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Abstract: Biomaterials and biomedical devices induced life-threatening bacterial infections and other biological adverse effects such
as thrombosis and fibrosis have posed a significant threat to global healthcare. Bacterial infections and adverse biological effects are
often caused by the formation of microbial biofilms and the adherence of various biomacromolecules, such as platelets, proteins,
fibroblasts, and immune cells, to the surfaces of biomaterials and biomedical devices. Due to the programmed interconnected
networking of bacteria in microbial biofilms, they are challenging to treat and can withstand several doses of antibiotics.
Additionally, antibiotics can kill bacteria but do not prevent the adsorption of biomacromolecules from physiological fluids or
implanting sites, which generates a conditioning layer that promotes bacteria’s reattachment, development, and eventual biofilm
formation. In these viewpoints, we highlighted the magnitude of biomaterials and biomedical device-induced infections, the role of
biofilm formation, and biomacromolecule adhesion in human pathogenesis. We then discussed the solutions practiced in healthcare
systems for curing biomaterials and biomedical device-induced infections and their limitations. Moreover, this review comprehen-
sively elaborated on the recent advances in designing and fabricating biomaterials and biomedical devices with these three properties:
antibacterial (bacterial killing), antibiofilm (biofilm inhibition/prevention), and antibiofouling (biofouling inhibition/prevention)
against microbial species and against the adhesion of other biomacromolecules. Besides we also recommended potential directions
for further investigations.
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Introduction

Numerous studies have been conducted in order to develop and fabricate antibacterial and antibiofouling biomaterials
and biomedical devices. Irrespective of this, the quest to develop biomaterials and biomedical devices with excellent
antibacterial and antibiofouling properties is still in progress since pathogenic bacterial strains are developing resistance
to various antimicrobial treatments.'> Bacterial contamination of biomaterials and biomedical devices not only compro-
mises their efficacy but is also a leading cause of bacterial infections.’ According to a study reported by Magill et al,
about 26% of healthcare infections in the United States alone are caused due to the microbial contamination of these
biomaterials and biomedical devices,* and further, each year in the United States, 1.7 million individuals suffer from
healthcare-associated infections, with about 90,000 dying as a result of these infections.>> These statistics exclude
healthcare-associated infections that occur in intensive care units, where this patient population makes up only a fraction
of the entire population, but the probability of infection-related mortality is substantially higher owing to the patient’s
compromised health status. For example, about 80,000 bloodstream infections associated with central venous catheters
occur annually in intensive care units in the United States, with a mortality rate of 12-25%."® The estimated annual
medical costs of these patients’ issues are between $296 million and $2.3 billion.®’

International Journal of Nanomedicine 2023:18 3377-3405 3377
Received: 26 January 2023 © 2023 Khan and Shakoor. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
AT terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing

Accepted: 6 May 2023
Published: 21 June 2023

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-0967-3079
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Khan and Shakoor Dove

Graphical Abstract

Antifouling
Antibiofilm

Biofilm
dispersal

Antibacterial, Antibiofilm, and
Antifouling Biomaterials and Biomedical

devices

Biomaterials and biomedical devices, including contact lenses, drug delivery devices, catheters, protective apparel,
prosthetic devices, sensors, surgical equipment, pacemaker, and lens cases, are often contaminated by pathogenic
microorganisms through biofilm formation.®'* In 1982, an electron microscopy examination of a pacemaker lead in
a patient with recurrent Staphylococcus aureus bloodstream infection gave the first evidence of biofilm involvement in
device-related infections (Figure 1).'""'? Since then, almost all types of indwelling biomaterials and biomedical devices
have been associated with the occurrence of microbial biofilms.'>'® Following decades of research, it has been
consistently demonstrated that biofilms play a vital role in the pathogenesis of tissue-associated infections (Figure 1).
Moreover, it was found that the extensive use of a variety of indwelling biomaterials and biomedical devices implanted in
humans potentially promotes microbial adhesion and colonization, ultimately leading to infection.'?

Biofilm Formation on Biomaterials and Biomedical Devices

The pathogenic bacterial strains form biofilms by adhering to the surfaces of biomaterials and biomedical devices.
Initially, bacterial adhesion to the abiotic surfaces of biomaterials and biomedical devices is typically non-specific,
resulting from a variety of non-specific forces [electrostatic interactions (acid-base interactions), Van der Waals
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Figure | Pathogenic microbial biofilms contaminated biomaterials and biomedical devices induced infections.
Note: Adapted with permission from Lebeaux D, Ghigo JM. Management of biofilm-associated infections: what can we expect from recent research on biofilm lifestyles?
Med Sci. 2012;28(8-9):727-739."*

interactions, etc], and this type of adhesion is called passive adhesion (Figure 2). Bacterial adhesion is accomplished by
their interactions with the adhesins of biomaterials and biomedical devices. During such interactions, pathogenic bacteria
behave like colloidal particles.'> ' Additionally, bacterial cell filamentous appendages (pili, nanofibers, flagella, etc),
and species-specific proteins (autolysins) also act as adhesins, promoting their attachment to the abiotic surfaces.'>'***

On the other hand, when biomaterials and biomedical devices are immersed in the physiological fluid, their bare
surfaces are rapidly covered by extracellular matrix proteins and immune protein components, leading to the generation
of a biotic coating (conditioning layer).”>*® Thus, bacterial adhesion to the biotically coated surfaces of biomaterials and
biomedical devices is usually specific adhesin-based interactions, commonly known as active adhesion accompanied by
irreversible active mechanisms.'®?” The active adhesion is often mediated by the biotic coating of three extracellular
matrix proteins (fibrinogen, fibronectin, and collagen), which serve as ligands for bacterial attachment to biomaterials and
biomedical devices (Figure 2).'>1%%%

After attachment, bacterial species stick to one another and form numerous colonies.*?° The adherent bacterial
colonies are further embedded in biomaterials and biomedical devices by continuously producing an extracellular matrix
composed of extracellular polymer substances.'> The extracellular polymer substances are composed of extracellular
DNA, lipids, proteins, and polysaccharides (Figure 3). The extracellular polymer substances play a vital role in forming
and sustaining microbial biofilms. For example, polysaccharide intracellular adhesin in S. epidermidis and S. aureus
promote their adhesion to the surfaces of biomaterials and biomedical devices.'”

Moreover, polysaccharide intracellular adhesin-positive (presence of cell-surface components or appendages) bacterial
species are more resistant to antibiotics compared to polysaccharide intracellular adhesin-negative (absence of cell-surface

components or appendages) bacterial strains.'>*%*' While extracellular DNA plays a significant role in nutrient supply,
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Figure 2 Staphylococcus aureus adherence to the surface of biomaterials and biomedical devices.

Notes: Both reversible passive and irreversible active mechanisms culminate in bacterial adherence to the surface of biomaterials biomedical devices. The active process is
mediated by sticky matrix molecules interacting with fibronectin and collagen. Cna and FnBPs stand for collagen-binding adhesin and fibronectin-binding proteins,
respectively. Adapted from Arciola CR, Campoccia D, Montanaro L. Implant infections: adhesion, biofilm formation and immune evasion. Nat Rev Microbiol. 2018;16(7):-
397-409, Copyright © 2018, with permission from Springer Nature'® and created with BioRender.com.

transferring the genes among cells, stabilizes, and strengthens the extracellular biofilm matrix.'>**>* Due to such behaviour of

pathogenic bacterial colonies in biofilms, they can resist several dozes of antibacterial compounds or drugs.***>=7

Biofouling of Biomaterials and Biomedical Devices

Biofouling is an additional important element that facilitates the formation of biofilms by pathogenic bacterial strains on
biomaterials and biomedical devices.'**>® Biofouling is typically medicated by the adsorption of live/dead planktonic
bacterial cells, proteins (streptavidin, lysozyme, fibronectin, fibrinogen, bovine serum albumin, etc), and platelets on the
surfaces of biomaterials and biomedical devices.'® The initial adhesion in the case of microbial species is most probably
caused by a small population of microbes that aggregate on the surface after biomaterial or device implantation, either via
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Figure 3 Transitions in the development of a biofilm.

Notes: Following adherence, bacterial species interact to create microcolonies, promoting bacterial clustering and biofilm formation. Massive bacterial clusters known as
towers form as the biofilm’s polymeric framework matures. Additionally, polysaccharide intracellular, extracellular DNA and many more structurally distinct extracellular
matrix compounds can make up a biofilm. Adapted from Arciola CR, Campoccia D, Montanaro L. Implant infections: adhesion, biofilm formation and immune evasion. Nat
Rev Microbiol. 2018;16(7):397—409, Copyright © 2018, with permission from Springer Nature'® and created with BioRender.com.

contact with the skin flora of the patient/medical professional or through microbial diffusion from the implant site.' These
adsorbed live/dead bacterial cells further act as a platform for attaching the microbial cells and their proliferation into
biofilms on the surfaces of biomaterials and biomedical devices.®?° The most straightforward methods have focused on
preventing microbial adherence (antibiofilm) or eradicating adherent microorganisms (antimicrobial).

However, the conditioning film’s function is often ignored in both methods." Upon the implantation of the biomedical
device or biomaterials, the surface is readily coated with the available extracellular matrix, immune system proteins, blood
biomacromolecules (proteins, etc), and platelets referred to as the biotic coating or conditioning film (Figures 4 and 5).'-*%4
The surface chemistry and wettability of biomaterials and biomedical devices are critical for the adhesion of various
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Figure 4 Biofilm formation on the biomedical device (catheter) mediated by conditioning film.
Notes: Adapted from | Hosp Infect, 98(2), Oliveira WE, Silva PMS, Silva RCS, et al, Staphylococcus aureus and Staphylococcus epidermidis infections on implants, |1 1-117,
Copyright © 2018, with permission from Elsevier*® and created with BioRender.com.

adhesins to their surfaces.'>*! Although biomaterials or biomedical devices are initially unfavorable for microbial
adherence, the formation of conditioning films eventually results in microbial adhesion and subsequent growth into biofilms
(Figure 4)." There is sufficient evidence supporting antibiofilm agents and technology’s in vitro biofilm prevention
capabilities. Unfortunately, the majority of existing in vitro test methodologies do not include in vivo biomaterials and
biomedical device conditions.*> Therefore, scientists designing biomaterials and biomedical devices must consider the
microenvironment of the implanting site and be required to investigate for non-specific adsorption of hosting
biomacromolecules.! For example, the conditioning film in vascular catheters is generally composed of plasma proteins
(fibrinogen, fibronectin, and albumin) and platelets (Figure 4). In contrast, the conditioning film in urinary catheters is
frequently composed of electrolytes and proteins from the patient’s urine.'=%***

It has been demonstrated that bacteria responsible for infections caused by biomaterials and biomedical devices may
readily attach to a variety of proteins through site-specific adhesion receptors and generate coagulase enzymes that

promote microbial adhesion and thrombogenesis.'*”*° Instead, substantial plasma protein adsorption by itself may
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Figure 5 Schematic illustration of the biofouling of biomaterials and biomedical devices.

Notes: Depending on the surface characteristics of biomaterials and biomedical devices, protein adhesion unfolds. This may reveal receptor binding sites and enable cells to
bind, resulting in a biological response dependent on the protein and cell types present in the immediate environment. Thrombosis and fibrosis are all examples of these
responses. Adapted from Trends Biotechnol, 37(3), Mackie G, Gao L, Yau S, Leslie DC, Waterhouse A, Clinical Potential of Immobilized Liquid Interfaces: Perspectives on
Biological Interactions, 268-280, Copyright © 2019, with permission from Elsevier*® and created with BioRender.com.

promote platelet adhesion and activation, resulting in surface-induced thrombogenesis, which prevents blood flow
through the blood-contacting devices, ultimately resulting in device failure and local tissue necrosis (Figure 5).'4¢-3031
Furthermore, plasma protein adsorption also contributes to fibrosis-like adverse effects by providing the adhesion sites to

fibroblast, immune cells, and extracellular matrix (Figure 5).***®
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Solutions Practicing in Healthcare Systems for Curing the Biomaterials
and Biomedical Devices-Induced Microbial Biofilms Infections and Their

Limitations

Currently, many physicians employ oral or intravenous antibiotics before or soon after device implantation to decrease
the incidence of infections caused by contaminated biomaterials and biomedical devices.'>* Unintentionally, the
extensive use of antibiotics has resulted in the development of many antibiotic-resistant bacteria, which have become
a worldwide pandemic.'* The antibiotic drugs used for treating microbial biofilms-induced infections have poor efficacy
against pathogenic bacteria infecting peri-implant tissues and require additional antibiotic treatment posing a significant
risk of acquiring resistance.'>* Moreover, antibiotic therapy does not address the adhesion issues of biomacromolecules
on the surfaces of biomaterials and biomedical devices from implanting sites, compromising its effectiveness, resulting in
microbial biofilms and biological biofouling reinfections. In this case, replacing biomaterials and biomedical devices is
the only feasible alternative for preventing mortality and morbidity associated with bacterial infection. This approach
may sometimes be found to be inefficient, complicated, or very expensive.*>’

Therefore, scientists have developed antimicrobial biomaterials and biomedical devices by adopting different
strategies, including the incorporation of various bactericidal compounds (releasable/non-releasable), microbe repel-
ling/releasing materials, and the potential combination of two onto their surfaces.’® ** While these strategies appear to be
very effective in killing and reducing microbial adherence and consequent implant-induced microbial infections, their
effectiveness against other biomacromolecule adhesion is often ignored. As previously explained, they also have
a significant role in biomaterials and biomedical devices-induced biological biofouling infections.

Solutions Practicing in Healthcare Systems for Curing the Biomaterials
and Biomedical Devices-Induced Biological Biofouling Infections and Their

Limitations

The current most frequently used clinical standard of treatment for preventing the biomaterials and biomedical devices-
induced thrombogenesis and subsequent thrombosis (biological biofouling infections) is systemic heparin injections,
which prohibit the formation of fibrin by actuating the coagulation inhibitor antithrombin.®>-* Numerous clinical studies
have shown that heparin reduces the risk of thrombogenesis and thrombosis by modulating the coagulation cascade
response.®”*® Nonetheless, using soluble heparin has no impact on platelet aggregation or activation, a crucial step in the
formation of thrombus.®*”® In addition, the administration of systemic heparin depletes the patient’s whole blood supply
of its clotting ability, which may result in stern complications such as heparin-induced thrombocytopenia (Figure 6),
hypertriglyceridemia, and postoperative bleeding.”’* As a result of these severe complications, systemic heparin
administration continues to be the most considerable incidence of clinical drug-related mortality in the United
States.”>’® Additionally, it has been demonstrated that using heparin in solution promotes the formation of bacterial
biofilms on the surface of blood-contacting biomaterials and biomedical devices, thus raising the risk of hospital-
associated infections.”®””

To obviate the deleterious consequences of systemic administration, the fabrication of localized heparin-based
coatings has received considerable attention. Currently, there are two types of commercially available local heparin
administration devices: heparin-eluting materials that release heparin from a polymeric matrix and surface-immobilized
heparin materials.®®”® When compared to untreated controls, these heparinized materials showed superior clinical
efficacy in terms of reducing thromboembolism and surgical complications.”®*** Additionally, immobilization of heparin
prevents the formation of biofilms, which is due to the presence of negatively charged sulfates in heparin molecules,
which inhibit bacteria’s adhesion to the surface.®!** Regardless of these advantages and the commercial availability of
heparinized materials, systemic heparin injections continue to be used.”®***** The continued use of systemic heparin may
be justified because it does not suppress platelet activation and, therefore, significantly contributes to thrombogenesis and
eventual thrombosis (Figure 6). While both thrombogenesis and thrombosis processes are ignored, large doses of
injectable heparin are required to suppress the coagulation response before, during, and after implantation of heparin-
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Figure 6 Heparin-induced thrombocytopenia pathogenicity.

Notes: Platelets release the PF4 protein, which binds to heparin to synthesize PF4/heparin complexes. This complex stimulates beta cells to produce the IgG antibody, which
further binds to the PF4/heparin complex. This immunological complex binds to Fc receptors and stimulates platelets, causing them to produce microparticles that start the
thrombotic process. Reprinted from | Nurse Pract, 14(5), Roberts MK, Chaney S, Heparin-induced Thrombocytopenia, 402—408, Copyright © 2018, with permission from
Elsevier.”*

coated biomaterials and biomedical devices; nevertheless, this over suppression is inadequate to avoid this thrombosis

entirely.’**>

Effective Solutions for Preventing the Biomaterials and Biomedical
Devices-Induced Microbial Biofilms and Biological Biofouling Infections

To be an effective solution for preventing biomaterials and biomedical devices-induced microbial biofilms and
biological biofouling infections, they must exhibit not only superior growth-inhibitory efficacy against pathogenic
bacterial species but also the ability to prevent the adhesion of live/dead microbiological species and non-specific
/specific adhesion of proteins, platelets, and other biological biomacromolecules. Therefore, biomaterials and
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biomedical devices must be designed and fabricated with such materials that possess in situ excellent antibacterial,
antibiofilm, and antibiofouling performances. Each failure may result in the contamination of biomaterials and
biomedical devices with a variety of pathogenic bacterial strains, as well as other undesirable biological consequences
(thrombosis and fibrosis).

Numerous reviews have been published on the design of biomaterials and biomedical devices for antibacterial,
antibiofilm, and antibiofouling properties against microbial species. In addition, plentiful reviews have reported bioma-
terials and biomedical devices with antibiofouling properties against other biomacromolecule adherence from physiolo-
gical fluids or implanting sites.®'>*®%¢°% But reviews dealing with antibacterial, antibiofilm, and antibiofouling
properties simultaneously against microbial species and biomacromolecules are not much explored yet, to the authors’
best knowledge. In this review, we comprehensively discussed biomaterials and biomedical devices with these three
properties: antibacterial, antibiofilm, and antibiofouling simultaneously, not only against microbial species but also
against the adhesion of other biomacromolecules, which distinguished our review from others previously published.
Besides, we also recommended potential directions for further investigations.

Recent Progress and Different Strategies for the Fabrication of
Antibacterial, Antibiofilm, and Antibiofouling Biomaterials and Biomedical

Devices

Significant research has been conducted to develop antimicrobial and antibiofouling biomaterials and biomedical devices.
To develop biomaterials and biomedical devices with superior antibacterial, antibiofilm, and antibiofouling properties,
their surfaces can be functionalized with a variety of biologically active chemical substances capable of killing and
inhibiting pathogenic bacteria from forming biofilms, as well as reducing protein, platelet, and live/dead microbe
adsorption/adhesion.® These characteristics may be obtained either by functionalizing a single molecule or by combining
two or three molecules. Each molecule performs a distinct function: antibacterial, biofilm formation inhibitor, and
biomacromolecules (live/dead bacterial cells, proteins, and platelets) adhesion inhibitor. Antimicrobial activity can be
accomplished primarily either by (i) releasable bactericidal (release killing) or (ii) the inclusion of non-releasable
bactericidal (contact killing) near the surface. To inhibit adhesion, antibiofouling agents typically use one of three
mechanisms: (i) steric repulsion/hydration (repelling), (ii) specific protein interactions, or (iii) low surface energy
(releasing) (Figure 7).""*

Antimicrobial Agents
Incorporating bactericidal materials/reagents onto a surface and conducting antimicrobial activities via release or contact

killing is the most common antimicrobial approach,>”>-%°

and based on respective approaches, they are known as
releasable and non-releasable bactericidal molecules, respectively. The availability of a wide variety of bactericidal
molecules, many of which have been authorized by regulatory authorities and are ready to be tailored for specific

applications, is an apparent benefit of this method.?

Release Killing Approach

In a release killing approach, releasable bactericidal molecules are released from the coatings present on the surface
of biomaterials and biomedical devices into the solid/liquid interface and liquid phase, resulting in a toxic atmo-
sphere for pathogenic microbial species. Moreover, the concentration of releasable bactericidal can easily be
increased from its minimal inhibitory concentration on the surface, leading to effectively killing the invading
microbial species and further preventing the surface from contamination.”* However, the releasing approach has
adverse effects on polluting the water and surrounding environment, resulting in the development of drug resistance
in bacteria and fungi. Moreover, after the consumption of releasable bactericidal from the surface, biomaterials and
biomedical devices can no longer have antimicrobial efficacy, and the chances of contamination rise.>*” °? In this
instance, reloading of releasable bactericidal molecules is further required for sustained and long-term antimicrobial
properties.
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Figure 7 Biomaterial’s infection prevention strategies.
Notes: Adapted with permission from Zander ZK, Becker ML. Antimicrobial and Antifouling Strategies for Polymeric Medical Devices. ACS Macro Lett. 2017;7(1):16-25.
Copyright © 2017 American Chemical Society' and created with BioRender.com.

Contact Killing Approach

The contact killing approach relies on non-releasable bactericidal molecules that are deadly to pathogenic bacteria being
attached to the surface of biomaterials and biomedical devices."''°*'°" In this approach, non-releasable bactericidal
molecules are usually immobilized either by covalent or non-covalent interactions. Being surface immobilized, these
molecules demonstrate non-leaching behavior, which further enables them to express continuous and long-term anti-
microbial performance. Additionally, as a result of these features, this method is regarded as ecologically beneficial since
it eliminates the need for reloading bactericidal molecules, as opposed to the release killing approach.'?%10>-10>
Despite these distinguishing characteristics, the contact killing approach has been found to have limitations.

Numerous studies have shown the deposition of dead microbiological debris and foulants on the surface of biomaterials
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and biomedical devices after their antimicrobial performance, further masking the contact active functionalities and
resulting in decreased killing effectiveness. Additionally, adsorbed dead microbiological debris also contributes sig-
nificantly to the attachment and transformation of live bacteria into microbial biofilms.'*

Combination of Releasable and Non-Releasable Bactericidal for Modifying the Biomaterial’s Surfaces

Recent studies demonstrate that metal nanoparticles can be immobilized on titanium implants via plasma immersion
implantation to exhibit long-lasting antibacterial and antibiofilm properties against a variety of surface adherent bacteria
in vitro/in vivo without the development of MDR bacteria or cytotoxicity.'*®'%® However, methicillin-resistant S. aureus
and S. aureus have been reported to develop robust biofilms consisting of free-floating aggregates in human synovial
fluid and colonization in peri-implant tissues, respectively considered common phenomena for implant infections.'% '
Thus, traditional contact killing interface methods may be ineffective in inhibiting free-floating biofilms or microbial
colonization in peri-implant tissues and therefore may not meet therapeutic requirements.'°!131'* Therefore, surface
functionalization of biomaterials implants using a combination of contact-killing (non-releasable) and release-killing
(releasable) bactericidal agents may be an alternate and feasible approach for preventing free-floating aggregates and
microbial fouling, colonization, and biofilm formation.''? Either of metals (silver, gold, and copper), metal oxides (ZnO,
and CuO), doped materials (Cu-doped ZnO), small molecules, pH triggered the collapse of grafted antifouling chains,
enzyme degradable layer-by-layer assemblies of alternating bactericidal and repelling polymers, low-fouling zwitterionic
surface moieties, and quaternary ammonium compounds can be utilized as contact killing or release killing bactericidal
depending on the coating methodology, coating substrate, and desired applications.

One such approach is shown in Figure 8, in which Wang et al developed titanium-based biomaterials that include
bactericidal moieties capable of contact and release killing. To create a contact-killing surface, Ag nanoparticles are
implanted into titania (TiO,) nanotubes through anodic oxidation and plasma immersion ion implantation. On the other
hand, Vancomycin is subsequently vacuum extracted and lyophilized into the nanotubes to create the release-killing
effect (Figure 8A). The vancomycin-loaded and silver-implanted TiO, nanotubular surface exhibits better antibacterial
and antibiofilm action against planktonic/adherent bacteria without eliciting substantial silver ion release. Additionally,
the synergetic combination of contact-and release-killing activities, as well as cell-assisting functions, enables the
development of a novel and effective strategy for preventing bacterial infection and biofilm formation on biomaterials,
with great potential for orthopaedic applications (Figure 8B-K).'"?

To combat Gram-positive, Gram-negative, and MDR microbial infections, the combination of contact killing and
release killing bactericidal approaches appeared more promising than either strategy alone.''* Despite the fact that this
technique showed outstanding inhibitory efficacy against a variety of microbially contaminated implants, the possibility
of biomaterial implants fouling with platelets and other macromolecules (proteins) still exists. In this case, the most
recommended approach for addressing these challenges in one unit is to combine contact and release killing bactericidal
approach with foul repelling/releasing antibiofouling agents.

Foul Repelling Antibiofouling Agents

Antibiofouling agents such as anionic polymers (hyaluronic acid, heparin, etc), nonionic hydrophilic polymers (polyethy-
lene glycol, poly (2-hydroxyethyl methacrylate), poly(acrylamide), poly(vinylpyrrolidone), certain natural polysaccharides
(agarose, etc) and zwitterionic polymers (sulfobetaines, carboxybetaines, phosphonobetaines, etc) generally follow the steric
repulsion or hydration mechanism for repelling microbial species (live/dead) and biomacromolecules from their attachment
to the surface of biomaterials and biomedical devices.'*”?"-1%!13"124 They develop strong hydration layers (ionically
solvated) on the surfaces of biomaterials and biomedical devices with the surrounding water through hydrogen bonding.
This hydration layer further develops a physical and thermodynamically barrier against the adhesion of microbial species
(Figure 7)."' Additionally, they can inhibit bacterial adherence through steric repulsion, which occurs when an invading
bacterium compresses surface-grafted polymer chains, decreasing the number of possible chain conformations and resulting

in an entropically unfavorable state (Figure 7).'''**
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the TiO, nanotubes, and (iii) vacuum extraction to loading vancomycin into the TiO, nanotubes is shown schematically; (B) antibacterial activity in the bacteria/cells
coculture model: SEM (scanning electron microscope) morphologies of bacteria and fibroblasts linked to the four samples. The photographs below are magnified more than
the regions indicated by the red boxes. The bacteria are denoted by the blue arrow, whereas the green arrow marks the fibroblast; (C) fluorescence pictures of fibroblasts
stained with DAPI (4',6-diamidino-2-phenylindole) (blue) and TRITC (Tetramethylrhodamine isothiocyanate)-phalloidin (red) on four samples; (D) surface covers four
distinct surfaces following three days of fibroblast cell attachment, spreading, and maturation (**P < 0.01, ***P < 0.001.); (E) schematic representation of the bacteria,
fibroblasts, and sample processes. In vivo assessment of peri-implant soft tissues in four groups; (F) X-ray pictures of rabbits |15 days after surgery with different implants.
The red oval indicates soft-tissue swelling, and groups NT-V and NT-Ag-V have little or no infectious symptoms; (G) inflammation of the peri-implant soft tissues was seen in
all four groups; (H) gross scores of inflammation in the peri-implant soft tissues in four groups (***P < 0.001); (I) bacterial survival in soft tissues around the washer (*P <
0.05, **P < 0.01, **P < 0.001); (J) a schematic depicting the antibacterial properties of the proposed surface, which has release-killing, contact-killing, and trap-killing
capabilities; and (K) illustration depicting potential antibacterial and antibiofilm strategies in a concurrent cell-bacteria system on the titanium surface.

Notes: Reprinted with permission from Wang J, Li ], Qian S et al. Antibacterial Surface Design of Titanium-Based Biomaterials for Enhanced Bacteria-Killing and Cell-
Assisting Functions Against Periprosthetic Joint Infection. ACS Appl Mater Interfaces. 2016;8(17):11,162—11,178. Copyright © 2016 American Chemical Society.''

Foul Releasing Antibiofouling Agents

On the other hand, antibiofouling agents with low surface energies accomplish minimal fouling by using the principles of
surface free energy and adhesion work."! Their coatings on the surface of biomaterials and biomedical devices generally
work by minimizing the adhesion of invading bacteria (live/dead) and biomacromolecules through hydrodynamic shear
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or a simple mechanical cleaning step (Figure 7)."'°*'*> The majority of low surface energy antibiofouling agents are
hydrophobic polymers; fluoropolymers such as poly(tetrafluoroethylene) and silicones such as poly(dimethylsiloxane)
have been explored extensively because they possess among the lowest of surface energies (<25 mN/m), chemical and
thermal stability, and are presumably bioinert."*'>*'*” While poly(tetrafluoroethylene) was among the first fluorinated
polymers studied for fouling-release coatings, it was shown to be sensitive to shear breakdown, resulting in rapid and
irreversible fouling. Moreover, poly(tetrafluoroethylene) is also challenging to process because of its low solubility and
strong crystallinity.'®*'?® Other fluorinated polymers, such as fluorinated (meth)acrylates and perfluoropolyethers, have
been shown to be useful in fouling-release applications, as evidenced by coatings with fluorinated comb-shaped liquid-
crystalline block copolymers that showed microorganism-dependent antifouling activity.'*” Among silicone-based poly-

mers, poly(dimethylsiloxane) has been widely investigated as a fouling-release coating.'?%!3%13!

Integrating the Bactericidal Molecules (Releasable/Non-Releasable) with Antibiofouling
Agents

Given the synergistic benefits of bactericidal and antibiofouling coatings, integrating these two functions into a single
coating on the surfaces of biomaterials and biomedical devices facilitates the approach to developing the promising
antibacterial coating.'®

Combination of Bactericidal (Releasable) and Antibiofouling Agents for Modifying the Biomaterial and
Biomedical Device’s Surfaces

This combinatorial strategy is generally called release killing + foul repelling and release killing + foul releasing
depending on the integrated antibiofouling agent. In this combinatorial strategy, bactericidal provides the first line of
defense to the surfaces of biomaterials and biomedical devices by releasing against the planktonic pathogenic Gram-
positive, Gram-negative, and multidrug-resistant (MDR) bacterial strains.” These bactericidal can have a different killing
mode of action that depends upon their nature and molecular functionalities. However, the mechanisms most commonly
suggested are as follows: (i) transcriptional arrest, (ii) loss of membrane integrity, (iii) protein dysfunction, and (iv)
induced oxidative stress.'**'>* The second line of defense is provided by the antibiofilm agents when some pathogenic
bacterial strains can be succeeded in saving their lives from the bactericidal action. The remaining alive bacteria readily
tend to convert into biofilms in response to bactericidal stress. Therefore, these biofilm inhibiting agents impede the
transformation of microbes into biofilms on the surfaces of biomaterials and biomedical devices. After the action of
bactericidal and antibiofilm agents, some dead or alive bacteria remain on the biomaterial’s surface. These bacteria can
further act as a platform for the adhesion and proliferation of the new bacteria. In this scenario, the third line of defense is
provided by the antibiofouling agents by repelling or releasing these bacteria from accumulating on the surfaces of
biomaterials and biomedical devices.”

The releasable biocidal agents in this strategy are generally metals (silver, gold, and copper), metal oxides (ZnO and
CuO), doped materials (Cu-doped ZnO), nitric oxides, antibiotics, and small molecules.**'*® At the same time,
antibiofouling agents can be foul repelling/releasing or a combination of both. They can be nonionic, Zwitterionic,
hydrophilic, or hydrophobic, and their choice is usually made on the type of protein and finally on the application of
biomaterials and biomedical devices.'® The shelf life of this strategy depends on the releasing rate of bactericidal
molecules. If the releasing rate of these molecules is so high, then this strategy has a short shelf life and vice versa.' In
this combinatorial strategy, interferences of these bactericidal with antibiofilm and antibiofouling agents appeared very
minimal due to their release.” This combinatorial strategy is considered beneficial due to its continual and streamlined
antibacterial performance by killing bacteria, inhibiting biofilm formation, and prohibiting the biofouling of live/dead
bacteria, proteins, and platelets.”

Using this approach, Singha et al developed a remarkably effective antifouling hydrophilic biomedical grade coating
for nitric oxide (NO) releasing hydrophobic polymers. The coating substantially decreased protein adhesion and biofilm
development of S. aureus under physiological conditions in vitro."** Goudie et al have further reported the liquid-infused
nitric oxide-releasing material that was synthesized by a solvent swelling process incorporating silicone oil and the NO
donor S-nitroso-N-acetylpenicillamine into medical-grade silicone rubber (SR). The modified silicone rubber
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demonstrated excellent antibiofouling properties by inhibiting the protein and platelet adhesion in vitro over a period of
two hours. Further, modified silicone rubber displayed a good antibacterial and antibiofilm performances against the
adhesion of S. aureus and P. aeruginosa for the period of seven days in vitro.'*® These two studies showed remarkable
antibiofouling activity against both proteins and platelets.'**'*°

Nevertheless, it is unclear how NO can inhibit protein adherence while its antiplatelet activity is widely
established."*''** As a result, further research is required to determine the NO antibiofouling effectiveness against
proteins both in vitro and in vivo. Additionally, it is recommended that when NO is used as an antiplatelet and
antibacterial agent to modify the surface of biomaterials and biomedical devices, it includes compounds that inhibit
protein attachment.

In another study, Liu et al covalently grafted the zwitterionic terpolymer (methacryloyloxyethyl phosphorylcholine-co
-butyl methacrylate-co-benzophenone) onto a silicone-polycarbonate-urethane copolymer (CarboSil) after embedding
with NO donor S-nitroso-N-acetylpenicillamine. In vitro, under physiological conditions (37 °C in PBS), the resultant
hydrophilic biomaterials substantially decreased protein and pathogenic bacteria adherence.'** Devine et al recently
modified the surface of medical-grade SR by surface immobilizing heparin (Hep) (acts as an anticoagulative agent) and
incorporating the releasing bactericidal agent NO (also acts as an antiplatelet and anti-inflammatory agent) into the SR
polymeric matrix (Hep-NO-SR) (Figure 9A).”° Hep-NO-SR reduced viable S. aureus adhesion by 99.46 + 0.17% when
compared to SR in vitro adhesion tests (Figure 9B). When Hep-NO-SR was compared to SR, platelet adhesion was
reduced by 84.12 + 6.19% in vitro, without triggering a cytotoxic response against fibroblast cells (Figure 9C). Despite
systemic anticoagulation, all Hep-NO-SR sustained baseline platelet count and device patency for the duration of the
four-hour extracorporeal circuit model (Figure 9D). However, 66% of SR samples were clotted within the first two hours
of the experiment. The findings indicate that Hep-NO-SR enhances the endothelium’s hemocompatibility and antibacter-
ial capabilities by simulating two vital metabolic processes.”

Figure 10A shows another example of this approach in which zwitterionic AgNPs (PCBDA@AgNPs) were devel-
oped using poly (carboxybetaine-co-dopamine methacrylamide) copolymer (PCBDA).'** The PCBDA@AgNPs were
immobilized on amino-modified cotton gauze (CG) through covalent and noncovalent interactions (Figure 10B). Due to
the zwitterionic interface formed by immobilized AgNPs and the continuous release of Ag’, the as-prepared
PCBDA@AgNPs-CG showed not only outstanding antiadhesive (>99.40%) and bactericidal action (>99.9% kill) against
bacteria but also prevented biofilm formation even after 7 days in vitro. Additionally, this PCBDA@AgNPs-CG
exhibited excellent hemocompatibility and cytocompatibility, advantageous when used as a wound dressing. More
significantly, an in vivo wound healing test showed that the PCBDA@AgNPs-CG dressing could successfully inhibit
wound infection, reduce chronic inflammation, and promote the healing of wounds (Figure 10C).

Under specific circumstances, releasable bactericidal can be reloaded; for example, Ag NPs can be periodically
injected into a microbe-resistant hydrogel to maintain antibacterial activities.'*® These refillable surfaces may have been
used for short-term application per reloading period since successful refilling needs a high diffusing capacity of the
coating matrix, which leads to a more rapid release of the bactericidal from the matrix. For prolonged application, the
bactericidal must be held considerably more strongly by the coating matrix, as reloading the bactericidal would be
difficult, and the coating would have to be reapplied to maintain the bactericidal activities.?

Combination of Bactericidal (Non-Releasable) and Antibiofouling Agents for Modifying the Biomaterial and
Biomedical Device’s Surfaces

This strategy is generally referred to as contact killing + foul repelling and contact killing + foul releasing depending on the
integrated antibiofouling agent. In this strategy, contact-killing active compounds include monomers, functionalized side
chains, or surface-grafted functionalities that have a bactericidal effect. The bulk of bactericidal components in contact
killing active biomaterials and biomedical devices are quaternary ammonium compounds, host defense peptides or analogs,
natural biocidal polymers (eg, chitosan), and other cationic moieties.'*’"'*! The mode of action of these compounds is
believed to be the disruption of the microbial cell wall/membrane. This is accomplished either through opposite charge
attraction and subsequent penetration of the active group, resulting in the disruption of the phospholipid bilayer, or by
developing an electric polarization that causes the transmembrane potential to collapse (Figure 11A).""'3715° While
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Figure 9 (A) Schematic demonstration for Hep (heparin) immobilization on SR (silicone rubber) followed by NO (nitric oxide) donor SNAP (S-nitroso-N-acetyl
penicillamine) impregnation by swelling, resulting in a heparinized NO-releasing surface; (B) S. aureus adhesion; and (C) platelet adhesion on unmodified SR, SR modified
only with Hep, SR modified only with SNAP, and SR modified with Hep and SNAP; and (D) photograph display Hep—NO-SR catheter tubes after four hours in an

extracorporeal circuit model showing minimal thrombogenesis.
Notes: "p < 0.05 vs SR. Ap < 0.05 vs Hep-SR. *p < 0.05 vs NO-SR. Negative (-) represents absence while positive (+) shows presence. Reprinted with permission from
Devine R, Goudie M], Singha P et al. Mimicking the Endothelium: Dual Action Heparinized Nitric Oxide Releasing Surface. ACS Appl Mater Interfaces. 2020;12(18):20,158—

20,171. Copyright © 2020 American Chemical Society.”®

antibiofouling agents can be foul repelling/releasing or a combination of both. They can be nonionic, Zwitterionic,
hydrophilic, or hydrophobic, and their choice is usually made on the type of protein and finally on the application of
biomaterials and biomedical devices. Examples of these include pH-triggered collapse of grafted antifouling chains, enzyme
degradable layer-by-layer assemblies of alternating bactericidal and repelling polymers, low-fouling zwitterionic surface
moieties, and quaternary ammonium compounds.''**"'" Compared to other techniques of bactericidal release, these are
non-leaching and, therefore, should not compromise their effectiveness or provide routes for developing bacterial
resistance.'®*'®® Furthermore, compared to the release killing approach, the contact killing strategy has the advantage of
providing long-term antimicrobial performance.'®* ' Numerous studies have been conducted on different synthetic
techniques for the fabrication of contact-killing active biomaterials and biomedical devices based on covalent surface
grafts, side chains, and cationic monomers.'>>!¢7

Recently, Peng et al developed an antimicrobial hydrogel that was employed for the first time in dental applications.
They used a natural biocidal polymer (chitosan) as contact killing and a hydrophilic polymer (polyethylene glycol) as
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Figure 10 (A) Schematic presentation for the synthesis of PCBDA@AgNPs; (B) PCBDA@AgNPs immobilization on amino-modified cotton gauze; and (C) in vivo wound
healing with the PCBDA@AgNPs-CG dressing.

Notes: Reprinted from Chem Eng J, 409, Xiang ], Zhu R, Lang S, Yan H, Liu G, Peng B, Mussel-inspired immobilization of zwitterionic silver nanoparticles toward antibacterial
cotton gauze for promoting wound healing, 128,291, Copyright © 2021, with permission from Elsevier.'**

adhesion inhibiting. This biointerface has exceptional early-stage adhesion inhibition (98.8%, 5 h) and colony-
suppression action that is remarkably long-lasting (93.3%, 7d) (Figure 11B-D).'®® Moreover, Zhou et al designed and
synthesized the cylindrical catheter coated with non-leachable coatings comprised of three cross-linked cationic polymers
(3-acrylamidopropyl) trimethylammonium chloride or quaternized polyethylenimine methacrylate together with poly-
ethylene glycol dimethacrylate. The coated catheter demonstrated excellent antibacterial and antibiofilm performance
both in vitro as well as in vivo in the mouse catheter model against the vancomycin-resistant E. faecalis and methicillin-
resistant S. aureus.'® Although both the coated dental appliance and the coated cylindrical catheter demonstrated
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noteworthy antibacterial, antibiofilm, and antiadhesion perforrnance,mg’169 but they were not evaluated for the adhesion
of other biomacromolecules present in the implanting sites and physiological fluids that can potentially cause serious
adverse effects.

Using antimicrobial peptides and polyethylene glycol, Li et al developed and synthesized diblock amphiphilic
compounds having antibacterial and antifouling properties. Additionally, the synthesized copolymers were grafted onto
the surfaces of silicone rubber (a commonly used catheter material), resulting in an excellent coating. The coating
developed on silicone rubber from the copolymers demonstrated exceptional bactericidal activity (in vitro and in vivo)
against pathogenic bacteria (S. aureus, P. aeruginosa, and E. coli) via contact killing strategy and excellent antifouling
performance for decreasing bacteria, protein, and platelet adsorption (Figure 12A-H).'”® Additionally, polymer brushes
incorporating antimicrobial peptides can be utilized to develop self-adaptive antimicrobial surfaces for catheters, as well
as antifouling and antibacterial coatings.'”"'’? Xu et al, for example, developed polymer brushes that are antifouling,
antibacterial, and hemocompatible. This coating showed excellent antibacterial performance via contact killing strategy
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Figure 12 (A) A schematic representation of the antibacterial and antibiofouling properties of silicone rubber tubes (a commonly used catheter material) coated with
copolymers; rat implanted with (B and C) pristine PDMS (left) and g-PEG45-b-AMP coated PDMS (right) at 0 and 5th day, respectively; (D and E) rat images after implants
removal for antiadhesion test against bacterial adhesion at 5th day; (F) Log CFU/implant; (G) representative colonies images of E. coli isolated from both implants; and (H)
SEM images of adhered bacteria on both implants. (I) schematic presentation for the molecular structure and effects of PU-DMH; (J) schematic demonstration for the
antibacterial performance evaluation under flow conditions; (K) confocal laser scanning microscopic images after circulating experiment; and (L) S. aureus density on PU and
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Notes: Here PDMS is polydimethylsiloxane, and CFU is colony-forming units. (A-H) Reprinted from Acta Biomater, 51, Gao Q, Yu M, Su Y, et al, Rationally designed dual
functional block copolymers for bottlebrush-like coatings: In vitro and in vivo antimicrobial, antibiofilm, and antifouling properties, |12—124, Copyright 2017, with permission
from Elsevier.'”® (I-L) Reprinted with permission from Zhang X-Y, Zhao Y-Q, Zhang Y et al. Antimicrobial Peptide-Conjugated Hierarchical Antifouling Polymer Brushes for
Functionalized Catheter Surfaces. Biomacromolecules. 2019;20(11):4171-4179. Copyright © 2020 American Chemical Society.I72
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against both Gram-positive and Gram-negative bacteria and further significantly prevented the bacterial debris and
bovine serum albumin adsorption on the surface of PU-DMH. Moreover, in vivo experiment results demonstrate that PU-
DMH can prohibit catheter-induced bacterial infections, exhibiting anti-infection performances (Figure 121-L).'"
Figure 13A and B) is another example of this combinatorial strategy in which a zwitterionic and antimicrobial Cu
metal-phenolic network was developed, and further, contact lenses were coated.'”® The coated contact lenses demon-
strated (> 99.0%) antiadhesion and (> 99.9%) broad-spectrum antibacterial performance against all tested pathogenic
bacterial species via contact killing strategy (Figures 13C and D). The coated contact lenses displayed good biofilm
inhibition efficacy for 14 days in the microbial environment and exhibited excellent antibiofouling propensity against
bovine serum albumin (Figure 13E). Furthermore, Shen et al demonstrated that coating the medical-grade titanium
surface with (3-aminopropyl) triethoxysilane (Figure 13F), which has a hydrophobic alkyl chain and a positively charged
amino group, prevented more than 90% of the initial adhesion of E. coli, P. aeruginosa, and S. aureus in vitro
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Figure 13 (A) Schematic illustration for the synthesis of zwitterionic antimicrobial Cu metal-phenolic network and coating of contact lens; (B) antibacterial and antifouling
mechanism; (C) antiadhesion; (D) antibacterial; and (E) antibiofouling propensities. Reproduced with permission.'”? (F) schematic presentation for the medical-grade
titanium surface coated with (3-aminopropyl) triethoxysilane. Reproduced with permission.'®

Notes: (A-E) Reprinted with permission from Liu G, Li K, Wang H, Ma L, Yu L, Nie Y. Stable Fabrication of Zwitterionic Coating Based on Copper-Phenolic Networks on
Contact Lens with Improved Surface Wettability and Broad-Spectrum Antimicrobial Activity. ACS Appl Mater Interfaces. 2020;12(14):16,125-16,136. Copyright © 2020
American Chemical Society.'”® (F) Reprinted from Acta Biomater, |14, Shen J, Gao P, Han S, et al, A tailored positively-charged hydrophobic surface reduces the risk of

implant associated infections, 421-430, Copyright © 2020, with permission from Elsevier.'®®
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antimicrobial testing. After 24-hour culture, the treated surface was able to inhibit 75.7% of bacterial growth, demon-
strating excellent biofilm inhibition performance. When the coated titanium was implanted into a rat model infected with
S. aureus, the implant-associated infection was eradicated via the mechanism of inhibition of bacterial adhesion on the
implant surface.'®

When the non-releasable bactericidal moieties combine with the fouling repelling/releasing properties having
materials for surface coating, both materials tend to interact with the invasive pathogenic microbial species depending
on their chemical and physical properties (hydrophobicity/hydrophilicity, size, and chain length). Both may or may not
compromise the killing and fouling repelling/releasing functions of each due to differences in their spatial-temporal
presence on the surface.”'’*"'7® For instance, non-releasable bactericidal moieties tend to interact with microbial species
for killing. On the other hand, foul repelling materials be inclined to repel them simultaneously. Therefore, co-existence
on the biomaterial surface leads to compromise their antibacterial and antifouling performances (Figure 14A). However,
when the non-releasable bactericidal and fouling releasing materials co-existed on the biomaterial’s surface, the chances
of compromising their antibacterial and antifouling performance are very minimal as both tend to interact with
pathogenic microbials to some extent (Figure 14B).> However, contradictory reports are available combining the foul
releasing antibiofouling agents with the non-releasable bactericidal. This is because of the fact that bacteria adhere to
non-releasable bactericidal very strongly through electrostatic force of attraction and are difficult to release by the
application of shear force.'® Furthermore, mostly cationic polymers are used as non-releasable bactericidal agents that
are soluble in water and hydrophilic in nature. On the other hand, fluorinated polymers or silicone-based elastomers used
for foul releasing are insoluble in water due to their hydrophobicity. As a consequence, combining these components with
such differential characteristics during coating manufacturing may result in phase separation.'®® Furthermore, when the
non-releasable bactericidal and fouling repelling materials are not on the same surface level, as shown in Figure 14C,
where the fouling repelling material is immobilized at the outer surface, and the non-releasable bactericidal is closer to
the substrate, the compromise in antibacterial and antifouling efficiency may be marginal.?

The combination approach’s unique architecture allows external stimuli to regulate the temporal existence of the two
materials, permitting just one kind of material to emerge and operate at a time to resolve potential compromise.
Immobilized cationic polymers, for example, have been used to produce an antimicrobial surface that exerts bactericidal
effects on adhering bacteria. Following a particular treatment to hydrolyze a portion of the polymers, the surface
generated zwitterionic carboxybetaine, allowing previously contact-killed bacteria to be freed and/or readily
eliminated.'”” Furthermore, a new structured polymer surface may permit infinite swapping of zwitterionic polymers
and cationic polymers via reversible ester bond formation/breaking activated by different pH conditions, executing either
microbicidal or resistant functions as needed.’® In order to govern the spatial-temporal existence of the two materials in
a particular application that requires additional validation, it must be advised that some external adaptation is necessary.

Conclusion and Future Remarks

The high financial costs and human suffering associated with the biomaterials and biomedical device-induced infections
caused by their microbial contamination and biomacromolecules adhesions motivated the development of antibacterial,
antibiofilm, and antibiofouling coatings. To tackle these infestations, antibacterial, antibiofilm, and antibiofouling coat-
ings on biomaterials and biomedical devices must not only be very effective in preventing bacterial colonization and
subsequent biofilm formation but also have the ability to prohibit the adhesion of other biomacromolecules (platelets,
proteins, etc). Therefore, the fabrication of dual-functional antibiofouling and bactericidal coatings on biomaterials and
biomedical devices is considered highly promising in this instance to prohibit microbial infections and adverse biological
effects (thrombus, fibrosis, etc). Polymeric molecules are considered the base units for the generation of such dual-
functional coatings on biomaterials and biomedical devices owing to their adjustable physicochemical characteristics,
and further, depending on the requirements of biomedical applications, their design can be tuned. While numerous
antibiofouling and/or bactericidal coatings have been reported individually, much less research has targeted the integra-
tion of antibacterial and antibiofouling coatings in one unit on biomaterials and biomedical devices tailored for specific
particular biological purposes.
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Developing dual-functional coatings on biomaterials and biomedical devices for its desired application is critical, not
only for its effectiveness and durability throughout the specified time of the application but also for maintaining the
original device/intended surface’s functionality. For instance, excessive concentrations of cationic bactericidal polymers
may increase platelet activation and hemolysis in a blood-contact environment, and antibiofouling coatings can impair
the osseointegration of orthopedic implants. It is reasonable to anticipate that the optimum amounts of antibiofouling and
bactericidal molecules in the coating required for good effectiveness will vary across biomedical applications.

Conversely, even a well-designed dual-functional coating on biomaterials and biomedical devices that performs well
in the laboratory environmental conditions may have difficulties or can fail to demonstrate similar efficacy during clinical
therapeutic application for many reasons.'® For example, dual-functional coating on biomaterials and biomedical
devices in the laboratory is mainly evaluated on a shorter time scale than practical systems, leaving unaddressed
problems of long-term coating effectiveness and durability, as well as possible cytotoxic consequences. If releasable
bactericidal drugs are to be utilized for extended periods of time, prolonged-release is essential to achieving antibacterial
effectiveness while minimizing toxicity. Another factor is that most of the fabricated dual-functional coatings on
biomaterials and biomedical devices are evaluated in vitro, where the human body’s complex physiological and
biological milieu cannot be easily replicated. In this instance, one possible solution is integrating surface-
functionalized approaches with 3D printing, which further broadens the window of antibacterial and antibiofouling
coatings on biomaterials and biomedical devices.'” Novel antibacterial and antibiofouling coatings will continue to be
developed and applied to biomaterials and biomedical devices. However, for effective and practical applications to avoid
hospital-acquired infections, academic researchers will need to consider manufacturing and clinical perspectives in their
designs to increase the likelihood of their products reaching the clinic and making an impact in reducing hospital-
acquired infections.
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