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Abstract

Antibacterial strategies sans antibiotic drugs have recently garnered much interest as a mechanism
by which to inhibit biofilm formation and growth on surfaces due to the rise of antibiotic-resistant
bacteria. Based on the photofluidization of azobenzenes, we demonstrate for the first time the
ability achieve up to a 4 log reduction in bacterial biofilms by opto-mechanically activating the
disruption and dispersion of biofilms. This unique strategy with which to enable biofilm removal
offers a novel paradigm with which to combat antibiotic resistance.
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Biofilm formation is the most potent evolutionary mechanism by which bacteria continue to
evade targeted, antibacterial drugs.! Unlike their planktonic counterparts, bacteria within
biofilms are highly organized microbial aggregates embedded within a secreted matrix of
extracellular polymeric substances (EPS) that can now confer 10-1000 times more
resistance to antibacterial agents.23 The evolutionary impetus to adapt to novel biochemical
strategies that impair bacterial growth is evidenced by the growing microbial resistance to
both traditional and newer antibiotic drugs over the past decade.*® Multidrug-resistant
bacteria such as Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species, termed the
ESKAPE organisms, are the leading cause of nosocomial (hospital-acquired) infections
throughout the world and are currently implicated in over 2 million nosocomial infections at
costs that exceed $1 billion annually.5-10 Because the incidences of adverse drug reactions
to antibiotics account for significant morbidity and mortality,”11 there is an imperative need
to examine nontraditional antibiotic strategies that do not rely solely on a targeted,
biochemical mechanism to impair biofilm growth and formation.

Because biofilms can form on biotic and abiotic substrates that vary from tooth surfaces
within the oral cavity to indwelling biomedical devices (e.g., hip implants) and plumbing
materials, antibacterial strategies that prevent the formation and proliferation of biofilms by
controlling the material properties of the bacteria—substrate interface have garnered
immense interest.1! The sharkskin-inspired design of micropatterned surfaces and one-way
shape memory polymers have been shown to resist bacterial adhesion and disrupt biofilm
formation.12:13 An advantage of this approach is that the pattern or stimuli-responsive
“smart” shape change is a material surface modification and does not introduce or rely on
biochemical additives or antimicrobials to function as an antibacterial surface. While a
micropatterned surface has been shown to reduce bacterial colonization, it does not
ultimately prevent biofilm growth and formation.1 More recently, Bao et al. formulated a
highly hydrophobic surface containing 2,3,5,6-tetrafluoro- p-phenylenedimethanol and
demonstrated reduced bacterial adhesion and biofilm formation by Bacillus subtilis and
Escherichia coli. The authors were able to demonstrate specific antibacterial activity at one-
fifth the fluoride content of more traditional antibacterial surfaces such as
polytetrafluoroethylene, making their approach a more environmentally friendly one
compared with traditional fluoride-based antibacterial surfaces.? Efforts toward formulating
antibacterial coatings with silver nanoparticles that are both antibacterial and biocompatible
have also been impacted by the growing silver particle resistance observed.1>-17 Currently,
the most effective antimicrobial agents and potent mechanical systems aim to modify the
surface interaction between the bacteria and the substrate; however, they do not and cannot
physically penetrate the biofilm efficiently enough to disrupt and remove the biofilm.
Consequently, effective and stable biofilm control remains elusive.3:18:19
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In this communication, the unique property of photo-fluidization demonstrated by
azobenzene molecules was implemented to detach biofilms via photoresponsive, dynamic
antifouling coatings.29-21 Photofluidization is the photodirected transient flow and softening
of the surface of a glassy material (along with a concomitant, transient decrease in the
Youngs’ modulus) via the rapid trans—cis—trans isomerization cycles of azobenzene groups
that can be achieved when the azobenzene molecules are exposed to multiple wavelengths of
light simultaneously (Figure 1a).21-24 Photofluidization presents a unique opportunity to
engineer antifouling coatings while otherwise maintaining the high modulus necessary for
substrate durability (Figure 1b).

To test the feasibility of utilizing photofluidization for biofilm removal, 2 aeruginosa (PA01)
biofilms (green) formed on a covalently tethered, azobenzene-coated substrate (red) were
generated (Figure 2a) and imaged on a confocal microscope (31 Marianas, inverted
microscope, 1000x). PAO1 biofilms with a chromosomal encoded gfp were grown in brain—
heart infusion broth at 37 °C on the surface of the polymer substrate, gently washed in 1x
phosphate-buffered saline (PBS) to remove planktonic bacteria from the biofilm, and
exposed to light from a routinely used clinical dental lamp (3 M Elipar).2>26 A significant
portion of the biofilm was ejected during the first and second light exposure as shown in
Figure 2b,c. In this instance, the light exposures and gentle washing in PBS resulted in close
to 100% removal of the biofilm (Figure 2d).

Because photofluidization is a physical change induced optically on a material surface, we
hypothesized that azobenzenes should be able to disrupt and remove diverse biofilms as long
as the opto-mechanically induced forces on the azobenzene (AZO) molecule were greater
than both the cohesive strength of the biofilm and the adhesive strength between the biofilm
and the substrate.2” To examine the versatility of this approach, in addition to 2. aeruginosa
biofilms, biofilms from bacteria known to create robust biofilms such as the Gram-negative
bacteria (uropathogenic Escherichia coli) and two Gram-positive bacteria (Staphylococcus
aureus and Streptococcus mutans), both with sucrose-dependent biofilms (SD-SM) and
sucrose-independent biofilms (SI-SM), were chosen for this proof-of-concept study.
18,25,26,28-30 The growth curves of each bacteria on the polymer substrates were determined
to ensure the formation of a robust biofilm prior to light exposure (Figure S1). Static
biofilms were grown on the surface of the glassy, polymer substrate without the azobenzene
coating (no-AZO control) and with the azobenzene coating (AZO).

The glassy polymer substrate was prepared from a formulation of poly(methyl
methacrylate), methyl methacrylate, and triethylene glycol dimethacrylate (Figure S2). To
form the covalently tethered azopolymer-coated substrates, the azobenzene molecule, 4-
phenyl azophenyl acrylate, was synthesized via a modified procedure previously described
in literature. Briefly, a reaction between 4-phenylazophenol and acryloyl chloride was
catalyzed by triethylamine in anhydrous dichloromethane to yield an acrylated azobenzene
molecule that was then characterized using 1H nuclear magnetic resonance (NMR; M, =
252 g/mol). The acrylated AZO molecule was then thermally cross-linked as a 20 um thick
covalently cross-linked coating on both surfaces of the 0.90 mm thick substrate (D= 6.5
mm). To form the coating, 1.5 mg of the AZO molecule was dispersed in 40 yL of
dimethylformaldehyde (DMF) with 0.2 wt % rhodamine B acrylate and thermally cured
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(thermal initiator, 1 wt % AIBN).The AZO-coated substrate was further cured thermally in a
vacuum to attain =99% acrylic double-bond conversion of the substrate and coating surface
as observed by Fourier transform infrared spectroscopy (FTIR-Near). The glass transition
temperature ( 7q) and rubbery modulus of the combined material was measured at 113
+1.7°Cand 17.4 + 3.4 MPa, respectively (via dynamic mechanical analysis), ensuring that
the bulk material retained its glassy material properties at room temperature (~21 °C).
Cytotoxicity tests on L929 mouse fibroblast cells confirmed that the AZO-coated polymer
substrate was not cytotoxic (Figure S4).

The protocol to enable the light-induced fluidization effect and subsequent biofilm removal
from the surface of the material was as follows: AZO-coated polymer substrates and the
control polymer substrates with biofilms were exposed to a 3 M Elipar DeepCure-S LED
curing light (430—480 nm, 700 mW/cm? exposure for 20 s on each side of the substrate) and
gently washed in sterile PBS to remove the unattached bacteria. The total number of light
exposures and subsequent washes were limited to 3 per sample for this study. The substrates
were imaged before and after the light exposures and the bacteria removed from surface of
the substrates via photofluidization were quantified by determining the colony-forming units
per milliliter (CFU/mL) in PBS via serial dilutions.

All five biofilms generated on the AZO- coated substrate were imaged on a Zeiss Axioplan
Il microscope (step size of 0.1 /m and magnification of 630x). Bacterial biofilms were
grown on the surface of the AZO-coated substrates and the control substrates and imaged
using live dead staining (Invitrogen LIVE/DEAD BacLight Viability kit) before and after
three light exposures and subsequent washes. Although biofilm formation and growth was
observed on all substrates, it was observed that the biofilms grew and spread more robustly
on the uncoated substrates in comparison with the photo-responsive AZO-coated substrates.
In addition to P aeruginosa biofilms (Figure 3A), biofilms of £. coli (Figure. 3B), S. aureus
(Figure 3C), and S. mutans sucrose-independent (S. mutans Sl) (Figure 3D) and S. mutans
sucrose-dependent (S. mutans SD, Figure 3E) were studied. S. mutans, in the presence of
sucrose, is known to generate strong, adhesive biofilms, and interestingly, our approach to
enable biofilm disruption was unsuccessful for this particular biofilm.2% Currently, our group
is working toward quantifying the forces required to enable bacteria-specific biofilm
disruption and synthesizing azobenzenes with molecular structures that can apply optimal
forces to enable the disruption of strong biofilms.

The log reduction in bacterial biofilms achieved after three photofluidization events
(exposures to light and subsequent washes) was assessed by determining the bacteria
removed from the substrates relative to the total bacteria present on the substrates
(determined via sonication) (Figure 4). The data indicates that the AZO substrate enabled a
greater log reduction (up to 2—4 times greater) of bacterial colonies from the surface of the
substrate when the azobenzene photofluidization effect is initiated in the 2 aeruginosa, E.
coli, S. aureus, and S. mutans S1 samples in comparison to the control (no AZO). As initially
indicated by the images, the CFU counts show that the S. mutans SD samples were largely
unaffected by the photofluidization effect.
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There are two key advantages to the antifouling approach outlined in this study. First, the
ability to repeatedly elicit an opto-mechanical response from an AZO coating to dislodge
biofilms is not pathogen-specific and can be repeatedly initiated to potentially remove
multiple pathogens simultaneously. Second, because biofilm disruption and removal is
enabled by the rapid, transient, trans—cis—trans isomerization of the azobenzene molecule in
response to light, it is highly unlikely that the bacteria can undergo evolutionary adaptations
to neutralize and “out-evolve” the photofluidization effect. Clearly, detailed studies are now
required to optimize these substrates as ubiquitous antibiofilm surfaces for multispecies
biofilms because the biofilms formed via the co-adhesion of DNA, exopolysaccharide and
cell debris will have different properties and mechanics than the individual biofilm model
used in this study. Although the uniqueness of our approach in delivering forces from the
surface of a substrate using a photoisomer, thereby mechanically dislodging the biofilm from
the base of the material, is highly effective for most single-species biofilms, it will also
require a detailed review of the adhesive and cohesive forces within the biofilm itself and
synthesis of novel azobenzene molecules to attain them. We believe that our work thus far
indicates that there is immense translational potential in the approach outlined here.
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Refer to Web version on PubMed Central for supplementary material.
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When irradiated with multiple wavelengths of visible light, Azobenzenes undergo rapid, transient,
oscillatory trans-cis-trans isomerization (photofluidization effect) , which can successfully disrupt and
dislodge biofilms on the surface of a material

b azobenzene

(photofluidization effect)

Figure 1.
Azobenzene change in conformation from trans to cis upon exposure to UV light (~365 nm)

and from cis to trans upon exposure to visible light (~490 nm) or heat. However, when
irradiated with intermediate wavelengths (430-480 nm), azobenzenes undergo rapid,
transient, oscillatory trans—cis—trans isomerization (photofluidization effect) and can
successfully disrupt biofilms on the surface of a material (panel a). The photofluidization
effect can be used to disrupt biofilms from the surface of a substrate (panel b).
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Figure 2.
Pseudomonas aeruginosa biofilms (gfp green) grown on an azopolymer coating on the

surface of a glassy polymer substrate (red, rhodamine; panel a). On exposure to a clinical
dental light at 430-480 nm (3 M Elipar DeepCure-S LED Curing Light) for 45 s at 700
mW/cm?, the photofluidization effect initiated via the rapid trans—cis—trans isomerization of
the azobenzenes result in biofilm disruption and ejection (panels b and c). As soon as the
light is switched off, the oscillatory dynamics cease, and materials return to its native state.
The azocoating after the second exposure shows the further absence of biofilm (panel d).
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Figure 3.
Biofilms on the surface of the AZO substrates and the control substrates (No AZO) were

exposed to light from a dental lamp (3 M Elipar DeepCure-S LED Curing Light) to initiate
the fluidization effect and subsequently gently washed in PBS to remove the detached
bacteria from the biofilm. This process was repeated 3 times for each sample. A live—dead
stain before and after the light exposures and subsequent washes captures the ability of the
photofluidization effect to remove bacterial biofilms from 4 different biofilms (3A-D). Our
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approach was not successful in removing biofilms formed via Streptococcus mutans in the
presence of sucrose (3E).
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Figure 4.

Quantification of the biofilms removed via the photofluidization effect after three light
exposures and washes on AZO and no AZO (control subtrates) indicates that a significant
loss of biofilm can be achieved in 4 out of 5 biofilms tested: 4A-D (n7=> 3). The sucrose-
dependent S. mutans biofilms (4E), however, did not respond to the photofluidization effect.
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