemical vapor polymerization (CVP), has been instrumental
for interface engineering in biological applications, such as
implantable electronic devices.30 Various substituted [2,
2]paracyclophanes (PCPs) have been developed as precursors,
showcasing diverse functional groups. The preservation of
these functional groups during the CVD process enabled the
deposition of functionalized parylene films with tailored
chemical, mechanical, and electrical properties. In the
polymerization of parylene-C, the precursor undergoes
sublimation under a vacuum and heat. The sublimed precursor
is then transported into the heated reactor for pyrolysis,
producing two 1,4-quinodimethane radicals (p-xylylene) that

Figure 2. Schematic of CVD polymerization techniques. (a) iCVD. Reproduced with permission from ref 36. Copyright 2021, The Authors, under
the terms of the Creative Commons (CC BY 4.0) License https://creativecommons.org/licenses/by/4.0/. (b) PECVD. Reproduced with
permission from ref 37. Copyright 2011, Springer Science Business Media, LLC. (c) Paracyclophane-based CVD. Reproduced with permission
from ref 32. Copyright 2022, The Authors. Published by Wiley-VCH GmbH.
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polymerize into parylene via step growth (Figure 2c).31 This
technique has seen an expansion of the library of compatible
functional moieties through precursor decoration and post-
CVD fabrication strategies, as comprehensively reviewed
elsewhere.32 Moreover, these strategies have been applied to
develop antibacterial surfaces via topographical33 and chemical
designs.34,35

3. ANTIFOULING SURFACES
Antifouling surfaces are designed with features that prevent
biological matter (e.g., protein, bacteria, marine organisms,
etc.) from attaching. The surface features that have been
engineered to deliver antifouling properties include surface
energy, surface chain mobility, local and overall charge, surface
morphology, and stimuli responsiveness.38,39 Despite this large
variety, most extant antifouling coatings rely on strong
hydration or chemical ambiguity to achieve fouling resistance.

The hydration-driven antifouling mechanisms rely on the
formation of a strongly bonded hydration layer, leading to a
large enthalpic penalty for the displacement of surface-bonded
water molecules by fouling organisms.40 Zwitterionic polymers
bearing covalently linked cationic and anionic groups represent
best-in-class hydration-based antifouling materials. Their
antifouling performance is often attributed to the electrostati-
cally induced strong hydration.41 This class of materials has
demonstrated broad-spectrum fouling resistance against
proteins, polysaccharides, marine bacteria, barnacle cyprids,
and mussel larvae.42,43 Over the past two decades, zwitterionic
materials have become some of the most reported antifouling
polymers discovered to date.43 The ambiguity-driven antifoul-
ing mechanisms are often at play for amphiphilic antifouling
copolymers, i.e., copolymers that simultaneously contain
hydrophilic and hydrophobic moieties. Their fouling resistance
is considered a result of the intrinsic high density of phase

Table 1. Monomers Discussed in Sections 3−7 of This Review Are Listed in the Order That They Are Mentioneda

aThe colored dots identify the key antibacterial attributes.
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boundaries (e.g., between a hydrophilic and a hydrophobic
domain),44 creating an “ambiguous” surface for foulants.42,45

Notably, amphiphilic coatings made of oligopeptides or
oligopeptoids have been shown to reduce settlement of Ulva
linza, a model organism commonly used in marine fouling
studies.42,46,47 In general, these materials, especially the
hydration-based antifouling polymers, embody the widely
accepted design rules reported by Whitesides et al., which
specify that a good antifouling surface should exhibit (1) polar
functional groups to ensure hydrophilicity, (2) a hydrogen
bond acceptor (e.g., oxygen- and nitrogen-containing groups)
but not a hydrogen bond donor and 3) charge-neutrality.

A sizable library of antifouling polymer coatings has been
developed using iCVD over the past decade, including poly(2-
h yd ro x y e t h y l me th a c r y l a t e ) (HEMA) , 4 8 po l y -
(vinylpyrrolidone) (VP),49−51 poly(hydroxypropyl methacry-
late) (HPMA),52 poly(methacrylic acid) (MAA),53−55 zwit-
terionic polymers,56,57 and amphiphilic polymers.58 For
instance, a heparin-like coating consisting of PMAA grafted
on PMAA-co-ethylene glycol dimethacrylate (PMAA-co-
EGDMA) on a polylactide (PLA) dialysis membrane was
synthesized using iCVD.54 The resulting membrane retained
its hydrophilicity with a static water contact angle of 33° and
less than 10% reduction in water flux, indicating reasonable
retention of permeability. The copolymer-grafted membrane
showed a higher clearance rate for urea (147.5 mL/min) and
lysozyme (103.5 mL/min) compared to the pristine membrane
(89.1 mL/min for urea and 62.4 mL/min for lysozyme), yet its
clearance rate for bovine serum albumin (BSA) was reduced
compared to that of the pristine membrane. Its antifouling
performance was measured via a protein (BSA) adsorption test
by exposing membranes to BSA solutions with different
concentrations and volumes before and after 4 h of adsorption
at 37 °C using the Bradford assay. The grafted membrane
showed BSA adsorption of ∼0.6 μg/cm2 in a 50 μg/mL BSA
solution, which was about a 97% reduction compared with the
pristine PLA membrane.

PECVD has also contributed to the development of
antifouling coatings. One recent example involves the
deposition of a hydrophilic 1-vinyl-2-pyrrolidinone (NVP)
and poly(ethylene glycol)methacrylate (PEGMA) coating onto
orthokeratology lenses as an antifouling measure.59 Given the
delicate nature of orthokeratology lenses and the necessity to
retain their optical properties postmodification, the conformal
coating capability of PECVD proved advantageous. Following
NVP and PEGMA deposition, the convex surface roughness of
the lenses was reduced, while the light transmittance remained
unaffected. The water contact angle of the lenses significantly
decreased from 84.7° to 27.6°. Reportedly, to evaluate the
antibacterial efficacy, the coated lenses were incubated with
Escherichia coli and Staphylococcus aureus cultures at 37 °C for
8 h in a 1 mL bacterial culture, with the optical density at 600
nm serving as a measure of the antifouling performance.
Results indicated a reduction in OD600 values for E. coli from
0.8 to 0.7 and that for S. aureus from 0.47 to 0.37 on the coated
surfaces.

In the library of antifouling polymer coatings, zwitterionic
polymers are among the most fouling-resistant reported to
date. While zwitterionic polymers are seemingly incompatible
with CVD techniques due to the low volatility of existing
zwitterionic precursors (e.g., [2-(methacryloyloxy)ethyl]-
dimethyl-(3-sulfopropyl)ammonium hydroxide), a two-step
synthesis scheme has been developed to enable their synthesis

using iCVD.60 The synthesis scheme comprises (1) iCVD
polymerization, where a tertiary nitrogen-bearing polymer thin
film is synthesized from volatile precursors (e.g., 2-
(dimethylamino)ethyl methacrylate (DMAEMA)61 or 4-vinyl-
pyridine (4VP)62), and (2) vapor-phase derivatization,63 where
exposure to a reactive vapor, e.g., that of 1,3-propane sultone
(PS)64 or β-propiolactone,65 gives rise to sulfobetaine or
carboxybetaine functional moieties via a ring-opening reaction.
This derivatization reaction has been widely adopted in recent
years by researchers within and beyond the CVD polymer-
ization community to obtain zwitterionic polymers.66 Using
the iCVD zwitterionic polymer coatings, delicate substrates,
such as ultrafiltration,67 nanofiltration,49 and reverse osmosis
(RO) membranes,68,69 can be rendered antifouling without
compromising their performance. Since its invention, the two-
step synthesis scheme has been further leveraged to obtain a
broader palette of zwitterionic polymer chemistries with
different biological functions.70 In 2022, an imidazolium-
based zwitterionic polymer was designed and synthesized by
iCVD poly(1-vinyl imidazole) (1VI), lightly cross-linked by
divinylbenzene (DVB), and then derivatized using PS.71 The
coating demonstrated excellent antifouling performance,
reducing Pseudomonas aeruginosa biofilm formation by 85%
compared to a polyvinyl chloride (PVC) surface after 24 h of
incubation. In addition, it also exhibited contact-enabled
deactivation of a human coronavirus, HCoV-OC43, by 86.6%.

Zwitterionic polymer coatings have also been obtained using
a graft-from method, starting with a CVP-synthesized surface
bearing initiators followed by solution-based atom transfer
radical polymerization (ATRP).72 Specifically, bromoisobuty-
rate-functionalized parylene (Parylene-Br) films were depos-
ited via CVP. The bromoisobutyrate groups subsequently
initiated the ATRP of methacryloyloxyethyl phosphorylcholine
(MPC) monomers, resulting in grafted poly(2-methacryloylox-
yethyl phosphorylcholine) (PMPC) chains on the Parylene-Br
film. Upon continuous exposure to 30 μL/min BSA,
fibrinogen, and fetal bovine serum (FBS) for over 1 h, the
modified surface showed strong resistance to the adsorption of
these biomolecules, as assessed by quartz crystal microbalance
(QCM). This resistance was further enhanced by extending
the ATRP reaction time. Furthermore, the modified surface
exhibited strong resistance to cell attachment, which was
evaluated by seeding NIH3T3 cells and HAPI cells at densities
of 2 × 104 and 6 × 104 cm−2, respectively, onto both parylene
and zwitterionic parylene films in their corresponding media
and incubating the samples at 37 °C with 5% CO2. After 60
days of immersion, the cell density on the zwitterionic parylene
film was significantly reduced by more than 90%. This system
was also utilized to encapsulate and fabricate flexible organic
electrochemical transistor (OECT) arrays, demonstrating its
compatibility with UV lithography and its ability to maintain
antifouling properties and conform complex surfaces. Addi-
tionally, this system facilitated the development of a fabrication
platform with high yield and uniformity to prepare biomimetic
OECT arrays with strong antifouling properties.73

While zwitterionic polymers have exhibited exceptional
antifouling performance and rapid adoption and development
in recent years,74 a broad range of CVD techniques, such as
PECVD, have enabled a selection of other hydrophilic
antifouling polymers, such as poly(acrylic acid) (AA),75

HEMA,76 etc., that perform well in their respective
applications. We refer the readers to the existing excellent
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reviews8,11 for a comprehensive discussion on those CVD-
enabled antifouling polymer chemistries.

4. ANTIBIOFILM SURFACES
Biofilms, the surface-attached multicellular bacterial commun-
ities, exhibit distinct features compared to planktonic
biofoulants, such as the presence of a self-secreted ECM, an
impermeable polymeric matrix that protects the encapsulated
bacteria from environmental attacks like those from anti-
microbials. The ECM is composed of proteins, polysacchar-
ides, nucleic acids, lipids, dissolved nutrients, and phage.77

Immobilization of enzymes such as amylase, cellobiohydrolase,
pectinase, subtilisin A, and β-N-acetyl-glucosaminidas (DspB)
has been demonstrated to degrade the ECM, inhibiting biofilm
formation and facilitating detachment of the mature biofilm.21

Physical and chemical immobilization of these enzymes on
CVD surfaces has been demonstrated to enhance their
thermostability78 and reusability,79 resulting in improved
antibiofilm efficiency. The CVD antibiofilm coatings that
leverage this strategy are summarized in section 4.1 below.80

In addition to the ECM, biofilms also differ from planktonic
foulants in that motile bacteria preferentially form biofilms at
the solid−liquid−gas three-phase interface. This interface has

been understudied in the development of antibiofouling
coatings, as existing antifouling coating designs have primarily
focused on submerged surfaces, i.e., the solid−liquid inter-
face.81 Indeed, even the state-of-the-art zwitterionic polymer
coatings have been demonstrated to be ineffective at resisting
biofilm formation at the three-phase interface.82 Addressing
this challenge requires that the interfacial energy is
simultaneously minimized at the air−solid and liquid−solid
interfaces, the former requiring a hydrophobic surface and the
latter requiring a hydrophilic one, thus creating a dilemma in
antifouling materials design. An emerging class of antibiofilm
coatings that target the three-phase interface has been uniquely
synthesized using iCVD, namely, statistical amphiphilic
copolymers. The amphiphilic copolymers enable rapid and
dynamic side chain reorientation, thus allowing the surface to
exhibit different surface energies in response to the wetting
state.83 Section 4.2 introduces CVD antibiofilm coatings
employing this strategy.

4.1. Strategies Targeting the ECM. The antibiofilm
enzyme DspB degrades the ECM components and thus
inhibits biofilm formation and facilitates detachment of the
mature biofilm.84 To achieve antibiofilm properties, a catechol-
and quinone-bearing surface was synthesized by atmospheric-

Figure 3. Antibacterial properties tests and results. (a) Biofilm reduction quantification via absorbance measurements of CV-stained P. aeruginosa
biofilms after 8 h of growth on amphiphilic P4VPz-co-PFDA-coated samples, quantifying biofilm growth. Scanning electron microscope (SEM)
images of biofilms grown on P4VPz-, P4VPz-co-PFDA-, and PPFDA-coated surfaces illustrate the biofilm morphology. Reproduced with
permission from ref 86. Copyright 2021, Wiley-VCH GmbH. (b) Surface fouling reduction quantification. Confocal microscope images of P.
aeruginosa and B. subtilis after 2 h of incubation at 37 °C with PVC, P(4VPz-PFPMA-DVB), and P(4VPz-PFPMA-DVB-lysozyme), followed by
staining using the LIVE/DEAD BacLight Bacterial Viability Kit. Reproduced with permission from ref 88. Copyright 2022, Royal Society of
Chemistry. (c) Schematic of a typical experimental procedure using CV staining for P. aeruginosa biofilm quantification at the three-phase
interphase. Reproduced with permission from ref 83. Copyright 2022, American Chemical Society.
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pressure PECVD to immobilize DspB.85 While the antibiofilm
properties of the DspB-immobilized surface were not directly
evaluated in this study, the immobilized DspB was shown to
enhance the antimicrobial efficacy of silver nanoparticles. The
PECVD film enabled sequential immobilization of Ag+ and
DspB via the catechol and quinone groups through dip-
coating. The surface’s antibacterial performance was evaluated
by culturing the surface with a Bacillus subtilis solution for up
to 120 h and measuring the bacterial population in suspension
by CFU. Compared to bare stainless steel, the surface
exhibited a 62% reduction in bacterial population after 120 h
of incubation. Additionally, other known antibiofilm enzymes,
such as those mentioned previously, could potentially be
immobilized using the same approach, potentially enhancing
antibiofilm properties.80

4.2. Amphiphilic Copolymer with Dynamic Chain
Reorientation. Leveraging the design principles of amphi-
philic copolymers to enable rapid and dynamic side chain
reorientation, a suite of amphiphilic copolymer coatings
capable of dynamic chain reorientation has been developed
by using iCVD, fostering antibiofilm performance. The solvent-
free synthesis uniquely enables molecular-scale heterogeneities
without microphase separation by eliminating the need for a
common solvent for the hydrophilic and hydrophobic
constituents, which represents a major challenge for conven-
tional solution-phase synthesis. For example, hydrophilic
zwitterionic and hydrophobic fluorinated components have
been copolymerized with statistical mixing, giving rise to
molecular-scale heterogeneities with the largest contrast in
surface energy reported to date. This amphiphilic copolymer
was synthesized by copolymerizing 4VP and 1H,1H,2H,2H-
perfluorodecyl acrylate (PFDA) using iCVD, followed by
vapor-based PS derivatization to convert the pyridine into a
pyridinium-based sulfobetaine, with z representing the
zwitterionic polymer.86 The copolymer P4VPz-co-PFDA
exhibited an advancing contact angle of 96.9 ± 1.5° and a
receding contact angle of close to zero. This significant
hysteresis and low receding angle in the copolymer were
evidence of its amphiphilic nature, where the hydrophilic and
hydrophobic side chains reoriented in response to the surface
wetting conditions. The conflicting needs to simultaneously
minimize surface energy under both dry and wet conditions
were thus satisfied by presenting zwitterionic groups at the
water−solid interface and fluorinated side chains at the air−
solid interface. As shown in Figure 3a, the amphiphilic
copolymer reduced the P. aeruginosa biofilm at the three-
phase interface by 94% compared to PPFDA and by 61%
compared to P4VPz-co-DVB after an 8 h incubation according
to absorbance measurements at 550 nm of crystal violet (CV)-
stained biofilms.

Concerns regarding the hydrolysis of the PFDA (with eight
fluorocarbons) repeating unit, which can produce harmful C8
perfluoroalkyl substances (PFAS), prompted systematic
investigations on the effects of varying the length of
fluorocarbon side chains on amphiphilic polymers on the
antifouling performance. Specifically, the antifouling effects of
less toxic 1H,1H,2H,2H-perfluorooctyl acrylate (PFOA, six
fluorocarbons) and 2,2,3,4,4,4-hexafluorobutyl acrylate
(HFBA, three fluorocarbons) based amphiphilic copolymers
were evaluated.83 P4VPz-co-PFOA and P4VPz-co-HFBA were
synthesized by iCVD and PS derivatization. After 8 h of
incubation with P. aeruginosa, all three amphiphilic copolymers
outperformed the zwitterionic P4VPz-co-DVB coating by

around 45% (measurement method as shown in Figure 3c),
yet there was no statistically significant difference in their
antibiofilm performances, suggesting that the length of the
fluorinated chain in amphiphilic copolymers did not affect their
antibiofilm effectiveness in the range of 0.5-1.1 nm.

The vast chemistry composition design space associated
with amphiphilic copolymers makes the screening and
performance optimization process laborious. The incomplete
fundamental understanding of the acting mechanisms of
amphiphilic copolymers makes it rational to turn to machine
learning (ML) aided approaches for screening optimal
amphiphilic copolymer compositions and gaining deeper
insight into their fouling resistance mechanisms.87 A general
support vector regression (SVR) was developed that captured
the fundamental quantitative structure−activity relationship
underlying both vapor and solution-synthesized copolymers.
Comonomer pairs with drastically different surface energies
were selected to form an amphiphilic copolymer, which created
a high energy mismatch. 137 monomers were converted to
simplified molecular-input line-entry (SMILE) strings and
linearly combined pairwise to derive features for all polymers
to predict their antibiofilm performance against P. aeruginosa
for incubation of 72 h. The model predicted the quantity of P.
aeruginosa solid-liquid biofilms reasonably well (R2 = 0.60,
RMSE = 0.38log(FPA) ) and how the antibiofilm performance
varied with the polymer composition, which was validated with
experimental results from PHEMA-co-HFBA.

4.3. Other Polymer Coating Designs Enabling a
Dynamic Interface. A dynamic interface design was
demonstrated using small-molecule surfactants adsorbed on
the solid surface. Anionic surfactants, exemplified by SDS, and
cationic surfactants, exemplified by DTAC, led to reduced
levels of biofilm formation by P. aeruginosa (64% and 70%,
respectively, on PVC) when added in trace amounts (0.1 mM,
far below their minimum inhibitory concentrations). That
antibiofilm effect was attributed to the facile reorientation of
these small-molecule amphiphiles at the three-phase interface
in response to the surface wetting state. This strategy
effectively reduced P. aeruginosa biofilms on various surfaces
with diverse hydrophilicities and polarities, including a
zwitterionic polymer, PHEMA, PVC, and PPFDA.89

An iCVD coating grafted with polysulfide surface chains also
demonstrated an antibiofilm property, which was attributed to
the dynamic nature of the polysulfide chains, undergoing
reversible S−S bond exchange at room temperature (the
cleavage/dissociation energy of which was 2/3 that of a C−C
bond).90 The grafting was enabled by a UV-activated thiol−
ene reaction between the vinyl groups formed by PV4D4 and
sulfur vapor. Antibiofilm performance, calculated using fouling
area observed in microscopic images, demonstrated that after
24 h of incubation with E. coli the polysulfide-grafted surfaces
reduced the biofilm by 41.1%, 90.3%, and 94.9% compared to
polyethylene glycol (PEG), PDMS, and tissue culture
polystyrene (TCPS), respectively. The incubation with S.
aureus revealed that the adherent area on the polysulfide-
grafted surface was 47.4%, 86.3% smaller than that of PDMS
and TCPS and comparable to that of PEG. The antibiofilm
performance was retained after 7 days of incubation.

5. BACTERICIDAL SURFACES
Bactericidal surfaces refer to surfaces that kill bacteria they
come into contact with. Traditional strategies involve the
release of biocidal compounds such as antibiotics and copper-
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and silver-containing compounds. A number of polymers have
been utilized to stabilize and release metal/metal oxide
particles (e.g., Ag,91 CuO,92 ZnO,93 TiO2,

94 etc.) for obtaining
antimicrobial nanocomposites.95 However, their broad-spec-
trum toxicity has led to serious ecological concerns.7 For
example, despite copper replacing tributyltin in ship hull paints
as the antimicrobial active ingredient, its environmental
impact, including toxicity to marine life96 and water quality
challenges,97 led to its recommendation to be phased out, as
suggested by the U.S. Environmental Protection Agency
(EPA) and European Environment Agency (EEA). For
instance, the California Regional Water Quality Control
Board has mandated that the copper loading in the Shelter
Island Yacht Basin will need to be reduced by 76% by 2028. As
such, recent advances in bactericidal strategies focus on
designing green, non-toxic coatings. The vapor-synthesized
bactericidal surfaces reviewed in this section are categorized
into surface chemistry and surface topography based on their
underlying mechanisms of action.

5.1. Surface Chemistry. 5.1.1. Quaternary Ammonium
Compounds. Quaternary ammonium compounds (QACs)
have been generally regarded as bactericidal and broadly used
as the active ingredients in over 200 disinfectants.98 The
cationic quaternary nitrogen interacts strongly with the anionic
head groups of phospholipids and negatively charged structural

proteins in the bacterial cell wall, resulting in rapid cell lysis.99

CVD polymer coatings with QACs have been discussed in
detail in previous reviews;100 here, we aim to provide an
updated perspective by focusing on the latest efforts in this
direction.

Poly(4-vinylbenzyl chloride-co-DMAEMA) (PVBC-co-
DMAEMA) has been synthesized using iCVD for infection-
resistant medical applications.101 VBC and DMAEMA were
chosen to induce a reaction between the benzyl chloride and
the tertiary amine, giving rise to a quaternary ammonium while
introducing cross-linking to improve film stability (Figure 4a).
The observed increase in positive surface charge with
increasing DMAEMA content, measured by zeta potential
measurements and confirmed through high-resolution X-ray
photoelectron spectroscopy (XPS) analysis, demonstrated the
successful incorporation of the quaternary ammonium group.17

The conversion rate was calculated from XPS data of the
contents of N+ and Cl−. Flow cytometry analysis and a colony-
forming unit (CFU) counting assay revealed over 99.5%
contact-killing of E. coli and Corynebacterium glutamicum after
168 h of incubation with the copolymer, with no detectable
leaching of film components. A follow-up study examined the
bactericidal effect of a similar copolymer, made of VBC and 2-
diethylaminoethyl methacrylate (DEAEMA), and reported a
3−6 order of magnitude reduction in the CFU after the

Figure 4. Design of bactericidal surfaces. (a) Schematic of bactericidal surface modification via cross-linked ionic polymer coating and structure, the
PVBC-co-DMAEMA copolymer, and XPS high-resolution scan of N 1s of the copolymer. Reproduced with permission from ref 101. Copyright
2018, American Chemical Society. (b) Schematic of the fabrication process and SEM images of the PDMAMS-co-EGDMA-coated nanofiber filter.
Reproduced with permission from ref 103. Copyright 2023, Elsevier B.V. (c) Schematic of a three-staged deposition process of the layered
degradable coating using iCVD. PDMAMS-co-EGDA as the bactericidal layer, PMAH as the biodegradable layer, and another PDMAMS-co-EGDA
layer were deposited sequentially. Reproduced with permission from ref 106. Copyright 2021, American Chemical Society. (d) Scheme for PV4D4
coating and SHAP1 peptide immobilization on the surface of a substrate. Reproduced with permission from ref 107. Copyright 2017, The Korean
Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. (e) SEM image of PANI NPA. The scale bar is 1 μm. On the right is
the log reduction of bacteria of an uncoated PANI NPA, a flat PVBC-co-DMAEMA thin film, and a PVBC-co-DMAEMA-coated PANI NPA.
Reproduced with permission from ref 108. Copyright 2021, The Authors, under the terms of the Creative Commons (CC BY 4.0) License https://
creativecommons.org/licenses/by/4.0/.
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copolymer was incubated with E. coli and S. aureus for 16 h,
highlighting the potential of VBC to react with other tertiary-
nitrogen-bearing monomers.102

Another example of a QAC-embedded bactericidal coating
was demonstrated through iCVD of a QAC-bearing
dimethylamino methylstyrene (DMAMS) monomer and a
biocompatible cross-linker EGDMA, resulting in a PDMAMS-
co-EGDMA copolymer, onto an electrospun nanofiber filter
designed for use as a face mask with bactericidal properties
(Figure 4b).103 iCVD enabled the conformal deposition of 10
nm functional copolymers films over the polyacrylonitrile
(PAN) nanofiber filter comprising a mixture of 150 and 300
nm diameter fibers. This process demonstrated a coating mass
of 35 μg/cm2 while preserving the nanoporous nature of the
filter (with over 90% filtration efficiency). To assess the
bactericidal efficacy of the coated nanofiber filter, it was
incubated with E. coli and S. aureus for 2 h at 25 °C, followed
by CFU counting of the recovered bacteria suspension. The
results revealed that over 99.98% of both E. coli and S. aureus
was eradicated from the initially inoculated 1 mL bacteria
suspension containing 105 cells/mL.

Note that QAC-based bactericidal coatings are prone to
biofouling due to the accumulation of deactivated cells and
debris,104 which interact strongly with the QACs to form a
conditioning layer and trigger the biofouling cascade.105 To
address that challenge, a self-regenerating coating was made by
sequentially depositing a layer of 800 nm bactericidal
poly(DMAMS-co-ethylene glycol diacrylate) (PDMAMS-co-
EGDA), a layer of 600 nm biodegradable poly(methacrylic
anhydride) (PMAH), and another layer of 800 nm PDMAMS
on urinary catheters, as shown in Figure 4c, by changing
precursor feeds during iCVD.106 As the top bactericidal layer
gradually lost its killing ability due to biofouling, self-
regeneration of the bactericidal property was triggered by the
hydrolysis of PMAH, degrading the intermediate layer and
revealing the underlying PDMAMS. The degradation time of
the PMAH layer spanned from 30 min to 72 h while
maintaining most of the bactericidal properties of the
underlying layer (95% of E. coli and S. aureus was killed after
1 h incubation according to CFU counting compared to 99%
with the initial coating).

5.1.2. Immobilization of Other Antimicrobial Com-
pounds. Macromolecular compounds, such as peptides or
enzymes, have also demonstrated bactericidal properties. Their
incorporation into a coating often requires immobilization via
functionalizable polymer chemistry. Such immobilization can
be achieved by maleimide−thiol,109 thiol−ene,110 or carboxylic
acid−amine reactions.111 While similar reactions could be
performed on a solution-processed polymer coating, some
CVD techniques produce functional coatings with higher
purity and retention of the functionalizable moieties and more
conformal coverage.112

The cecropin−melittin hybrid peptide, derived from natural
insect peptides, showcases potent bactericidal properties by
disrupting bacterial cell membranes.113 A cecropin−melittin
hybrid peptide has been immobilized on surfaces coated by
CVP of 4-(3,4-debromomaleimid) [2.2]paracyclophane.114

The coating afforded dibromomaleimide (DBM) groups that
reportedly reacted with the cysteine groups on the peptide.
The immobilized peptides were demonstrated to effectively kill
E. coli after 1 h of contact, as further investigated by sum
frequency generation (SFG) vibrational spectroscopy, which
revealed that the α-helical hybrid peptide adopted a lying-

down orientation on the surface, potentially suggesting a
charge-based mechanism of bacterial killing rather than
membrane disruption.

SHAP1 is a synthetic peptide designed for infected wound
treatment that is characterized by potent antimicrobial activity
against various bacteria and fungi. Synthetic SHAP1 peptides
were immobilized on in a poly(1, 3,5,7-tetramethyl-1,3,5,7-
tetravinyl cyclotetrasiloxane) (PV4D4) coating synthesized
using iCVD via thiol−ene click chemistry (activated by UV
irradiation, Figure 4d).107 The bactericidal property was
demonstrated via a 2 h incubation with E. coli and S. aureus,
achieving killing efficiencies of 96.4% and 96.3%, respectively,
compared to pristine polymer surfaces without the immobi-
lized SHAP1. Another study integrated lysosome, an
antimicrobial enzyme, into an inherent antifouling surface,88

which will be further discussed in section 6 due to its
multifunctional mode of action.

In addition to antimicrobial peptides, small-molecule
membrane-active agents also offer promising antimicrobial
activity against a wide range of pathogens; around 90% of
drugs on the market are small molecules, highlighting their
significant role in pharmaceutical research.

Plasma polymers from oregano secondary metabolites
(OSMs) potentially possess bactericidal activities, which are
attributed to their rich composition of phenolic monoterpene
carvacrol. They have been made into bactericidal polymer
coatings using radiofrequency PECVD (RF-PECVD) in
continuous or pulsed plasma modes at room temperature.115

The bactericidal properties of the coatings were evaluated by
fluorescence imaging with a LIVE/DEAD bacterial viability kit.
After 18 h of incubation, the coating synthesized using pulsed
plasma with power of 50 W eliminated >99% of P. aeruginosa
and ∼20% of S. aureus in contact.

Due to its lipophilic nature, terpinen-4-ol, an essential oil
precursor, is considered bactericidal as it can penetrate the cell
wall and cytoplasmic membrane of bacteria, compromising
their structural integrity. It has been polymerized by PECVD
via a two-step process to achieve a dissolvable and self-
polishing outer layer.116 The applied power was set at 100 W
in the first step to yield a base film and 10 or 25 W in the
second step to deliberately achieve incomplete polymerization
and thus contact killing by monomer elution and film renewal
via outer layer dissolution. The fouling test was performed by
immersing the samples in Curralea Lake, Townsville, Australia.
The treated surface showed an 83% reduction in fouling
(defined as surface coverage by foulants) after 7 days and a
47% reduction after 28 days compared to untreated glass
coverslips. In a follow-up study, the bactericidal efficacy was
correlated with the retention of terpinene-4-ol during syn-
thesis, which was increased by using pulsed (instead of
continuous) plasma.117 The surface coated with pulsed plasma
exhibited a greater bactericidal effect, achieving a log(0.90)
reduction of P. aeruginosa viability after 24 h of incubation
compared to a log(0.20) reduction for the unmodified glass
coverslips. The bactericidal effects can be further increased by
incorporating other antimicrobial agents, like ZnO nano-
particles.118

CVD polymer coatings have also been used to modify
inherently bactericidal materials. In one application, titania
nanotubes (TNTs) were coated with HEMA and MAA as
modified nanofillers in thin film nanocomposite membrane
fabrication by PECVD.119 Due to the hydrophilic nature of
TNTs, achieving homogeneous dispersion in organic solvents

Chem & Bio Engineering pubs.acs.org/ChemBioEng Review

https://doi.org/10.1021/cbe.4c00043
Chem Bio Eng. 2024, 1, 516−534

524

pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.4c00043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


during interfacial polymerization is challenging. PECVD
modification with a thin MAA coating improved the stability
and dispersion quality of TNTs in solvents. The conformal
coating thickness could be adjusted from 2 to 7 nm by varying
the deposition time from 5 to 10 min. The antibacterial
properties of the membranes were evaluated by soaking the
membranes in 30 mL of an E. coli and S. aureus suspension
with bacterial concentrations of 4 × 107 and 4 × 104 CFU/mL,
respectively, at 37 °C for 24 h, followed by CFU counting of
the bacteria suspension. The MAA-modified thin film nano-
composite membrane showed a slight improvement in
bactericidal activity, killing 17.89% of E. coli and 18.37% of
S. aureus compared to 15.56% and 16.33% for cultures without
a membrane, respectively. However, the unmodified thin film
nanocomposite membrane exhibited higher bactericidal
activity, killing 20.94% of E. coli and 44.90% of S. aureus,
indicating that the presence of the MAA coating layer limited
the bactericidal efficacy of the TNTs.

5.2. Surface Topography. Nature represents an inex-
haustible source of inspiration for the design of bactericidal
materials. The low-adhesion, superhydrophobic, and self-
cleaning surfaces found in nature, including insect wings,
shark skins, and lotus leaves, have led to numerous biomimetic
bactericidal surface designs.120 More recently, cicada (Psaltoda
claripennis) wings have been identified to have bactericidal
properties against Gram-negative bacteria, which has inspired
the development of biocompatible and bacteria-inhibiting
implant materials.121,122 The bactericidal effect has been
attributed to bacterial cell rupture upon contacting the
nanopillars lining a cicada wing.123,124 While inorganic
materials have led to rapid sterilization of bacteria, we do
not include those materials in our discussion below to maintain
a focus on polymer coatings.100

The CVD polymer coating techniques have a distinct
advantage to be combined with the aforementioned biomi-
metic surface topographies due to the conformal coating
coverage,125 which is challenging to obtain using common
solution-phase coating approaches. In the few emerging
examples discussed below, the bactericidal topographies are
often coated with a bactericidal polymer coating to explore the
potential for synergistic bactericidal effects. In one example,
the aforementioned PVBC-co-DMAEMA coating was applied
using iCVD onto a nanopillar array (NPA), which was
prepared by stamping polyurethane acrylate and Norland
Optical Adhesive 63 on a prepatterned NPA mold with a
diameter of 500 nm and a spacing of 1 μm.126 The design
rationale is that the QAC-containing polymer coating could
increase the electrostatic interaction between the bacteria and
nanopillars and thus enhance the bactericidal activity of NPA.
After 2 h of incubation with S. aureus, the coated NPA
reportedly killed 99.6% of bacteria, according to CFU counting
of the culture suspension before and after the incubation, a
considerable improvement compared to uncoated NPA, which
eradicated 51% of surface-attached bacteria from the
topological bacteria-killing effect.

The same copolymer coating was applied to a 3D
polyaniline−gold (PANI/Au) hierarchical nanostructure (Fig-
ure 4e), where PANI spikes were grown on NPAs as secondary
structures.108 The bactericidal efficacy of the surface against E.
coli was evaluated by CFU counting of bacteria suspensions
extracted from surfaces after 2 h of incubation. The copolymer-
modified PANI reportedly achieved a reduction of log(3.0)
CFU, while the copolymer-coated flat surface and the PANI

hierarchical structure showed a reduction of log(1.6) CFU and
log(0.6) CFU, respectively.

A similar copolymer PVBC-co-DEAEMA was applied onto
rough microstructures transferred from sandpaper to a
polydimethylsiloxane (PDMS) replica surface.127 The opti-
mized surface exhibited a log(7.0) reduction against E. coli and
a log(3.0) reduction against S. aureus in the CFU counting of
bacteria suspensions on the surfaces after incubation of 16 h.
The reduced effectiveness against S. aureus was attributed to
the thicker cell wall of S. aureus containing many layers of
peptidoglycans due to its Gram-positive nature.

6. MULTIFUNCTIONAL SURFACES: INTEGRATING
ANTIFOULING, BACTERICIDAL, AND FOULING
RELEASE MECHANISMS

Bactericidal surfaces, when used alone, are often prone to
fouling due to the accumulation of bacterial cell debris, which
can bury surface functionalities and halt the antimicrobial
effect. While antifouling surfaces can significantly reduce
fouling, they are unable to eradicate bacteria that continue to
circulate, potentially leading to infections and contamination.
As a result, researchers have sought to combine different
antibacterial mechanisms via an innovative material design and
synthesis. These multifunctional surfaces have enabled
simultaneous functions, such as antifouling and bactericidal
activities88 or bactericidal and fouling release activities.128

To simultaneously achieve antifouling and bactericidal
effects, QAC-bearing monomers and hydrophilic monomers
have been copolymerized using iCVD.129 For example, a
coating was designed with a compositional gradient in the z-
direction, with a bottom layer consisting of bactericidal QAC-
bearing PDMAMS and a surface layer comprising both
DMAMS and hydrophilic VP moieties.130 The resulting
coating exhibited a killing rate of more than 99.9% against
both Gram-negative E. coli and Gram-positive B. subtilis
compared to uncoated TCPS after 1 h of incubation, according
to CFU counting of the bacterial suspension, despite the
incorporation of VP on the surface, which potentially dilutes
the presence of DMAMS. The performance was attributed to a
high surface zeta potential of 16 mV of the graded coating,
comparable to that of 19 mV of the bottom PDMAMS layer,
which was argued to result from the combinatorial effect from
positive charges both on the top surface and embedded
underneath. By increasing the solution pH to 10, the surface-
attached bacterial debris was released upon rinsing due to the
weakened electrostatic attraction between the coating surface,
bacterial cells and hydrophilic lactam groups of the VP-
enriched surface.

Another illustration of integrating bactericidal and antifoul-
ing mechanisms involved an iCVD-based gradient polymer
coating comprising a bottom layer of PV4D4 and a top layer of
P(2-carboxyethyl acrylate-co-2-(dimethylamino)ethyl acrylate)
(PCA-co-DMAEA).131 The antifouling performance against
protein was assessed using surface plasmon resonance (SPR)
spectroscopy, renowned for its ultrasensitive quantification of
molecular interactions with surfaces. Results from SPR
demonstrated the coating’s ability to resist protein fouling,
with a protein surface concentration of 20.3 ng/cm2 after 500 s
of exposure to undiluted human serum. Furthermore, the
antibiofilm property of the coating was evaluated following 24
h of incubation with E. coli and S. aureus. Subsequently, the
biofilm was detached from the surface using the bead vortex
method, involving vortexing with sterile glass beads for 3 min,
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and CFU counting was performed on the suspension to
quantify the bacterial population within the biofilm. The
coating exhibited more than 10-fold reduction against both E.
coli and S. aureus biofilms compared with TCPS. PV4D4, with
superior mechanical properties, acted as a grafting layer that
could be applied conformally to various substrates to improve
the adhesion of the coating to the substrate.

One example of integrating bactericidal and fouling release
functions involved synthesizing a fluorinated polycationic
coating of PDMAMS-co-PFDA on a hydrophilic and negatively
charged polyester textile via iCVD.132 The copolymer coating
demonstrated a contact-killing efficiency of approximately
99.9% against both E. coli and S. aureus after 1 h of contact
according to resuspension of surface-attached bacteria through
sonication for 3 min, followed by CFU counting.

In addition to QACs directly integrated into polymer
coatings, antimicrobial biomolecules have been immobilized
onto functionalizable coatings to achieve antifouling−bacter-
icidal dual functions. One such example is the immobilization
of lysozyme, an effective antimicrobial enzyme that acts against
Gram-positive bacteria by hydrolyzing the glycosidic ß-linkages
in the cell wall, onto an iCVD zwitterionic coating (Figure

3b).88 Specifically, lysozyme was immobilized on the surface of
a pyridinium-based zwitterionic copolymer, poly(4VPz-co-
pentafluorophenyl methacrylate) (PFPMA), via nucleophilic
substitution of the pentafluorophenyl group. This approach
resulted in a reduction in surface adhesion of 87% for P.
aeruginosa and that of 71% for B. subtilis after 2 h of incubation
compared to PVC based on fluorescence imaging of the post-
incubation surface. Moreover, 67% of the Gram-positive B.
subtilis was eradicated after 2 h of incubation based on LIVE/
DEAD BacLight staining and fluorescence imaging.

7. CHALLENGES AND OPPORTUNITIES IN THE
DEVELOPMENT OF VAPOR-DEPOSITED
ANTIBACTERIAL MATERIALS

CVD-synthesized antibacterial polymer coatings serve as
attractive alternatives to their solution-synthesized counter-
parts. Moreover, CVD polymerization techniques have enabled
polymer chemistries and thin film attributes that challenge
traditional solvent-based methods such as amphiphilic
copolymers and conformal coating coverage over internal
surfaces. The amphiphilic copolymers are uniquely positioned
to address biofouling issues at the air−liquid−solid three-phase

Figure 5. Challenges and opportunities in CVD techniques. (a) Molecular structures of 12 zwitterionic moieties. Half the moieties (highlighted in
green) show resistance to nonspecific protein adhesion, pointing to the design criteria for antifouling materials of maximizing hydration, minimizing
self-association, and reducing protein interaction. Reproduced with permission from ref 135. Copyright 2014, Wiley-VCH Verlag GmbH & Co. (b)
Schematic of bio-informed material design: By securing iron ions onto the surface with a P4VP-co-DVB coating, the growth of the biofilm is
promoted with reduced virulence, leveraging siderophore-mediated iron acquisition. Reproduced with permission from ref 136. Copyright 2021,
American Chemical Society. (c) Schematic of the mechanism of the solvation-enhanced polymerization strategy in iCVD. Orange dots refer to
HFIP molecules, while blue dots denote 4VP molecules. The two molecules form hydrogen bonds, leading to in situ complexation that enhances
the surface adsorption of 4VP and increases its film growth speed and molecular weight. Reproduced with permission from ref 137. Copyright
2023, The Authors, under exclusive license to Springer Nature Limited.
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interface133 in applications ranging from ship hull fouling
deterrence to underwater operations (e.g., underwater oxygen
generation for divers or hydrogen generation for submarines).
The ultraconformal antifouling thin films have been applied to
a variety of off-the-shelf membranes to render their external
and internal surfaces antifouling thanks to the conformal
nature of the CVD polymerization techniques. Example
applications include those with intricate surface topographies
like anodic aluminum oxide (AAO) membranes in nano-
filtration and ultrafiltration, delicate reverse osmosis (RO)
membranes that cannot withstand solution-synthesis methods
without performance deterioration,134 and nanopillar arrays108

that act in synergy with the polymer coating to enhance their
antimicrobial activities.8

Despite these advantages, the library of CVD polymer
chemistry and organic functionalities represents a subset of
those that can be attained using solution-based synthesis
techniques. There is thus a need for new strategies to
chemically diversify accessible chemistries via vapor deposition
techniques. In section 7.1, we propose three potential strategies
to achieve that goal. Furthermore, we have identified a critical
need for standardization in the methodology employed to
assess antibacterial efficacy. Section 7.2 contains a collated set
of common practices for the assessment of protein adhesion,
bacteria adhesion, and biofilm formation, which may help
researchers in the field quickly identify a method that allows
for benchmarking of the performance of the antibacterial
material being developed. Finally, despite the success of
existing antibacterial materials, the discovery of new anti-
bacterial chemistries and strategies has slowed down in recent
years. We believe a deeper understanding of fouling micro-
biology is needed to power continued innovation in
antibacterial materials design, as discussed in section 7.3 below.

7.1. The Need to Develop New Material Chemistries.
While the palette of polymer chemistries achieved by CVD
polymerization may seem limited, especially compared with
solution-based synthesis techniques, CVD has reasonably
covered the key classes of antibacterial polymers. These
include hydrophilic polymers (e.g., zwitterionic and PEG-like
polymers), amphiphilic copolymers, positively charged poly-
mers, and functionalizable polymers for the tethering of
biomolecules or otherwise antibacterial molecules and
materials (Table 1). Building upon the advancements made
possible by CVD, particularly in synthesizing zwitterionic
polymers and cross-linking-density-tunable antifouling coat-
ings, we propose several strategies to develop next-generation
antibacterial coatings using iCVD. Nevertheless, we recognize
that the collection of functional polymers accessible to CVD
techniques represents only a fraction of the existing polymer
library. We attribute that narrow palette to the emerging nature
of the CVD polymerization technologies, which likely leaves
much of the design space largely unexplored, as well as the
requirement for monomers to be sufficiently volatile and
reactive. As such, we also include a discussion on potential
strategies to diversify the CVD polymer library, using iCVD as
an example, which may inspire sustained growth of iCVD
polymer chemistries for antibacterial applications and beyond.

7.1.1. Future Design of Zwitterionic Materials. While
hydration has been the predominant consideration in the
design of CVD-based zwitterionic coatings, additional design
considerations could further improve the antifouling perform-
ance through molecular design.135,138 For example, strong self-
associations among zwitterionic moieties have been observed

in solution-synthesized sulfobetaine moieties, rendering them
hydrophobic with reduced antifouling performance.139 While
such self-association and reduction in antifouling performance
have not been observed in CVD-synthesized zwitterionic
coatings, a systematic study of the structure-property relation-
ship, like that shown in Figure 5a,140 for vapor-deposited
coatings could lead to unprecedented antibacterial perform-
ance. Vapor-phase synthesized polymers could behave
drastically differently from solution-synthesized polymers. As
such, systematically investigating the antifouling effectiveness
of different CVD-enabled zwitterionic polymer structures
would also advance our understanding of the antibacterial
mechanism of vapor-synthesized polymers and the design of
next-generation vapor-deposited zwitterionic structures.

7.1.2. Functional Crosslinkers. The all-dry nature of iCVD
polymerization allows facile incorporation of cross-linkers into
the polymer coating without any limit posed by polymer
solubility or the need for subsequent curing steps. The
chemical and mechanical stabilities of the iCVD coatings thus
tend to compare favorably to those of their solution-processed
counterparts. Future designs using iCVD polymerization may
consider leveraging this unique advantage to achieve
unprecedented antibacterial effects. For example, coating
stiffness has been demonstrated to affect the motility of
near-surface bacteria.39 As such, iCVD polymer coatings with
systematically tuned stiffness, which can be achieved by simply
varying the cross-linking density of iCVD polymer coatings,
may lead to new design strategies for antibacterial materials.
Furthermore, while most extant iCVD research treats the
cross-linker as a component that serves the sole purpose of
improving coating stability, cross-linkers, in fact, can be
designed to bear functional moieties, which presents an
opportunity to enhance the functional properties of polymer
films.

7.1.3. Broaden the Collection of Polymers Accessible to
CVD Techniques. CVD techniques require that a precursor be
volatile enough to be delivered in the vapor phase, placing a
considerable constraint on the feasible precursors. For
example, zwitterionic monomers are commercially available
but almost never used directly in CVD polymerization because
the ionic nature of the monomers renders them insufficiently
volatile. To address that bottleneck, a two-step synthesis
scheme (as described in section 3) has been developed.71

Expanding the CVD monomer library could lead to improved
antibacterial performance and beyond. For example, the
incorporation of amino groups and thiol groups could open
a path toward several classes of facile functionalization
reactions (e.g., the click reaction).

While the low volatility of a precursor may render it
incompatible with CVD technologies, excessive volatility
results in inadequate adsorption of a precursor onto the
substrate, which in turn would require laborious optimization
of the experimental conditions to overcome. The development
of the vapor-phase solvation strategy in iCVD has shown
promise in addressing this limitation.137 As shown in Figure 5c,
by using hexafluoroisopropyl alcohol (HFIP) as a carrier gas
instead of traditionally used argon, the solvation of 4VP by
HFIP in the vapor phase formed vapor complexes, which
greatly accelerated P4VP’s deposition rate, increased its
molecular weight, and enabled facile film morphology control,
all without any HFIP incorporation. This vapor solvation
mechanism introduces a new dimension of control in iCVD.
Applying these strategies to other polar monomers and volatile
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solvents could expand the available monomer library for iCVD,
opening up new possibilities for all-dry synthesis.

The potential solutions that we discussed to expand the
accessible chemistries in iCVD, such as the incorporation of
vapor solvents, or the in situ synthesis of heavier monomers
during deposition, may not be applicable to other CVD
polymerization techniques like PECVD or CVP. Instead, to
expand the library of precursors for those technologies, less-
volatile monomers can be and have been introduced through
techniques like a precursor bubbler141 or ultrasonication bath
to facilitate the evaporation of monomers. In addition, it is key
to achieve high retention rates of the functional moieties (e.g.,
zwitterionic side groups) to maximize antibacterial effective-
ness. This may prove challenging for techniques such as
PECVD that leverage high-energy reaction zones to enable
polymer growth. Several reports cleverly leveraged these
techniques to immobilize precursors and enabled subsequent
controlled polymerization under more benign conditions (e.g.,
CVP-immobilized initiator for subsequent solution-base
ATRP73), capitalizing on the benefits of both solution- and
vapor-based synthesis techniques. With the prevalence of
thermal electric cooling devices, it is also possible that active
cooling can be introduced retroactively, with a reactor layout
that does not interfere with the activation step, to increase the
retention of the antibacterial functional moieties.

7.2. A Call for Standardization in Antibacterial
Assays. There is a critical need for standardization in the
assessment methodology employed to compare antibacterial
materials. While commercial LIVE/DEAD® staining kits are
available for bacteria, they are not necessary for most
genetically modified strains or could be replaced by other
staining procedures such as CV staining. Different studies
focus on a vast diversity of foulants, different flavors of
proteins, strains of bacteria, growth modes of planktonic
bacteria versus biofilms, or even domains of life, the selection
criteria of which are not always obvious. Furthermore, the
disparities in testing procedures and data presentation hinder
accurate and consistent comparisons across coatings bearing
different functional moieties or synthesized using different
techniques. In addition, CVD-synthesized polymers can differ
from solution-synthesized polymers on the molecular level.
CVD-synthesized polymers tend to be cross-linked solid thin
films instead of polymer brushes (which are common among
solution-synthesized antifouling coatings). While the tunable
cross-linking density affords control over film stability, it limits
access to an antifouling mechanism, i.e., entropy-driven
antifouling by densely packed polymer brushes. Nonetheless,
CVD delivers control over film architecture to enhance the
antibacterial performance, e.g., placing antifouling moieties at
the topmost surface by leveraging diffusion-limited derivatiza-
tion reactions, which may be challenging for solution synthesis
methods. Systematic studies to compare vapor- versus
solution-synthesized polymer surfaces would offer immense
value to the advancement of the structure−property relation-
ships that will guide the design of next-generation antibacterial
coatings. In an effort to move toward standardized comparison,
we summarize a few observations below based on the current
trends in the literature; this is by no means a set of
recommendations but rather a collection of common practices.
We organize the summary below based on the intended
function into antifouling, bactericidal, and antibiofilm catego-
ries and provide an overview of the common assessment
methods for each.

7.2.1. Antifouling Assays. Benchmarking antifouling
materials commonly involves using materials such as bare
glass, polypropylene (PP), polystyrene, TCPS, PDMS, PVC,
and others as controls. Antifouling performance is commonly
assessed against proteins and bacteria serving as model
biofoulants. The evaluation process typically involves incubat-
ing the sample with a suspension containing a known
concentration of protein (50−70 mg/mL) or bacteria (105−
108 cells/mL) for a certain duration (1−6 h) to allow their
attachment.

Numerous methods exist for quantifying surface-adsorbed
proteins, each with their own advantages and limitations.
Quantifying protein adsorption is an intricate subject, as
different methods may exhibit incompatibilities. Interested
readers can refer to other comprehensive reviews for an in-
depth understanding.142 However, as the scope of this
Perspective is focused on evaluating the antifouling perform-
ance of materials, and only the methods commonly used for
this purpose are introduced here. Common techniques for
protein adsorption assessment include colorimetric protein
assay (e.g., bicinchoninic acid (BCA) assay), enzyme-linked
immunosorbent assay (ELISA), and SPR measurement.

The BCA assay offers stable and sensitive quantification of
protein concentration by measuring a color change from green
to purple, indicating the protein presence. This change occurs
due to the reduction of Cu2+ ions by peptide bonds in proteins,
forming a purple-colored complex with bicinchoninic acid at
562 nm. The assay can be conducted with a commercially
available BCA protein assay kit. It is commonly employed to
assess the adsorption behaviors of proteins, such as BSA,
human fibrinogen, and human serum albumin, on surfaces.
Despite its advantages, BCA may face interference from
reducing agents, metal chelators, and common membrane
lipids and phospholipids.

ELISA is also a potent tool to quantitate protein (e.g.,
fibrinogen) fouling on surfaces, with a detection limit much
lower than that of the BCA method (0.5 μg/mL). ELISA is a
highly sensitive technique used to detect antigens in biological
samples through specific antibody−antigen interactions. It
involves immobilizing antigens to a solid surface and
complexing them with detection antibodies conjugated to
molecules for detection. ELISA is typically performed in multi-
well plates, allowing for high throughput and simultaneous
handling of multiple samples. Compared to BCA, ELISA offers
the advantage of targeting specific proteins, providing valuable
insights beyond total protein concentration. While ELISA
offers advantages such as high sensitivity, specificity, and
quantitative analysis of antigen concentration, it has
limitations, including temporary readouts based on enzyme/
substrate reactions.

SPR is a phenomenon that occurs when incident light
excites electrons in a metal surface, leading to plasmon
oscillations that propagate parallel to the surface. By measuring
changes in reflected light intensity or resonance angle shifts,
SPR biosensors can detect biomolecular interactions with high
sensitivity, quantifying the analyte concentration and binding
kinetics. SPR is often used for analyzing protein (e.g.,
fibrinogen) and enzyme (e.g., lysozyme) adsorption behaviors
on surfaces. It enables real-time monitoring of adsorption
interactions, allowing for a kinetic analysis of adsorption
events.

To quantitate surface-fouled bacteria, the prevalent method
is fluorescent staining (with fluorescent dyes such as SYTO 9)
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of the postfouling surface, followed by imaging under confocal
microscopy or fluorescent microscopy. By counting the
bacteria adhered to the surface and comparing across different
surfaces, antifouling performance is assessed. Commonly used
bacteria strains include Gram-positive bacteria such as S. aureus
and B. subtilis and Gram-negative bacteria such as E. coli, P.
aeruginosa, and Cellulophaga lytica.

7.2.2. Bactericidal Assays. The primary method for
assessing the surface bactericidal property involves LIVE/
DEAD staining, where bacteria are cultured to a specific
concentration (103−105 cells/mL) and then incubated with
surfaces of interest and uncoated control surfaces for 1−2 h.
After incubation, the surfaces are removed and gently rinsed to
remove loosely attached bacteria. Subsequently, LIVE/DEAD
staining, which differentiates live and dead cells via double
staining (for instance, the LIVE/DEAD BacLight assay with
the fluorescent nucleic acid dyes SYTO 9 and propidium
iodide),143 is performed on the removed surfaces. The stained
surfaces are then imaged under confocal or fluorescent
microscopy, enabling the enumeration of live and dead
bacteria. This allows for the calculation of a bacteria-reduction
ratio of a specific surface as an indicator of the surface’s
bactericidal effectiveness. Commonly used bacteria strains
include Gram-positive bacteria such as S. aureus and B. subtilis
and Gram-negative bacteria such as E. coli and P. aeruginosa.

Another experimental approach to quantitate live and dead
bacteria on surfaces involves CFU counting. Similar to LIVE/
DEAD staining, bacteria are cultured to a specific concen-
tration (103−105 cells/mL) as a working bacteria suspension.
Subsequently, a certain volume of bacteria suspension (100 μL
to 1 mL) is transferred to the surfaces of interest for 1−2 h.
After incubation, the bacteria are collected from the surfaces,
either directly or by techniques such as vortexing or sonicating.
The bacteria suspensions then undergo serial dilution, as
described in ASTM E2149, for CFU counting to derive the
bacterial killing rate (e.g., in terms of log reduction) resulting
from the bactericidal surface.

The LIVE/DEAD staining method gives direct information
about the ratio of live and dead bacteria on the surface. On the
other hand, the CFU method is easier to operate and does not
require fluorescence imaging techniques. However, it may not
collect all the surface bacteria, and the collection process could
lead to bacterial death, potentially affecting the accuracy of the
surface’s bactericidal property assessment.

7.2.3. Antibiofilm Assays. One of the most commonly used
protocols to assess antibiofilm properties is the O’Toole
protocol, which stains the total biomass with positively charged
CV, as introduced previously in section 4.4.2.144 Bacterial
biofilms comprise the ECM, live cells, and dead cells. While
the quantification of the overall biomass using stains like CV,
Congo red, or dimethylmethylene blue (DMMB) serves as a
good indicator of the antibiofilm performance, detailed
information on the fractions of cells within a biofilm and
their viability could inform us on the biological effects of
synthetic materials. The biomass could be quantified using
nucleic acid stains, such as 4′,6-diamidino-2-phenylindole
(DAPI) or the LIVE/DEAD BacLight assay. Notwithstanding
the availability of standardized staining methods, large
disparities exist in biofilm culture methods. Without listing
all the strains and culture conditions employed to date, we
highlight the prevalence of P. aeruginosa (e.g., PAO1) as a
model bacterium in antibiofilm studies, partially due to its
natural tendency to form biofilms on virtually any synthetic

surface. It is worth noting that most P. aeruginosa strains favor
the air−liquid−solid interface for biofilm formation, a
preference largely neglected in the existing antibiofilm
literature. While most extant studies evaluate the biofilm
formed from P. aeruginosa at the liquid−solid interface (i.e.,
under submerged conditions), the O’Toole protocol does offer
an effective way to culture and quantify the biofilm at the
three-phase interface. As such, one strategy toward stand-
ardization is the adoption of similar protocols in the
antibiofilm literature, combined with the aforementioned
standardized strains and assays, for a comprehensive assess-
ment of the amount and bioactivity of bacterial biofilms in
response to synthetic materials.

7.3. The Need to Develop New Antibacterial
Strategies. Despite the plethora of research on the design
of antifouling and bactericidal materials, the biotic−abiotic
interface residing between living organisms and solid polymers
remains largely understudied in the context of the molecular
biology of bacterial fouling, especially on the cellular level. For
example, fouling species like bacteria are often treated as
passive colloidal particles and engineered surfaces as substrates
for colloidal adsorption,145 eliding the rich environmental
adaptability of the fouling organisms.146 Future anti-biofouling
strategies likely require microbes to be recognized as complex
systems with dynamic structures/metabolisms and sophisti-
cated chemical communication mechanisms, all of which are
potentially controllable via engineered surfaces. New knowl-
edge of the molecular interactions and cellular activities that
drive bacterial sensing and adhesion to a surface could become
a powerhouse of innovation in antibacterial research.

One potential strategy is to integrate bacterial biofilm into
the functional material, rendering it a living coating that
combats subsequent biofouling while offering properties that
currently do not exist in synthetic coatings, such as self-
replication, adaptability, and the capability for chemical
synthesis and biotechnological production.147,148 Research on
biofilm-based systems has the potential to uncover new ways of
using these properties to our advantage. While most extant
research in engineered living materials focuses on microbes
that are genetically engineered to gain control over the
properties of their ECM (i.e., the “material” produced by living
organisms), such strains pose potential concerns around
contamination and foreign species invasion once deployed.
Instead, material-centric strategies for recruiting indigenous
microbial species and controlling their phenotypes represent
promising alternatives to living coatings. For example, a P.
aeruginosa biofilm cultured on a coating composed of lightly
cross-linked P4VP-co-DVB exhibited reduced virulence by 68%
(Figure 5b) despite a greater quantity of biofilm that was
nearly twofold that of the biofilm grown on uncoated culture
plate (made of PVC).136 This pyridine-rich surface was able to
enrich dissolved iron on the coating surface. The abundance of
surface iron led to reduced production and release of
siderophores, phenazines, and rhamnolipids by the P.
aeruginosa biofilm, which in turn decreased virulence.
Investigating the relationships between microbial behavior/
phenotype and material properties could provide valuable
insight into design principles for new antibacterial materials
that go beyond merely repelling or killing bacteria.

8. CONCLUSION
Antibacterial polymer coatings synthesized via chemical vapor
deposition techniques, such as iCVD, PECVD, and CVP,
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present a promising approach to combat bacterial fouling,
contamination, and biofilm formation on various surfaces.
These vapor-phase techniques enable the fabrication of highly
uniform, composition-controllable, substrate-independent
coatings with superior antibacterial properties. This Perspec-
tive organizes recent advances in antibacterial coatings based
on their functioning mechanisms and design principles.
Antifouling surfaces primarily prevent adhesion by using
hydrophilic polymers like zwitterionic polymers to create a
hydration barrier, gaining non-specific adhesion resistance.
Bactericidal surfaces involve contact-killing bacteria by
incorporating QAC-based groups, modifying the surface
topography, and immobilizing other bactericidal moieties.
Antibiofilm surfaces typically function through dynamic chain
reorientation (e.g., enabled by statistical amphiphilic copoly-
mer coatings), immobilization of antibiofilm enzymes, or
enzyme-mimicking polymers. Furthermore, multifunctional
surfaces combine the aforementioned mechanisms. Moreover,
we highlighted several significant challenges in the develop-
ment and implementation of these coatings, including
functional cross-linker utilization, zwitterionic material design,
monomer library expansion, and the development of new
antibacterial strategies. We also emphasize the importance of
standardization in antibacterial assays to ensure accurate and
consistent comparisons across various antibacterial coatings.
By addressing these challenges and embracing the oppor-
tunities in the development of vapor-deposited antibacterial
polymer materials, this Perspective intends to spur continued
research and innovation in this crucial area.
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