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Abstract

These studies illustrate synthetic paths to covalently attach T1 and ¢11 bacteriophages (phages) to
inert polymeric surfaces while maintaining bacteriophage’s biological activities capable of killing
deadly human pathogens. The first step involved formation of acid (COOH) groups on
polyethylene (PE) and polytetrafluoroethylene (PTFE) surfaces using microwave plasma reactions
in the presence of maleic anhydride, followed by covalent attachment of T1 and ¢11 species via
primary amine groups. The phages effectively retain their biological activity manifested by a rapid
infection with their own DNA and effective destruction of Escherichia coli and Staphylococcus
aureus human pathogens. These studies show that simultaneous covalent attachment of two
biologically active phages effectively destroy both bacterial colonies and eliminate biofilm
formation, thus offering an opportunity for an effective combat against multi-bacterial colonies as
well as surface detections of other pathogens.

The majority of interactions between biologically active species and synthetic materials are
inherently non-favorable. However, formation of biofilms represent an important and
unwelcome exception resulting from the attachment of bacteria to a synthetic surface,
leading to the formation of a complex biofilm community that is often encased on a surface
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of polymeric materials in contact with blood. Microbial biofilms are very resilient
communities that resist removal by chemical or physical means because their residents,
bacterial cells, are capable of adhering to a variety of biotic and abiotic surfaces - and
continue to grow biofilms as long as the nutrients become available. In the context of human
health, biofilm are responsible for the vast majority of deadly infections including medical-
device associated diseases. Because they often become resistant to antibiotics or host
defenses, the use of antibiotics may be uneffective to many pathogens, making conventional
therapies troublesome.!

In view of these considerations, new approaches are needed to address infections on various
fronts, but in particular surface medical-device associated infections. They may include
simple catheters, implants, stents, monitoring devices, to name just a few. The first logical
step has led to the development of novel drugs, but surface modifications with drugs bring
another level of challenges associated with their attachment, long-term effectiveness, and
maintenance. Among anti-biofilm formation strategies, covalent attachments of antibiotics
or antimicrobial agents to polymeric surfaces have been somewhat successful with relatively
longer durations, but still long-term activities might be limited.23 Ideally, one would like to
create stimuli-responsive attributes on polymeric surfaces, where a surface remains silent
unless external stimulus triggers desirable responses. In essence, the goal is to prevent
biofilm formation from developing at its inception.

An alternative approach of fighting microbial wars on polymeric or other surfaces is to
utilize bacterial viruses (or bacteriophages) that attach specifically to their target host
bacteria, inject their genetic material, reproduce inside the host, kill the host, and release
their progeny. Although the first observations of lytic phages to cure infectious diseases go
back to the end of the19t" 4 and early 20t Centuries,>7 it was not until 1960s, where
prophylaxis and treatment of bacterial infections appeared favorable choice with a
remarkable recovery efficacy above 92%.8

Later on, the use of bacteriophages was exploited by physical mixing with or physisorbed on
polymers (Nylon™),9 10 glass, 11 and gold.12 Although several reports claimed that surface
plasmon resonance (SPR) measurements are capable of measuring covalent attachment of
bacteriophages, proteins, and other bioactive macromolecules to gold surfaces, the increase
of the refractive index and subsequent increase of the surface plasmon waves in SPR does
not justify covalent attachment. These data showed that the thickness of deposited layers
increases, thus drawing conclusions regarding the type of bonding is premature. The unique
attributes of bacteriophages are their host-dependent reproduction - bacteriophages will
remain silent until they find a specific bacterium, thus minimizing safety concerns
associated with excessive concentration levels. Furthermore, due to evolution with their
hosts and host-specificity, there are numerous bacteriophages for each bacterium.

Taking advantage of the ability of bacteriophages to recognize a host bacterium and their
ability to kill specific hosts, we covalently attached T1 and ¢11 phages onto surfaces of
polytetrafluoroethylene (PTFE) and ultra high molecular weight polyethylene (PE). The
premise behind this approach is the covalent anchoring the bacteriophages to polymer
surfaces while maintaining their biological activity. Figure 1, A-D, depicts a sequence of
steps leading to the formation and subsequent destruction of the bacteria attempting to form
biofilms on the phage-modified polymeric substrates. The first step (Figure 1, A) involves
the formation of reactive acid groups on polymeric substrates® accomplished by simple and
clean microwave plasma reactions in the presence of maleic anhydride, followed by covalent
attachment of T1 phages via acid-amine reactions leading to amide linkages. Supporting
Documents provide spectroscopic evidence for these reactions.
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When bacteria attempt to adhere to the surface of the phage-modified polymer substrate, the
phage attaches specifically to an external structure of the bacterium (e.g. lipopolysaccharide
or protein) and injects its genetic material into its target (Figure 1, C). Upon completion of
this process, the phage DNA is replicated by the bacterial host machinery, several capsid
proteins are produced and assembled, phage DNA is packaged and the bacteriophage
progeny are released by lysis of the bacterial host. Depending on the particular
bacteriophage, the progeny can be up to 200 for each individual infection. Perhaps the most
significant advantage of using bacteriophages comes from the fact that each member of the
progeny is capable of infecting more bacteria and releasing a progeny of its own. This
amplification effect continues until all bacteria cells are killed. Of course, one can envision
potential challenges associated with the control of the bacteriophage population, especially
when utilized in therapy, which needs to be carefully adjusted.

While Supporting Documents provide specifics related to the T1 and ¢11 phages
preparation, verification of chemical reactions leading to T1 and ¢11 covalent attachments
are shown in Figures 2 and 3, respectively. Traces A, B, C, and D of Figures 2 and 3
illustrate ATR-FTIR spectra recorded from PE (a) and PTFE (b) surfaces, respectfully.
Traces B represent the spectra of maleic anhydride plasma modified PE-MA and PTFE-MA
surfaces. When T1 or ¢11 phages are reacted to PE-MA and PTFE-MA, the spectra shown
in Traces C are obtained. As seen, two characteristic bands at 1662 and 1550 cm™ due to
Amide I and Il bands characteristics of the T1 and ¢11 outer functionalities are detected in
Figure 2, which are due to covalent attachment of bacteriophage T1 to acid-functionalized
PE as well as PTFE surfaces. In the same manner, Figure 3, (a) and (b), illustrates ATR-
FTIR spectra of PE (a) and PTFE (b) surfaces, with two bands at 1655 and 1545 cm™ due to
Amide I and Il bands characteristic of ¢11 functionalities. For comparison, Traces D in
Figures 2 and 3, (a) and (b), illustrate ATR-FTIR spectra of T1 and ¢11.

In order to visualize the presence of phages on surfaces we utilized atomic force microscopy
(AFM). Since polymer surface roughness profiles quantitatively expressed as root mean
squared (RMS)are typically in the range RMS = 2080, it is more convenient to utilize
smooth surfaces, such as Si (RMS<1). For that reason the surface reactions were employed
on Si surfaces and the results of these experiments summarized in the Supporting
Documents confirm again covalent attachment of T1 and ¢11 phages. To visually assess the
presence of T1 and ¢11 phages on surfaces, AFM images were collected after each step, and
Figure 4, A, B, C and D illustrate the height images collected from Si wafer surfaces after
each step. Figure 4, A depicts the heights image of the Si wafer surface, while B illustrates
the height image after covalent attachment of maleic anhydride via microwave plasma.
Figure 4, C and D confirms the presence of T1 and ¢11 phages on surfaces, respectfully,
while inserts of C and D visually illustrate shapes corresponding to T1 and ¢11
morphologies and size. Using AFM data shown in Figure 4, we quantified the mean number
of phages per um? using image analysis. The mean average number of T1 and ¢11 phages
per um? is 5.8 + 1.7 and 10.8 + 1.0, respectively.

The antimicrobial effectiveness of T1 and ¢11 phages covalently attached to PTFE and PE
surfaces against £. coliand S. aureuswas confirmed using plaque formation assays. As
shown in Figure 5, A and B, PE and PTFE surfaces with covalently attached T1 phages kill
E. colibacteria, as manifested by the clear zone around each substrate. Similarly, Figure 5, E
and F, show the same PE and PTFE surfaces with covalently attached ¢11 phages that kill S.
aureus bacteria, which are also detected as the clear zone surrounding each substrate. To
achieve dual antimicrobial protection, a 1:1 mixture of T1 and ¢11 phages were covalently

*RMS=\/(1/n):yi2; where n represents the number of equally spaced points along the trace, and yij is the vertical distance from the
mean ith data point.
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affixed to PE and PTFE surfaces. The efficacy of these surfaces against bacteria are
illustrated in Figure 5, C and D, for PE and PTFE with T1 and ¢11 phages against £. coli, as
well as Figure 5, G and H, for the same surfaces against S. aureus bacteria. As shown, the
effectiveness of T1 and ¢11 phages covalently attached to PE and PTFE surfaces is
apparent. The effectiveness of T1 and Phill phages covalently attached to PE and PTFE
surfaces is manifested by the formation of plagques on and around be polymer specimen
surfaces that exhibit “clear zone” appearance, indicating destroyed microbial films. It should
be also noted that although the objective of these studies was not to determine the longevity
of phage-modified surfaces, these experiments indicated that the surfaces retain their
continuous phage activity for several months as long as surfaces are exposed to high
humidity or aqueous environment conditions.

These studies established a universal approach of covalent attachment of bacteriophages to
inert PE and PTFE polymeric surfaces. The reactions can be conducted on almost any
surface and, although the limiting factor can be the maintenance of biological activity of
phages, these studies show that covalent attachment of T1 and ¢11 does not adversely affect
the phages biological activities. Multiple venues for polymer surface modifications
combined with over a thousand individual phage species, with hundreds of different
strengths, provide endless possibilities of creating surfaces capable of killing specific
bacteria. Although several synthetic approaches to combat biofilm formation were exploited,
the use of bacteriophages to kill human pathogens anchored to synthetic surfaces show a
promising and effective means of combating antibiotic-resistant infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A: Covalent attachment of acid groups to polymeric surfaces; B: Reactions of NH, groups

of T1 with polymer surface acid groups.

C: Attachment of phages to bacteria and injection of DNA; D: Replication of DNA and

destruction of bacteria.
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Figure2.
A: ATR-FTIR spectra of PE (a) and PTFE (b) surfaces; B: after plasma reactions on PE and
PTFE surfaces in the presence of maleic anhydride; C: after T1 phage covalent attachment

to MA modified surfaces; D: Reference spectrum of T1 phage (at 2006 scale).
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Figure 3.

A: ATR-FTIR spectra of PE (a) and PTFE (b) surfaces; B: after plasma reactions on PE and
PTFE surfaces in the presence of maleic anhydride; C: after ¢11 phage covalent attachment
to MA modified surface; D: Reference spectrum of ¢11 phage (at 209 scale)-
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Figure4.

A: AFM height image of Si wafer surface; B: Height image of Si-MA surface; C: AFM
height image of T1 bacteriophages attached to Si-MA surfaces; D: Height image of Si-MA
surfaces with covalently attached ¢11 phages.

Biomacromolecules. Author manuscript; available in PMC 2014 May 13.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Pearson et al.

Page 10

PE-MA-T1 (E. coli) PTFE-MA-T1 (E. coli) PE-MA-T1/®11 (E. coli) PTFE-MA-T1/®11 (E. coli)
PE-MA-®11 (S. aureus) PTFE-MA-®11 (S. aureus) PE-T1/®11 (S. aureus) PTFE-MA-T1/®11 (S. aureus)
Figure5.

Plaque formation assays for covalently attached T1 phages on A: PE and B: PTFE surfaces
against £. coli; C: PE and D: PTFE with covalently attached 1:1 mixture of T1 and ¢11
phages against £. coli. Plague formation assays for covalently attached ¢11 phages on E: PE
and F: PTFE surfaces against S. aureus; G: PE and H: PTFE with covalently attached 1:1
mixture of T1 and ¢11 phages against S. aureus.
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