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1. INTRODUCTION

Surfaces can act as reservoirs for microbes. In healthcare
environments, microbial transmission is facilitated upon contact
with surfaces contaminated by microbes.1 Several studies have
shown how the hands of healthcare workers may become
contaminated by touching surfaces in the immediate vicinity of
an infected patient.1,2 Additionally, indwelling medical devices
such as catheters, stents, and implants can act as substrates for
films of pathogens to develop inside the body.3,4 The widespread
research and development of antimicrobial surfaces is of great
importance in the fight to stop the spread of nosocomial
infections.5 Several antimicrobial coating technologies are either
currently available as marketed products or in research stages.
Some of these coatings induce resistance in the microbes, and
some are known to be cytotoxic.6�9 These are issues of concern
especially for antimicrobial coated medical devices or treatment
strategies coming into contact with human cells and tissues.

Bacteriophages are emerging alternative candidates for anti-
microbial surfaces. Bacteriophages are viruses that exclusively
infect prokaryotes and are thus innocuous to eukaryotic cells.10

In general, bacteriophages, or phages, exhibit specific host
receptor binding capability; therefore, they can be selected to
destroy one species or even strain of bacteria, leaving the other
strains unharmed.10 After binding to the host bacterium, the
phage injects its genetic material inside the cell and uses the cell’s

machinery to replicate. Lytic phages destruct the bacterial host by
lysing the cell and causing release of the newly fabricated phage
particles. Their replication is self-propagating, and theoretically,
only one phage particle is needed to initiate a cascade of phage
production and bacterial host destruction. The use of lytic phages
as a treatment to suppress infection dates back to the early days of
phage discovery in the late 20th century.11 However, this
approach was rapidly overlooked by the emergence of antibiotics.
Recently, the emerging crises of antibiotic-resistant bacteria has
rekindled the interest in the use of phages.12 A phage-modified
surface is a relevant antimicrobial approach, particularly because,
to date, organisms that have been shown to be resistant to
antibiotics have not shown resistance toward phages.5 Moreover,
phages have a much lower production cost in comparison to
antibiotics.

Many studies have shown that lytic phages can be used to
capture and/or signal the presence of bacteria.13�24 A few
reports have been published on rendering surfaces antimicrobial
by the use of phages.25�29 For example, Curtin et al.28 used
bacteriophages to coat a model catheter, and Stone29 detailed the
recent development of a phage-containing wound dressing.
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These studies demonstrate the potential in using phages for
functionalization of invasive biomedical devices such as venous
and renal catheters, stents, and replacement joints. Despite the
recent attention toward application of phages, there is a lack of
fundamental studies in this field. One of the areas of concern is
the performance of immobilized phage. If phages are to be used
as antimicrobial coatings, they must be immobilized on a
substrate and remain infective. The main challenge to immobiliz-
ing phages is their final orientation. If a phage is bound to a
surface such that its receptors are inaccessible to the host
bacteria, it will not be able to capture and kill the cell. A number
of studies have found unfavorable orientation to be the main
obstacle in improving the capture efficiency of immobilized
phage.30 In one of the first reported studies using immobilized
phage, Bennet et al.30 used a tailed phage (sapphire) for the
isolation of Salmonella. The low separation efficiencies observed
were attributed to unfavorable phage orientation.30 Only a few
studies have investigated the different parameters affecting the
efficiency of the phage when immobilized.31�35 To overcome the
phage orientation problem, genetic phage modification has been
employed by a number of researchers;22�24,36,37 however, genet-
ic modification is laborious and costly and can only be performed
for well-characterized phages.

The principal goal of this study was to investigate the bacterial
capture efficiency and rate of bacterial cell membrane disruption
of phages when immobilized on a substratum. Five phages with
different structures and genetic material were chosen (Figure S1,
Supporting Information, and Table 1) and covalently immobi-
lized on model substrates. The phage-functionalized substrates
were subsequently tested for bacterial capture efficiency toward
their host bacteria: Salmonella typhimurium and Escherichia coli.
Furthermore, the rate of cell membrane disruption by phages
bound to the model surface was studied using fluorescence
microscopy. The five selected phages (PRD1, P22, PR772,
MS2, and T4) are representative of the possible structural
variations for phages and allow us to evaluate the behavior of
phages having completely different physical structures and
modes of infection.

2. MATERIALS AND METHODS

2.1. Reagents and Materials. Bacteriophages PRD1 and PR772
as well as the host S. typhimurium LT2 were kindly provided by M. B.
Emelko (University of Waterloo, Waterloo, Canada). Bacteriophage
P22 (HER161) was obtained fromThe Felix d’Herelle Reference Center
for Bacterial Viruses (Laval University, Quebec City, Quebec, Canada).

Bacteriophage MS2 (ATCC 15597-B1) and its host E. coliATCC 15597
were obtained from ATCC (Manassas, VA). Bacteriophage T4 was
provided by M. Griffiths (University of Guelph, Guelph, Canada). The
phages are described inmore detail in the theoretical background section
in the Supporting Information.

The following chemicals were purchased and used without further
purification: hydrochloric acid, magnesium sulfate anhydrous, Tris base,
methanol, amyl acetate, gluteraldehyde, ethanol, agar, and sodium chloride
(all from Fisher), Tween20, albumin from bovine serum (BSA), sulfuric acid,
(3-aminopropyl)triethoxysilane (APTES), N-[3-(dimethylamino)propyl]-
N0-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
and poly-L-lysine (all from Sigma-Aldrich), polyethylene glycol (PEG8000,
Fluka), BBLTrypticase soy broth (TSB, BD), BBLTrypticase soy agar (TSA,
BD), and DNase and RNase (Worthington Biomedical Corp.).

Circular glass cover slides (Fisher) were used for the preparation of
model surfaces. SYTO9 and propidium iodide (PI) dyes were purchased
as part of a BacLight kit from Invitrogen. Ultrapure deionized (DI) water
(Biolab) was used to prepare all solutions.
2.2. Bacterial Strains and Culture Conditions. S. typhimurium

and E. coli were prepared for bacterial capture assays and phage
propagation and enumeration as described below. An inoculum from
frozen glycerol stock (kept at �80 �C) was streaked onto a TSA plate,
supplemented with 3%NaCl, and incubated overnight at 37 �C. A single
colony from a plate was inoculated into 10 mL of TSB and incubated
overnight at 37 �C with shaking at 120 rpm. A 200 μL aliquot of the
overnight culture was inoculated into 75 mL of fresh TSB and grown for
6 h to the late logarithmic phase. The concentration of bacteria at this
stage was 1 � 109 CFU/mL.
2.3. Phage Propagation. The soft agar overlay technique was

used to propagate all phages in this study.38 Briefly, 100 μL of bacterial
host and 100 μL of phage stock (1 � 1010 PFU/mL) were added to
molten soft agar (TSB containing 0.35% agar and 5 g/L NaCl), poured
onto fresh TSA plates, and incubated overnight. The soft agar layer was
then scraped off using SM buffer (5.8 g/L NaCl, 120 mg/L MgSO4,
50 mL of 1 M Tris�HCl, pH 7.5). The lysate was subsequently
centrifuged at 10000g (RC-6, Sorvall) for 10 min to remove agar and
bacterial debris and purified using the PEG8000/NaCl aqueous two-
phase method.38 Finally, unassembled proteins were removed using
Ultracel 100K (Amicon Ultra centrifugal filters, Millipore). This method
resulted in a phage titer of 1010�1012 PFU/mL (PFU = plaque-forming
units). To determine the phage titer, 10-fold serial dilutions were
prepared and plated by adding 100 μL of each dilution and 100 μL of
host bacteria to molten soft agar (TSB containing 0.7% agar and 5 g/L
NaCl) which was spread over TSA plates. The concentration of all phage
suspensions used in this study was adjusted to 1010 PFU/mL.
2.4. Preparation of Model Surfaces. 2.4.1. Aminosilane Coat-

ing.Glass disks (1 cm diam.) were cleaned using aHCl wash followed by

Table 1. Bacteriophages Used in This Study

bacteriophage host bacteria family name type shape receptor position

PRD1 S. typhimurium LT2 Tectiviridae somatic, circular

ds-DNA

cubic capsid (isosahedral),

no tail

symmetric on all vertices

P22 S. typhimurium LT2 Podoviridae somatic, linear

ds-DNA

cubic capsid (isosahedral),

short tail

on tail spikes

PR772 S. typhimurium LT2 and

E. coli ATCC 15597

Tectiviridae F-specific, linear

ds-DNA

cubic capsid (isosahedral),

no tail

symmetric on all vertices

MS2 E. coli ATCC 15597 Leviviridae F-specific, linear

ss-RNA

cubic capsid (isosahedral),

no tail

on one vertex only

T4 E. coli ATCC 15597 Myoviridae somatic, linear

ds-DNA

cubic capsid

(isosahedral elongated),

long contractile tail

on tail spikes
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a bath in concentrated H2SO4 (30 min each) to remove contaminants
from the surface and expose the hydroxyl groups on the glass surface.
The cleaned glass disks were dipped in a 2% (v/v) solution of APTES in
anhydrous ethanol for 20 min. The disks were subsequently sonicated in
ethanol and DI water (15 min each) and cured at 120 �C for 1 h.
Silanized disks were used immediately. The silanized surfaces used in
this study are model substrates and do not necessarily exhibit the surface
properties of commonly used biomaterials.
2.4.2. Phage Immobilization. A variety of phage immobilization

methods were tested for this work, namely, physisorption, polyelec-
trolyte adsorption using poly-L-lysine, and various covalent bonding
methods (e.g., gluteraldehyde cross-linking). Phage detachment from
the surface was minimal when they were immobilized by covalent
methods (results not shown); therefore, for successive experiments,
phages were immobilized using the following covalent binding techni-
que. NHS was used along with EDC to cross-link the phage particles to
the silanized surface. The glass disks were incubated for 1 h with EDC
(5 mg/mL) and NHS (6 mg/mL). Direct EDC�NHS activation of the
phage, although used by other researchers,15,22 was avoided as it is
believed to block a portion of the phage receptors responsible for
bacterial capture (results not shown). The disks were washed with SM
buffer�Tween20 (0.05%) and SM buffer to remove excess cross-linking
agents and incubated with phage particles overnight in sealed Petri
dishes at room temperature. The functionalized surface was subse-
quently washed, blocked with 1 mg/mL BSA, and used immediately.
The phage-functionalized surface was kept hydrated throughout the
substrate preparation process. APTES-coated disks with no phage,
blocked with BSA, were also prepared and used as a negative control.
2.5. Immobilized Phage Infectivity. The infectivity of the

immobilized phage was verified using the disk diffusion technique.39

Briefly, 100 μL of host bacteria was spread on a TSA plate and incubated
for 10 min at 37 �C to dry. The disk with the immobilized phage was
placed on the plate facing down, and the plate was incubated overnight at
37 �C. The plates were inspected the subsequent day for lysis rings
around the disks. APTES-coated disks with no phage were used as a
negative control.
2.6. Antimicrobial Surface Capture Efficiency. Host bacteria

were cultured as described previously and washed three times with SM
buffer to remove any traces of growth medium. Bacterial suspensions
were then stained with SYTO9, a green fluorescent nucleic acid stain,
according to themanufacturer's instructions. Excess dye was removed by
washing the stained bacteria with SM buffer, and the stained bacteria
were used immediately. A 500 μL aliquot of host bacteria was contacted
with the appropriate model surface for 10 min. The disks were then
gently washed to remove loosely attached bacteria, placed on rectangular
cover slides, and viewed at a magnification of 40� (Olympus IX71
inverted fluorescence microscope, Tokyo, Japan) with a filter set capable
of illuminating SYTO9-stained bacteria (excitation (EX)/emission
(EM) 490 nm/520 nm). Images were recorded with an Evolution VF
cooled monochrome CCD camera (1392� 1040 resolution with 4� 4
binning) and analyzed using Image-Pro Plus, version 6.0. Five disks were

analyzed for each phage�bacteria combination, and at least 30 images
were recorded for each disk. Differences in the number of attached cells
were analyzed using two-tailed t tests (STATISTICA 8.0; StatSoft Inc.,
Tulsa, OK). P values of <0.05 were considered significant.
2.7. Bacterial Cell Membrane Disruption by an Antimicro-

bial Surface.Host bacteria were prepared as explained in the previous
section. They were then stained with SYTO9 and PI, a red fluorescent
nucleic acid dye with EX/EM maxima of 490 nm/635 nm, according to
the manufacturer's instructions. The SYTO 9 stain labels all bacteria in a
population, whereas PI penetrates only bacteria with damaged mem-
branes. Thus, an appropriate mixture of the SYTO 9 and PI will label
bacteria with intact cell membranes fluorescent green and bacteria with
damaged membranes fluorescent red. Following contact with the
bacterial suspension, the disks were monitored for 1 h with a fluores-
cence microscope to observe cell membrane disruption. Care was taken
to prevent photobleaching of the sample during this time period. Images
were processed by counting each green dot as a live bacterium and each
red dot as a bacterium with a compromised cell membrane. It should be
noted that the phage remained hydrated throughout the preparation and
testing of the phage-functionalized substrates (sections 2.4, 2.5, 2.6, and
2.7).
2.8. Characterization of Surfaces, Bacteria, and Phages.

Surfaces were characterized with atomic force microscopy (AFM), X-ray
photoelectron spectroscopy (XPS), water contact angle measurements,
and streaming potential measurements. Phages and bacteria were
characterized with transmission electron microscopy (TEM), scanning
electron microscopy (SEM), dynamic light scattering (DLS), and
electrophoretic mobility measurements. Details are provided in the
Supporting Information methods.

3. RESULTS

3.1. Substrate Characterization. The water contact angle of
the cleaned glass disks was measured before coating with APTES
and was found to decrease from 66( 0.1� for untreated glass to
3.8 ( 0.1� when the glass was cleaned (Table 2). AFM imaging
showed the cleaned glass surface to be quite smooth with a
roughness of 0.5 nm (Figure 1 and Table 2). The cleaning
method proved to be very effective in removing contaminants
from the glass surface as it produced a very hydrophilic surface
with low water contact angles. The water contact angle for the
APTES-coated surface prepared for this study was found to be
40.2 ( 0.2�. Moreover, the roughness of the APTES-coated
surface was found to be 2.5 nm using AFM (Table 2). APTES
films are subject to disorder, and if left uncontrolled, APTES will
form very thick rough layers on the substrate. The parameters for
the APTES coating protocol used here were optimized (results
not shown), and the AFM results demonstrate that the APTES
coating process was well controlled (Figure 1).
To verify whether the amine functional groups of the amino-

silane are accessible for cross-linking, the amount of free amines
on EDC�NHS-activated APTES was determined using XPS and
compared to that on APTES-coated and clean glass disks.
Figure 2a shows that the peak corresponding to free amine for
the APTES-coated disk (I) completely disappears after the
EDC�NHS activation of APTES (II). This indicates that the
amine groups from APTES were accessible for cross-linking with
EDC�NHS cross-linkers. Figure 2a also shows the appearance
of a NdCdN peak as a result of EDC addition. This peak
disappears once the phage is added (data not shown). The
APTES surface, once activated with EDC�NHS, was also
characterized by contact angle measurement and AFM analysis.
Functionalizing the surface with EDC�NHS made the surface

Table 2. Water Contact Angle and Surface Roughness for
Model Surfaces at Various Stages during Functionalization

surface

water contact

angleb (deg)

surface roughnessb

(nm)

clean slide 3.8 (0.1) 0.5 (0.1)

APTES-coated slide 40.2 (0.2) 2.5 (0.1)

EDC�NHS-coated slide 20.3 (0.1) 2.1 (0.3)

phage-covered slidea 13.7 (0.1) NA
aResults presented are for the T4 bacteriophage. bNumbers in par-
entheses represent the standard deviation from the mean.
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more hydrophilic (20.3�) and slightly decreased the surface
roughness (2.1 nm) (Table 2).
The binding of the phage to the substrate was confirmed using

several methods. First, XPS analysis on disks with the immobi-
lized phage showed a marked increase in the N1s peak compared
to that for other disks at different stages of preparation
(Figure 2b). The phage particles are rich in nitrogen, and hence,
an increase in the N1s peak can be a marker for the presence of
the phage on the surface. Moreover, SEM images clearly show
the phage particles on the substrate (Figure S2, Supporting

Information). Due to the small size of the phage, high-resolution
SEM images of the phage bound to the activated disks could not
be obtained and the SEM images were used to calculate the
density of the phage on the disks. The phage density on the disks
was found to be in the same range for all the phages: 4.5 ( 0.7
particles/μm2. AFM images of the disks also clearly showed
intact phage particles to be present on the surface; results are
shown for the T4 phage for which the capsid and tail are clearly
visible (Figure 1d; compare with Figure S1d, Supporting
Information).

Figure 1. Atomic force microscopy images of the (a) clean disk, (b) APTES-coated disk, (c) EDC�NHS-activated APTES disk, and (d) disk with T4
phages.

Figure 2. (a) XPS N1s spectra for the APTES-coated disk (I) and EDC�NHS-activated APTES (II). (b) Overlay of XPS wide scans for the APTES-
coated disk, EDC�NHS-activated APTES, and the phage-functionalized disk (PR772). The dashed line indicates the location of the nitrogen peak.
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APTES-coated slides were further characterized by determin-
ing their ζ potential, which was found to be 3.5( 0.4 mV at pH
7.5. The surfaces were thus blocked with BSA to prevent any
undesirable electrostatic interaction between the positive sub-
strate and the negatively charged bacteria.
3.2. Phage and Bacteria Characterization. TEM images of

the phages used in this study and SEM images of their host
bacteria are shown in Figure 3. Both bacteria are rod shaped and
approximately the same size. The pili for E. coli are clearly visible
(Figure 3a), whereas S. typhimurium has no pili or flagella. The
TEM images for the phages are descriptive of the size and shape
of the five phages used in this study (Figure 3 c�g). PRD1,
PR772, and MS2 are cubic phages, whereas P22 and T4 have
tails, with the T4 tail being longer than that of P22. The size of all
particles, as determined from the electron micrographs, is pre-
sented in Table 3. The hydrodynamic size and ζ potential of
bacteria and phages are also presented in Table 3. All bacteria and
phages were negatively charged under the experimental condi-
tions. S. typhimurium and E. coli, although both negative in
charge, have significantly different ζ potentials, with E. coli being
much more negative (�47.1 mV compared to �3.0 mV for

S. typhimurium). The hydrodynamic diameter of the particles as
determined by DLS measurements is slightly larger than the size
determined from electron micrographs; this is not only because
the hydrodynamic diameter accounts for the hydration thickness
but also a result of the sample preparation protocol for electron
microscopy that is known to shrink the bacteria and phages. The
hydrodynamic diameter for the T4 phage is only an equivalent
spherical diameter and has no other physical significance because
of the elongated shape of the particle (Figure 3g).
3.3. Immobilized Phage Biofunctionality. Immobilized

phages were verified for infectivity using the disk diffusion
method. Disks functionalized with phages were incubated on a
lawn of dried bacteria on an agar plate. Figure S3 (Supporting
Information) shows the lysis ring around the disk with immobi-
lized phages, which indicates that the phages on the disk were
able to lyse the bacteria around the disk and were thus infective.
To measure immobilized phage capture efficiencies, suspen-

sions of host bacteria (109 cells/mL) stained with SYTO9 were
contacted with the phage-functionalized disks for 10 min so that
the bacteria could diffuse and attach to the phages on the disk.
The disks were subsequently washed to remove any loosely

Figure 3. Scanning electron micrographs of (a) E. coli ATCC 15597 and (b) S. typhimurium. Transmission electron micrographs of (c) PRD1, (d) P22,
(e) PR772, (f) MS2, and (g) T4. The scale bars in images c�g are 50 nm.
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attached bacteria. The capture efficiencies of three E. coli phages
and three S. typhimurium phages are presented in Figure 4. The
capture efficiency of phages was measured by analyzing the
images obtained from fluorescence microscopy (Figure 5). It is
important to note that the phage density on the substrate is
almost the same for all the phages used (4.5( 0.7 particles/μm2)
as pointed out earlier. It can be seen that PRD1 is more effective
in capturing S. typhimurium than PR772 or P22 (P < 0.05).
Among E. coli phages, MS2 is more effective than T4 and PR772
(P < 0.05). PR772, which infects both of the bacteria, is more
effective in capturing S. typhimurium than E. coli. It is interesting
to note that results from an experiment with free phages (Figure
S5, Supporting Information) showed both tailed phages (T4 and
P22) to be more effective in adsorption to and lysis of the host
cells than the other phages in this study. PRD1, being the most
efficient phage when bound to the glass slide, was chosen to
further investigate immobilized phage biofunctionality. The
capture experiment was repeated for PRD1 disks, but this time
the disks were functionalized with four serial dilutions of PRD1,
from 1010 to 107 PFU/mL. The capture efficiency decreased

almost 1 log between the disks for consecutive serial dilutions
(Figure 6), and the number of bacterial cells captured was found
to be proportional to the concentration of phages used to
functionalize the surface and thus to the density of phages on
the surface. PRD1 was also used for the bacterial inactivation
experiment in which the rate of cell membrane disruption by the
bound phage was monitored via the BacLight viability kit.
Figure 7 presents selected fluorescence microscopy images. As
can be seen in Figure 7, the number of live bacteria decreased
markedly from time zero (this is 10 min after the initial contact of
bacteria with the surface) to the final frame, which was taken after
60 min. The negative control does not reveal any detectable
compromised bacteria during this period (results not shown).
The first red cells were visible after 35 min; however, all of the
cells did not lyse at the same time. Image analysis showed 50% of
the cells to be lysed after 45 min. It should be noted that the lytic
cycle for free PRD1 phages has been reported to be 35 min.40

Figure S4a (Supporting Information) presents SEM images of S.
typhimurium on a PRD1-functionalized disk; a higher magnifica-
tion of the same image (Figure S4b) shows the lysed bacteria as
indicated by the compromised membrane integrity.

4. DISCUSSION

4.1. Immobilized Phage Capture Capability. This study
investigated the capture efficiency of a number of different phage
particles when immobilized on a model substrate. Our results
show that there is a difference between the ability of different
phages to capture the same host bacteria when they are im-
mobilized on a substrate. Free phage particles are able to diffuse
easily, come into contact with host bacteria, and orient them-
selves in a manner that their receptors are able to attach to the
specific sites on the bacteria.10 However, for bound phage, the
process is reversed because the host bacteria must come in
contact with the phage receptors; therefore, the accessibility of
these receptors controls the ability of the immobilized phage to
capture the bacterial cell. S. typhimurium was best captured by a
surface functionalized with PRD1 or PR772 (Figures 4 and 5).
These phages are both symmetric and have receptors on all
vertices; therefore, when immobilizing PRD1 or PR772, orienta-
tion is not an issue. P22 seemed to be less effective, which could
be a result of unfavorable orientation of the phage particle on the
surface. Tailed phages must be immobilized on a substrate such
that their tail is pointing away from the surface and their tail
receptors are capable of contacting the bacteria. If they are bound
to the surface by their tail or on their side, they lose their ability to
infect bacteria. Controlling the immobilized orientation of a wild-
type tailed phage on a substrate is very challenging; therefore, this
greatly compromises their biofunctionality.
PR772 is significantly more effective at capturing S. typhimur-

ium than E. coli. The number of S. typhimurium cells captured by
PR772 was more than twice the number of E. coli cells (Figure 4).
This could be attributed to the difference in the way PR772
infects S. typhimurium and E. coli. PR772 attaches to the receptors
on the surface of S. typhimurium, but to infect E. coli, it must
attach to the tip of its F-pili.10 MS2, which is also an F-specific
phage,41 performs well for capturing E. coli, although it is highly
asymmetric in terms of the location of its capture protein. MS2
and PR772 both attach to the F-pili of E. coli, but PR772 attaches
to the tip of the pili, while MS2 attaches laterally along the pili.41

Thus, MS2 has more sites to attach to, whereas PR772 has only
one site of attachment per pili. This may have been a significant

Table 3. Size and ζ Potential of Bacteria and Phagesa

hydrodynamic

diameter (nm)

dry diameterb

(nm)

ζ potential

(mV)

T4 98 (1.4) 90 (0.5), 200 (2.0)c �25.9 (0.2)

MS2 43 (1.9) 30 (1.8) �33.7 (3.4)

PR772 85 (0.8) 70 (1.0) �12.4 (2.2)

PRD1 104 (3.2) 80 (0.8) �21.5 (0.9)

P22 69 (1.4) 49 (3.0) �15.1 (1.2)

E. coli ATCC 15597 1742 (71) 580 (0.8), 1720 (2.5) �47.1 (0.7)

S. typhimurium LT2 1636 (63) 700 (0.6), 1550 (1.4) �3.0 (0.2)
aNumbers in parentheses represent the standard deviation from the
mean. The data for the hydrodynamic diameter and ζ potential are the
mean of the values measured for three samples. The data for the dry
diameter are the mean of the values for five different images of the same
sample. bAs measured from electron micrographs. cCapsid length, total
length.

Figure 4. Number of host bacteria attached to phage-functionalized
disks. Each column represents the mean of five experiments with 30
frames analyzed for each experiment. Control 1 represents the APTES-
coated disk, and control 2 represents the blank disk (both blocked with
BSA). Controls are the average for both bacterial hosts. Data are means
( 95% confidence intervals (n = 150).
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asset for MS2 because it was able to increase its immobilized
biofunctionality despite its asymmetric shape. T4, also highly
asymmetric, is expected to be immobilized on the surface in a
mixture of favorable and unfavorable orientations. Moreover, T4
is a somatic phage rather than F-specific; thus, the tail fibers must
come into contact with the cell wall. This can be very difficult if
the phage is bound to the surface in any other configuration than
from the top of its capsid. The capture efficiency of T4 is
approximately half that of MS2 (Figure 4). Although both T4
and MS2 are limited by orientation when immobilized, the fact
that MS2 can bind along the pili of its host may be a determining
factor for increasing its capture efficiency to about twice that of
PR772 and T4.
Further experiments with PRD1 showed this phage performed

well even at concentrations of less than 1010 PFU/mL. The
capture efficiency for disks functionalized with serial dilutions of
PRD1 decreased about 1 log between the disks (Figure 6). This
indicates that the number of bacteria captured was proportional

to the number of phages on the surface. However, the number of
bacteria on the surface was lower than theoretically expected.
This observation may be explained by the fact that the number of
bacteria that actually reach the surface is limited by diffusion.
Additionally, the bacteria themselves are charged and thus exert
electrostatic repulsion on each other. Hence, close packing of
bacteria on the surface should not be expected. However,
increasing the coverage of bacteria and phages on the surface is
an issue that needs improvement and can be the subject of future
studies.
4.2. Bacterial Cell Membrane Disruption by Immobilized

Phages. Another interesting observation was the rate of cell
membrane disruption by immobilized phage (Figure 7). The
immobilized PRD1 effectively disturbs the integrity of the cell
membrane (Figure 7 and Figure S4, Supporting Information).
The first compromised cells were observed after 35min; this time
lag can be explained by the latent period inherent in the phage
lytic cycle, which is the time required for the phage to propagate
inside the bacteria and lyse the cell. All the bacterial cells that
remained on the surface were attached to a phage; otherwise,
they would have been removed during the washing stage as was
the case for the negative control disks; however, not all cells are
compromised at the same time. This could be attributed in part
to the presence of ghost phages; these are phage particles without
a genetic material.42 The bacteria captured by ghost phages are
only infected after the release of free progeny phages from the
lysed bacteria. Another reason could be the deficiency in
nutrients. Phages are known to have longer latent periods under
nutrient-limited conditions.43 Moreover, being immobilized may
have affected the cell lysing ability of the phage perhaps by
affecting the initial infection process. Additional studies are
needed to better understand the role of immobilization in the
phage lysing ability; however, these results clearly indicate the
potential of phages for developing surfaces that are resistant to
biofilm formation. The advantage of using phages can be realized

Figure 6. Number of captured S. typhimurium cells versus the concen-
tration of PRD1 used to functionalize the substrate. Data are means (
95% confidence intervals (n = 150).

Figure 5. Representative fluorescence microscopy images of S. typhimurium attached to phage-immobilized slides with (a) PRD1, (b) PR772, and (c)
P22 and E. coli ATCC 15597 attached to phage-immobilized slides with (d) T4, (e) PR772, and (f) MS2. The fluorescence images have been converted
to black and white for clarity. The bacteria are shown in white over a black background.
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further if we note that the lysed cells in turn producemore phages
so the surface retains its activity even for high bacterial loads as
opposed to surfaces with antibacterial chemicals for which the
fixed dose of antibacterial agent must be adjusted according to
the anticipated bacterial load.
4.3. Challenges. There are a few notable drawbacks for using

phages on antimicrobial surfaces. The first is the specificity of the
phage toward its host. The spectrum of activity of the surface
might be increased by using a cocktail of different phages or by
using broad host range phages.44 Another limitation is the
possibility of phage or host mutation, which might result in the
bacteria becoming resistant to the phage. Generally, it is believed
to be easier to deal with resistance of bacteria to phages,
compared to antibiotic resistance, by selecting new phages from
cultures that maintain virulence.11 Moreover, bacteria and their
corresponding lytic phages have been shown to coevolve and
establish equilibrium between their respective populations.45,46

However, there is still a concern that phage-treated surfaces or
products would require constant monitoring and their formula-
tion modified to remain efficacious. Another question that
remains to be addressed is the efficacy of the phage-functiona-
lized substrates at normal body temperature and over extended
time periods. It can be argued that the advantages of phages over
antibacterial substances already in use justify more research in
this field to find approaches to overcome such obstacles.

5. CONCLUSIONS

This study was aimed at providing fundamental knowledge
toward an improved understanding of phage-based antimicrobial
surfaces. We investigated the biofunctionality of antibacterial
surfaces functionalized with bacteriophages. Our results empha-
size that the biology and surface properties of the phage and the
bacterial target greatly influence bacterial capture. Of the phages
investigated, the symmetric phage PRD1 (host S. typhimurium)
and asymmetric phage MS2 (host E. coli) exhibited superior
capture efficiencies for their host bacteria. Surfaces with immo-
bilized PRD1 were shown to actively compromise all of the
captured cells within an hour of contact.
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