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Antimicrobial surfaces for food and medical applications have historically involved antimicrobial
coatings that elute biocides for effective kill in solution or at surfaces. However, recent efforts
have focused on immobilized antimicrobial agents in order to avoid toxicity and the compatibility
and reservoir limitations common to elutable agents. This review critically examines the assorted
antimicrobial agents reported to have been immobilized, with an emphasis on the interpretation of
antimicrobial testing as it pertains to discriminating between eluting and immobilized agents.
Immobilization techniques and modes of antimicrobial action are also discussed. © 2011 American

Vacuum Society. [DOI: 10.1116/1.3645195]

I. INTRODUCTION

Approximately two million cases of hospital associated
infections (HAIs) occur each year in the United States. These
infections, which involve bacterial, fungal, and viral agents,
contribute to approximately one hundred thousand deaths
annually.' Bacterial and fungal pathogens often enter
patients via invasive elements employed in supportive meas-
ures such as intubation, intravascular lines, and urinary cathe-
ters." The frequency, severity, and cost of HAIs have driven
the development and implementation of increasingly involved
and rigorous aseptic, disinfection, and sterilization procedures.
In addition to improving best aseptic practices in clinical set-
tings, medical device makers are introducing devices with anti-
microbial and antifouling properties as part of overall infection
control technologies designed to help reduce HAIs.

Medical applications of antimicrobial agents have lever-
aged soluble agents®’ such as benzalkonium chlorides,
cetylpyridinium chloride, aldehydes, anilides, diamidines,
silver, chlorhexidine, triclosan, N-halamines, and povidone-
iodine. Although such agents are known to be efficacious
and appropriate for specific applications, their extension to
some medical device applications might be hindered by the
elution of the agent, due to a limited reservoir capacity or
potential side effects caused by unwanted exposure. Irrevers-
ible immobilization of the antimicrobial agents in the device
offers an alternative motif that eliminates patient exposure to
elutable active agents and potentially increases the duration
of antimicrobial efficacy.®’

A wide range of antimicrobial agents have been immobi-
lized, including small molecules (e.g., quaternary ammo-
nium silanes),'®"” quaternary ammonium polymers,'®°
polyamines,*®™*? chitosan,* ™ enzymes,*> peptides, and
peptide mimetics.”®® These agents have been immobilized
on a host of surfaces, including metals, plastics, and natural
and man-made fabrics.

The scope of this review includes literature wherein the
authors demonstrate immobilization and use some methods
to demonstrate efficacy with immobilization. In that context,
the modes of action, method of efficacy measurement,
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immobilization strategies, and chemistry of the antimicrobial
agents are all discussed, with an emphasis on understanding
and interpreting the antimicrobial performance.

In many real world applications, the immobilization state
of the agent is irrelevant, and only the efficacy is of interest.
However, if there is a need to demonstrate that the antimi-
crobial agent (AMA) is efficacious and immobilized, for reg-
ulatory or mechanistic reasons, then this paper should help
to clarify what others have done, as well as pointing the way
for future researchers to direct their efforts.

Il. ANTIMICROBIAL MODE OF ACTION

When considering the immobilization of an antimicrobial
agent, it is valuable to consider the likely antimicrobial
mode of action and how this mode of action will be impacted
by the immobilization. Factors such as the chemical composi-
tion and dimensions of the extra-cytoplasmic bacterial compo-
nents (membranes, peptidoglycan wall, capsule, fimbriae, and
flagella, if present) are expected to be relevant to the perform-
ance of surface tethered AMAs. For example, the immobiliza-
tion of an antibiotic like a tetracycline via a short tether (5 nm)
would seem to be a pointless venture, given that the mode of
action for tetracycline involves disruption of the binding
between 16 S ribosomal ribonucleic acid and transfer ribonu-
cleic acid.®® This immobilization of tetracycline would severely
restrict its access from the cell interior, thereby dramatically
reducing, if not eliminating, the AMA’s efficacy. AMAs with
modes of action that require only external contact, or even
charge induced membrane interactions, might be more appro-
priate choices for immobilized antimicrobial agents.

Many papers have discussed theoretical modes of action
for immobilized antimicrobial agents (1IAMAs). 26774
Among the common mechanisms are (1) physical lysing of
the membranes, (2) charge induced disruption of the mem-
brane potential, (3) solubilization of the membrane phospho-
lipids creating physical holes, and (4), in the case of
peptides, a wide range of interesting supramolecular assem-
blies. However, often very little is known about the detailed
mode of action for a specific agent, especially for newly
developed molecules, and in many cases the mode of action
might be completely unknown. This lack of information

© 2011 American Vacuum Society MR13



MR14 Green, Fulghum, and Nordhaus: Review of immobilized antimicrobial agents and methods for testing MR14
TaBLE I. Immobilization and test methods for various iAMAs.
Zone of Direct Surface

inhibition Immersion inoculation growth Luminescence Other
Small quaternary ammonium compounds 11,12,14,17 11-13,15,17 12,14,15 17 16 11-13,15,16
Quaternary ammonium polymers 18,20,21,28,31 19,24,26-31,33-35 20,21,30,31,33,35 24,26,29,30 19,30,33,34
Polyamines (1° to 3°) 37,40 37,39 40 39,40 40 37,40
Chitosan derivatives 48 45
Enzymes 51 50-53 55 52,53
Peptides and mimetics 56,59,60,65 56,57,60,65 58,59

should not inhibit the research, but perhaps this could guide
the choice of immobilization and measurement strategies.

A. Efficacy testing

When it comes to immobilized antimicrobial agents, the
choice of an appropriate antimicrobial efficacy test method
and interpretation of the results can often require a sophisti-
cated understanding of disparate scientific disciplines. For
example, it is valuable to understand the potential mode of
action, the mass transport of the agent from the sample, the
potential interferents in the test medium, and the manner in
which the bacteria will sample the available surfaces.

Mass transport is one of the topics that are rarely dis-
cussed, as standard methods are applied to immobilized
AMA:s, specifically, planar diffusion with and without con-
vection.”” When the immobilization state of the AMA is
unclear, or when a microbiological test method is to be used
to discern the immobilization state, then it is useful to con-
sider how mass transport of the AMA from the sample will
manifest in the test method. For example, does it develop a
concentration gradient at the surface, perhaps in a stagnant
layer? What is the dimension of that layer, and how does the
concentration of the agent in that layer compare to the bulk
concentration outside the stagnant layer? If cells enter this
region, and perhaps adhere to the surface, then they will
likely accrue in concentrations much greater than in the
bulk, but how much greater depends upon numerous varia-
bles. Understanding the mass transport of bacteria to the
surfaces and of the AMA from the surfaces can provide
much needed insight when attempting to discriminate
between bound and leachable agents.

Interpreting immobilized AMA data appropriately can be
a challenge when trying to assign efficacy strictly to nonelut-
ing agents. It is commonplace to modify standard methods
as the sample geometry or lab expertise dictates. This review
describes the most commonly used efficacy test methods,
highlighting the special needs that immobilized agents pose
for efficacy testing and commenting on the assumptions and
appropriateness of the methods for immobilized agents.
Table I provides an overview of how various immobilized
AMAs s have been tested in the literature.

B. Zone of inhibition

Zone of inhibition (ZOI) methods involve placing an
AMA loaded substrate in contact with a growth media
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loaded with bacteria. As the AMA elutes from the substrate
into the media, a zone can be observed in which the concen-
tration exceeds the minimum inhibitory concentration (MIC)
or critical concentration for that AMA. The size of the zone
is related to the diffusion constant for the AMA in the media
as well as to the total amount of agent that is available to
diffuse.”®"® Drugeon and coauthors describe in some depth
the physical basis of the ZOI method, and they focus on the
functional dependence of the zone size on key parameters
such as the agent mobility and quantity. This touches on a
key point that is relevant to many immobilized AMA stud-
ies: the quantity of AMA present on the surface is severely
limited, unlike with a swath of fabric or filter paper that is
soaked with an antibiotic. In the case of nonporous relatively
low surface area substrates modified with a densely packed
monolayer of AMA, the quantity of AMA that can elute
from the part is vanishingly small. This small number of
available molecules can readily limit the size of the zone to
microscopic distances. A brief calculation of the expected
zone is recommended for anyone using this method to con-
clude that the agent is immobilized. It might be that even if
all of the AMA molecules eluted from the surface, the vol-
ume corresponding to the critical concentration would corre-
spond to an undetectably small zone. Figure 1 shows an
example in which ZOI has been used with a polymer mono-
layer on a silicon substrate. The lack of a zone for the
polymer-silicon sample and the presence of a zone for a po-
rous scaffold soaked in the AMA were used to support a lack
of leaching from the 1.2cm square silicon substrate. Using
simplistic calculations with some optimistic assumptions, we
can see that if all of the agent—say, 3 x 10'' molecules,
assuming a high 1 molecule/nm” coverage over the geomet-
ric area of the silicon—eluted from the part and penetrated
uniformly into the surrounding volume, and if the minimum
concentration needed in order to establish a zone in which
growth was inhibited was 0.1 mM, then the zone would be
on the order of 20 um. These numbers are overly optimistic,
as 0.1 mM corresponds to an aggressive AMA and the calcu-
lation assumes a uniform concentration across the 20 um,
whereas the true distribution will be a gradient with most of
the agent closer to the surface. This is not to say that the
polymers in Madkour’s work are eluting, but that the ZOI
method is insufficient to prove the lack of elution.
Furthermore, it is important to compare similar environ-
ments. The growth media used for ZOI might be inappropri-
ate when the enumeration testing is performed in a much
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FiG. 1. (Color) Zone of inhibition assay for the antimicrobial surfaces: (a) untreated silicon wafer and (b) porous scaffold loaded with poly(butylmethacry-
late)-co-poly(Boc-aminoethyl methacrylate) highlighting the typical “zone of inhibition” observed in ZOI experiments. (c) Modified silicon wafer surfaces
containing 70nm of poly(butylmethacrylate)-co-poly(Boc-aminoethyl methacrylate) shows no zone of inhibition. (Reprinted with permission from A.
Madkour, J. Dabkowski, K. Nusslein, and G. Tew, Langmuir 25, 1060 (2009). Copyright 2009, American Chemical Society.)

cleaner saline suspension that has less nutrient and which
might contain fewer potential interferents. The interferences
will generate a higher MIC and will reduce the dimensions
of the zone by an amount that depends upon the extent of the
interference. This might be especially relevant for AMAs
that exploit charge-based interactions, as the nutrient rich
media common to ZOI experiments contain proteins and
polysaccharides that might contain ionized groups.

These two factors might lead to a spurious conclusion
that the material is not leaching from the part. The ZOI tests
are completely appropriate for porous pads loaded with anti-
biotics; however, much consideration should be given to the
above-mentioned points before equating the absence of a
zone to the immobilization of the agent.

C. Immersive inoculation

Many methods involve the immersion of the active sam-
ple into a media or saline solution that contains the inocu-
lum. The American Society for Testing and Materials
(ASTM) has developed a standard method for the antimicro-
bial efficacy assessment of immobilized antimicrobials,
ASTM E2149.7° This is one of the most widely used meth-
ods to test for the efficacy of immobilized samples. The
method measures the colony forming units (CFU) that derive
from an inoculum solution that was in contact with the sam-
ple. There can be confounding factors that affect the number
of CFU measured from the solution; for example, agent
could elute and kill cells that approach the surface of the
sample, or viable cells could be preferentially removed from
the solution via adhesion to the sample. Typically, a control
sample is used for comparison to the active sample.
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Although the control and active samples are often made of
the same substrate material (same size, surface area, rough-
ness, etc.), unfortunately, due to the nature of chemical mod-
ification, the samples will likely have very different
chemistries. Often the active surface is positively charged,
whereas the control is not. This simple difference could have
an impact on the cell-surface adhesion. In immersion meth-
ods like ASTM E2149, the removal of live cells from the so-
lution via irreversible adhesion to the sample will produce
the same effect as killing the cells.

Some researchers have immersed the sample in an
inoculum-free solution and then inoculated that solution in
the absence of the sample.”® The intent is to test the efficacy
of any leached compounds, and a lack of efficacy is used to
rule out leaching as a factor for kill. Mass transport of the
agent from a surface is key in interpreting these results,”
and although the theory is conceptually rather simple and
well known, a predictive understanding can be very compli-
cated in a real-world system. Nonetheless, it can be instruc-
tive to consider the various possible outcomes. Firstly, if the
AMA is truly immobilized, the solution will be noneffica-
cious. Furthermore, if the AMA molecules rapidly elute
from a part to which the molecules are not strongly bound
and where there is limited porosity, then the concentration in
the bulk will rapidly approach a limiting value that will also
approach the surface concentration. If the bulk concentration
is adequate to kill, then it will be detected as efficacious, and
the conclusion will be elution. If the bulk concentration is
inadequate to kill (perhaps due to dilution of a limited supply
of AMA), then the conclusion will be that the agent does not
elute, when in fact it does but was diluted below the critical
concentration in that volume.
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An interesting outcome of this last condition can occur
when the elution rate is comparable to or less than the rate at
which the cells sample the surface. In that case, the plank-
tonic cells approach a surface that is still eluting agent, and
as they do so, they experience concentrations in excess of
the bulk concentration; as a result, those cells might die even
though the bulk solution remains far below the critical value
(even at the end of the experiment). In this case, we would
expect that the cells at the surface would be killed by eluting
agent, but that the solution inoculated without the sample
would not kill, perhaps leading to the incorrect conclusion
that the activity was due to immobilized agents. The exact
mechanism will depend upon several dynamic processes,
and will likely depend upon the bacterial species and its mo-
bility. This does not contradict previous experiments, but it
suggests that a comprehensive understanding of the mecha-
nism might benefit from a more critical tool than this test
method when attempting to discriminate between the immo-
bilized and leachable kill.

In a paper by Murata and coworkers, the authors chal-
lenged their samples with increasing inoculum and observed
an interesting limit to the efficacy of their surfaces
(~1 x 10® E. coli/cm?). This value is approximately equal to
the closest packed surface coverage of these bacteria on a
surface. Testing to failure like this can be very informative,
and where appropriate, it is recommended in order to pro-
vide further mechanistic insight into the test method and
mode of action.

D. Direct inoculation

Several methods, such as the Japanese Industry Standard
(JIS Z-2801) method, place a small droplet of inoculum
directly in contact with the active surface. Although JIS
Z-2801 is not explicitly designed for use with immobilized
agents,*® it has nonetheless become common practice to
apply it to systems with purportedly immobilized agents.
This method involves placing a small droplet of inoculum
directly on the surface of the sample and then placing a cov-
erslip or film on top of the droplet, allowing capillary forces
to draw the surfaces together, thereby spreading the droplet
across the surface. Following the requisite inoculation time,
the entire assembly (both surfaces and the captive liquid) is
agitated, and released cells are typically enumerated as CFU.
This coverslip, which is not usually antimicrobial, can
adhere cells from the inoculum. It is not uncommon to see
JIS results for ostensibly immobilized agents with log reduc-
tion values on the order of 3 or more. Bacterial adhesion to
the coverslip will likely depend upon the bacterial strain and
the coverslip material; however, if even 10% of the inocu-
lum adheres to the coverslip, and if 10% of those cells are
recovered for enumeration, then the log reduction value
(LRV) is expected to be limited to less than 2. Therefore,
high LRVs for direct inoculation methods are seemingly in
contradiction to the immobilized nature of the agent. It
should be noted that the sample-coverslip separation is on
the order of 5 to 25 microns, and that diffusion across this
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distance would be difficult to observe with ZOI, though ZOI
is sometimes used in conjunction with direct methods to
demonstrate efficacy and immobilization.

Some researchers have avoided this problem by excluding
the coverslip, thereby providing the cells with only one solid
surface, the sample surface. Our lab modified this direct
inoculation method with live-dead staining, and for the strain
we examined we were able to discriminate between kill at
the active surface and kill at the coverslip. In summary, extra
attention should be paid to these kinds of enumeration based
direct inoculation methods. This is especially true if the test
generates high LR Vs, as this might be a good indication that
there was elution.

E. Surface growth methods

A number of innovative and effective methods involve
aerosol inoculation methods to apply a thin film of pathogens
across the surface. The bacteria are sometimes dried in place
and sometimes kept humidified. Following a specified inocu-
lation time, the activated surfaces and controls are then used
for growth based amplification via either direct contact with
a slab of agar or recovery for traditional enumeration. Figure 2
shows an example of this test method, in which both glass
slides were inoculated with an aerosol of bacteria. Clearly,
the untreated control grew more colonies than did the sample
treated with the antimicrobial agent. These test methods are
excellent for emulating ambient contamination of surfaces
and the corresponding antimicrobial efficacy of the surface;
however, regarding discrimination between immobilized and
elutable agents, there are a few points to consider.

These methods place the bacteria in very close contact
with the AMA coated substrate. Even when the bacteria
remain partially humidified, the volume of fluid in contact
with the AMA coated substrate is extremely small. Further-
more, even if all of the fluid between the bacteria and the
surface is removed, the bacterial surface is still in direct con-
tact with the surface, and diffusion of trace nonimmobilized
AMAs can still occur. In this geometry, the impact of eluted
agents will be greatly amplified as compared even with the
direct inoculation methods described above. By way of a
very coarse example, suppose that a 1 cm? sample is inocu-
lated, and suppose that the same sample elutes enough free
AMA into a 10ml solution to generate 1/1000 of the mini-
mum bactericidal concentration (MBC). Limited by the con-
centration at the source and allowing sufficient time for
equilibration, the concentration produced by the same
amount of material released into the constrained volume of a
thin film would be higher. In the case of direct inoculation
methods, a 10 um thick film would result in a concentration
of 10 MBC. For aerosol based methods, the fluid layer
between the cells and the substrate is much thinner (say,
100 nm), and the relative concentration can approach 1000
MBC. Of course, 100 nm is probably thicker than expected if
the cell is in direct contact with the surface, and so higher
concentrations are plausible, as the concentration is limited
by the amount of free agent and the solubility of the agent in
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FiG. 2. Photographs of a commercial NH, glass slide (left) and a hexyl-PVP-modified slide (right) onto which aqueous suspensions (10° cells per ml of
distilled water) of S. aureus cells were sprayed. The slides were air dried for 2 min and incubated under 0.7% agar in a bacterial growth medium at 37°C
overnight. (Reprinted with permission from J. C. Tiller, C. J. Liao, K. Lewis, and A. M. Klibanov, Proc. Natl. Acad. Sci. U.S.A. 98, 5981 (2001). Copyright

2001, National Academy of Sciences.)

that fluid layer. This back of the envelope calculation simply
highlights the potential amplification by trace elutables of
the activity of the AMA modified surfaces. To the extent
that the mobility of the AMA is of interest, a more detailed
calculation or test would be needed in order to assess the
impact that these potential elutables would have on a real
system.

F. Viable but nonculturable

The above-described methods use the growth of colonies
to amplify the number of bacteria for quantitation and detec-
tion. Any growth based method will have a limitation when
it comes to viable but nonculturable (VBNC) microbes.3#3
The efficacy of the agent will be convoluted with the meth-
od’s ability to amplify the microbe by growth, and if the
microbe has been put into a VBNC state and resists growth
in the medium, then it will appear to have been killed by the
agent even though it actually remains viable, awaiting an
appropriate trigger or medium to reactivate. This is not a
problem specific to immobilized agents, but it bears consid-
eration in the selection of a test method for any antimicrobial
efficacy testing. This is a relatively recent field of research,
and as such it contains many new areas to explore. As it per-
tains to this review, the assessment of an immobilized
AMA’s ability to kill VBNCs will be strengthened by the de-
velopment of alternative methods tuned to the requirements
for those VBNCs. This will likely require a detailed under-
standing of particular species, strains, or even phenotypic prop-
erties. For example, the behavior of metabolic or membrane
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permeable stains is expected to be affected by the specifics
of the VBNC state.

G. Luminescent signaling

Although growth based enumeration is familiar to micro-
biologists and produces quantitative data with a large
dynamic range, that level of quantitation is not necessarily
needed in order to assess the general efficacy of an AMA.
There are a number of semiquantitative methods that exploit
luminescence in order to detect the viability of microbes.
The most common of these methods use live-dead stain kits,
with which the stains probe various properties of the microbe
such as its membrane permeablity, metabolic activity,
etc 8485

These kinds of fluorescent stains can be used with confo-
cal or epi-fluorescent microscopy, and recently these have
been exploited for enumeration based methods when com-
bined with flow cytometry.®*®*” Our group has devised a con-
ceptually simple live-dead staining technique that can
determine whether the antimicrobial agent kills cells at the
surface or at a distance.®® The method uses a direct inocula-
tion method with spacers to separate an iAMA surface from
a control coverslip surface. The method generates three pop-
ulations of bacteria that can be compared: (1) those at the
control surface, (2) those at the test IAMA surface, and (3)
those freely floating in the solution. A comparison of the
bacterial fluorescence in the three populations can provide
insight as to whether the agent acts only at the substrate or is
able to affect the control bacteria. The process could be
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extended to include alternate fluorophores, thereby probing
the metabolic activity or other properties of the microbes.
Live-dead staining has many potential limitations. For
instance, it has a limited dynamic range (usually from 5% to
95%, compared to enumeration methods that can vary over
several orders of magnitude). The live-dead staining can
depend upon the bacterial species, the strain, or the medium.
In the case of immobilized surfaces, the stains can some-
times interact with the substrate, producing high fluorescent
backgrounds.

As with the methods mentioned above, bacterial adhesion
to the surfaces is important when interpreting results for sur-
face tethered AMAs. The iAMA and control surfaces are
chemically different, and the relative adhesion of live and
dead cells to these two surfaces is typically unknown. Rins-
ing of the surface prior to imaging could potentially bias the
results by preferentially removing live or dead cells from ei-
ther of the two surfaces. In some cases when bacterial adhe-
sion is the goal, some researchers have exploited this by
combining rinsing with fluorescent imaging in order to probe
the extent of bacterial adhesion in antifouling experiments.

Some methods take advantage of bioluminescence gener-
ated within the cell to measure the metabolic activity of the
cell.®® These use genetically engineered lux-reporter
strains, and the luminescence is usually a measure of the res-
piration. Lux-reporters require some effort in order to create
each new bacterial strain, and therefore they are used for
only a limited number of species. Furthermore, the lux-
reporter cells are now different from the original strains,
because some of the lux-reporter cellular energy is diverted
in order to maintain the luminescence.

lll. IMMOBILIZATION STRATEGIES

When the agent is identified as potentially attractive as an
immobilized AMA, the next step is to formulate a strategy to
immobilize the agent to a surface. Figure 3 illustrates a few
of the different strategies for the immobilization of AMA to
substrates: (1) “graft-to” strategies involve the covalent cou-
pling of the intact AMA to a surface via covalent linker
chemistries; (2) “physical adsorption” methods involve
physisorption of the AMA through noncovalent but strong
or multidentate interactions at the surface; (3) “surface
initiated” strategies involve the synthesis of the AMA from
initiators covalently immobilized to the surface; and (4) “as-
formed” methods involve creating a substrate that contains
the AMA when the substrate is formed.

A. Graft-to

Many of the iAMAs are formed by means of graft-to
strategies and begin with the synthesis of a potentially sur-
face reactive AMA. Frequently, the surface requires an acti-
vation process that generates amine, carboxylic acid,
aldehyde, or thiol functionalities. When activated, the sub-
strate is ready for additional reaction with heterobifunctional
linking chemistries that contain reactive groups such as succi-
nimide, carbodiimide, maleimide, or aldehyde.90 Sometimes
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Fic. 3. (Color online) Various methods for immobilization: (a) graft-to or
physical adsorption, (b) surface-initiated synthesis, and (c) as-formed.

these linkers contain spacers such as polyethyleneglycol,
which serve to enhance the degrees of freedom for the
AMA, thereby enabling more modes of action and increasing
the efficacy. Alternatively, the AMA could have been modi-
fied to exploit click-chemistry for rapid clean immobiliza-
tion.”! Often, as in the case of polyethyleneimine, the
immobilization of the AMA is followed by further surface-
based reactions such as quaternization in order to produce
the final immobilized AMA.

B. Physical adsorption

The methods mentioned above involve the formation of a
chemical bond to the AMA. However, a single covalent
bond can be weaker than numerous noncovalent bonds. This
is the strength of many self-assembled structures such as the
deoxyribose nucleic acid double helix. This physical adsorp-
tion can take the form of hydrogen bonding, ionic bonding,
or even steric interactions caused by entanglement during
the solvent swelling of polymer films. One of the best exam-
ples of robust physically adsorbed films is the layer-by-layer
(LbL) film that uses multidentate polymer interactions to
bind the polymers to the surface.”” These are often combined
with eluting strategies, but in some cases quaternary ammo-
nium or another AMA is used as the outer layer of the LbL
system.”” Other physical absorption methods involve
exploiting the charge pairing or strong ionic bonding in order
to hold a smaller AMA to a substrate with an opposite
charge. When the physical interaction involves ionizable
groups, the pH of the environment is of key importance to
the stability of the film and the robust nature of the iAMA.
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C. Surface initiated or graft-from

In the surface initiated or graft-from strategy, the AMA is
essentially synthesized from surface bound initiators. Well-
defined polymeric structures have been created through
“living” or controlled polymerization techniques,”® such as
reversible addition fragmentation chain transfer polymeriza-
tion,”>?® nitroxide mediated polymerization,”” and metal
catalyzed living radical polymerizations such as atom trans-
fer radical polymerization (ATRP).”® In a similar but sub-
stantially more controlled manner, researchers can use solid
phase synthesis methods to graft specific sequences of
peptides and peptoids directly from a substrate. Cellulose-
amino-hydroxypropyl ether has been used to synthesize anti-
microbial peptides (AMPs) directly on cellulose substrates.

In a combination of surface-initiated and graft-to meth-
ods, researchers have used “dry” chemistries such as plasma
and chemical vapor deposition (CVD) to modify substrates
with complex polymer films.*® CVD was used to deposit a
polymer film from dimethylaminomethylstyrene and a ditert
amylperoxide initiator. The formed films were not structur-
ally characterized, but the researchers recorded rapid kill
with ASTM E2149 and observed no zone of inhibition
around the high surface area fabric.

D. As-formed

The as-formed strategy involves the inclusion of the
AMA within the polymer used to create the device substrate.
By mixing before forming, one is able to immobilize the
AMA via the nature of the substrate formation process. Ei-
ther crosslinking or entanglement with the substrate poly-
mers results in the AMA’s being immobilized. Nagel and
coworkers have demonstrated that surface reactive injection
molding can generate permanently modified parts, in their
case polycarbonate with polyethyleneimine (PEI) presented
at the surface.”” Namba et al. included an AMA within the
ingredients for methacrylic polymerization, thereby encapsu-
lating the AMA as an integral component of the matrix.'?

IV. IMMOBILIZED AGENTS

A wide range of molecules have been immobilized and
tested as antimicrobial agents, including amine containing
polymers, quaternary ammonium polymers, guanides,
enzymes, chitosan, peptides, peptoids, and other peptide
mimetics. The following sections highlight key publications
that have explored each of these different classes of agents.

A. Quaternary ammonium silanes and other small
molecules

Historically, the first immobilized antimicrobial agent
was the silane (3-trimethoxysilyl) propyldimethyloctadecyl
ammonium chloride'® (Si-QAC). This molecule, and its
related silane analogues, can form direct covalent linkages to
silicates, oxides, and many plasma activated polymers. Fur-
thermore, as with any tri-alkoxy silane, this molecule can
autopolymerize to form long branched polymer chains with
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an (-Si-O-) backbone. The quaternary ammonium side
chains on this siloxane polymer form a motif similar to that
of the quaternary ammonium polymers that followed.

In a seminal paper by Isqueth, Abbott, and Walters,11 a
quaternary ammonium silane was immobilized and found to
retain its antimicrobial efficacy. The silane was bound to a
wide range of different substrates, including siliceous surfa-
ces, man-made fibers, natural fibers, metals, and assorted
industrial materials. These modified surfaces were tested
against bacteria (both Gram positive and Gram negative),
yeast, algae, and fungi. A modified version of ASTM 2149E
and an aerosol method were used for antimicrobial efficacy,
and elution of the agent was tested using radiolabeled
agents.

In a paper by Gottenbos et al.,'® this silane was reacted
with argon plasma activated silicone rubber, and a suite of
surface analytical tools supported the presence of the silane
on the surface. Interestingly, this study used a flow cell com-
bined with rinsing and staining with a live-dead Kit.
Although the live-dead stain does not provide a large
dynamic range, it clearly demonstrated that the modified
surfaces supported more dead bacteria than did the unmodi-
fied controls. Whether this was due to a causal based surface
killing of the bacteria or an enhanced adhesion of membrane
compromised cells to the surface is unclear. Nonetheless, the
effect was observed even after the surfaces were exposed to
human plasma, as shown in Fig. 4. The authors also per-
formed a series of in vivo experiments. In one case, the sam-
ples were inoculated and rinsed ex vivo prior to being
implanted, and in another study samples were implanted and
inoculated in vivo. The authors observed that the samples
inoculated ex vivo were efficacious, whereas those inocu-
lated in vivo were not.

Still others have used this Si-QAC as a nonleaching treat-
ment for cellulose.'* Although FTIR and XPS demonstrated
that the molecule was associated with the substrate, the data
do not definitively prove that the molecules are necessarily
bound to the substrate. The authors used ZOI along with JIS-
72801 to demonstrate nonleachability.

In addition to these quaternary ammonium silanes, other
small molecules such as aminoglycoside antibiotics have
been immobilized. Osinska-Jaroszuk et al. reacted gentimi-
cin and amikacin with vascular stents via aldehyde coupling
chemistry.'® Although some of the molecules might have
been covalently reacted with the stents, the parts clearly
developed a substantial zone with ZOI, seemingly in direct
contradiction to the covalent nature of the agent. Nonethe-
less, the stents are efficacious and can function as intended,
though most likely via elution of weakly associated antibi-
otic molecules.

In a similar study, Namba and coworkers immobilized
cetylpyridinium chloride (CPC) via physical incorporation
within a polymethacrylate matrix using an as-formed
method."? They demonstrated that these surfaces function to
inhibit biofilm formation, and they used ZOI to support the
assessment that the CPC was not eluting. Based on the dis-
cussions above and the lack of any clear force holding the
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Fic. 4. Numbers of adhering viable (black bars) and nonviable (white bars)
bacteria on silicone rubber (SR) and quaternary ammonium silanized sili-
cone rubber (QAS) with and without adsorbed plasma proteins (SR+p and
QAS+p). Error bars represent the SD over six images collected in two
experiments, with separately cultured bacteria and differently prepared
coatings. (Reprinted with permission from B. Gottenbos, H. C. van der Mei,
F. Klatter, P. Nieuwenhuis, and H. J. Busscher, Biomaterials 23, 1417
(2002). Copyright 2002, Elsevier.)

CPC to the substrate, it seems plausible that the agent is elut-
ing to kill bacteria at or near the surface.

B. Quaternary ammonium polymers

The most thoroughly studied class of AMAs is the quater-
nary ammonium polymers,'®?' and these have included
polymer backbones such as PEI, polyvinylpyridinium
(PVP), chitosan, and assorted acrylates. These polymers
have been immobilized using virtually every method listed
above, and they are often modified by post-immobilization
reactions. The Klibanov group has pioneered much of the
graft-to work with PVP and PEI. Immobilization of the
amine containing polymer usually involves control over
the surface density and is usually followed by on surface
quaternization with different sidechains and counter-
jons.'”?%3%31 Other groups, most notably Russell and Maty-
jaszewski, have led the surface initiated efforts using
controlled ATRP reactions.>****° The works from the Kli-
banov and Russell groups have systematically probed the
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antimicrobial impact of key properties such as the surface charge
density, polymer chain length, polymer chain density, counter
ion identity, and quaternary ammonium sidechain length.

1. Aliphatic quaternary ammonium polymers

Lin and coworkers performed a comprehensive study of
immobilized PEI using graft-to methods that examined the
length of the sidechain and the charge of functional groups.*
The immobilization was followed by alkylation, acylation,
or carboxyalkylation to generate cationic (quaternary ammo-
nium), neutral (amide), and zwitter-ionic (quaternary ammo-
nium carboxylic acid) functional groups, respectively.
Alkylation was performed with a range of chainlengths
(ethyl, Butyl, hexyl, dodecyl, and octadecyl) followed by
subsequent methylation to quaternize the amine. These reac-
tions were performed on glass slides as well as iron oxide
nanoparticles. The efficacy testing for the glass slides
involved the aerosol inoculation of slides, followed by dry-
ing. After a time, the slides were covered with agar and incu-
bated, and the subsequently grown colonies were counted.
The bactericidal efficiency was determined by taking the ra-
tio of the colonies formed on the sample to the number
formed on the aminosilane control. Their results showed that
a positive charge was necessary, because the neutral and
zwitter-ionic surfaces were not efficacious. The authors also
concluded that when it is terminally methylated, the alkyl-
ating group’s chainlength should be greater than that of n-
Butyl for a high efficacy. They found similar results for both
Gram p