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ABSTRACT: Herein, polyelectrolyte (PEL)-based coatings including peripherally bound bacteriophages (PHAG) at model
substrates are reported to showcase their applicability on surgically relevant implants with respect to surface protection against
bacterial proliferation and biofilm formation. The established layer-by-layer concept based on the consecutive adsorption of
oppositely charged PEL was applied to generate polyelectrolyte multilayer (PEM) coatings with either a cationic or anionic excess
surface charge. PHAG were bound at the outermost layer of such PEM coatings utilizing electrostatic interaction forces. Branched
poly(ethyleneimine) (PEI) and poly(acrylic acid) (PAA) as cationic and anionic PEL, respectively, and theEscherichia coli T4
bacteriophage (T4 PHAG) and the Staphylococcus aureus bacteriophage (S.a. PHAG) were used. At first, PEM of PEI/PAA were
consecutively adsorbed from solutions at germanium model substrates with z = 4 and 5 adsorption steps providing PAA-terminated
PEM-4 and PEI-terminated PEM-5, which were characterized by surface-sensitive in situ attenuated total reflection Fourier
transform infrared spectroscopy. Second, both T4 and S.a. PHAG were bound to these PEM showing a higher bound amount at
cationic PEM-5 compared to anionic PEM-4. Electrostatic interaction forces between anionic capsid proteins and respective PEM
are suggested. Furthermore, scanning force microscopy revealed typical overall size (200−250 nm) and shape (head/tail) features of
the bound PHAG and supported qualitatively the preference for cationic PEM-5 by number. Finally, PEM-4 and PEM-5 were
deposited at standard agar plates, S.a. PHAG were bound to those PEM, and plaque assay was performed to check antibacterial
properties. Thereby, coatings of PHAG/PEM-5 showed a higher antibacterial activity and PHAG/PEM-4 a lower one, which was
evidenced by plaque formation testing. Conclusively, PHAG/PEM coatings are promising for the reduction of implant-associated
infections at surgical implants and thus may replace or complement established coatings based on low molecular synthetic
antibiotics.

KEYWORDS: bacteriophages, Staphylococcus aureus, polyelectrolyte multilayer, antibacterial properties,
attenuated total reflection Fourier transform infrared spectroscopy, plaque assay

■ INTRODUCTION

Implant-associated infections pose a huge burden on health-
care systems.1,2 Traditionally, therapies based on systemic and
local treatment with antibiotics are applied.3 However, the
development of resistance against common antibiotics will
limit such classical treatments. Hence, alternative therapeutic
approaches to conventional antibiotic-based ones are required.
To overcome this problem and be independent from low
molecular antibiotic-based compounds, alternative bactericide
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concepts are developed. In that framework, the old concept of
bacteriophages (PHAG) initiated by d’Heŕelle,4 which are
expressed naturally by their host bacterial cells, has shown a
renaissance. PHAG (Figure 1a) are ubiquitously occurring in
the environment as the most abundant biological agent on
earth.5 PHAG are rodlike viruses composed of a head (capsid)
storing either single- or double-stranded DNA and of a tail,
through which the DNA is injected into host cells.
PHAG infect bacteria and therein replicate, transcript, and

finally translate lytic peptide factors (e.g., endolysines). These
lytic peptides destroy the host bacterium by defined binding
and cleavage of the peptidoglycan-rich cell wall of, e.g., Gram-
positive host bacteria. Due to the high osmotic pressure, the
partly perforated host bacterium bursts by water influx. Hence,
PHAG are increasingly used to replace common low molecular
antibiotics in both home therapies of, e.g., respiratory diseases
and are envisioned to treat complex bone and implant
infections in orthopedic surgeries. While in certain countries
(e.g., Canada and Georgia), PHAG-based home or clinical
therapies are historically established, in the majority of
countries, such therapies are still not approved officially, as
there is still a massive lack of knowledge on their mechanism of
action, dosage, and potential side effects.
Herein, innovative proteolytic coatings based on PHAG are

introduced. Thereby, we like to combine this antibacterial
concept with the classical one of surface premodification based
on polyelectrolyte multilayers (PEM) deposited by the LbL
concept initiated by Decher et al.7 The LbL concept is based
on the consecutive adsorption of selected polycations and
polyanions from solution frequently starting with the polycat-
ion anchoring at the material of choice followed by the
polyanion step and repeating this algorithm for desired times.
This methodology has been frequently applied in the
biomedical field for biopassivation, activation, and tissue
engineering8−15 and for membrane modification16,17 all for
different substrate geometries.
Concerning polyelectrolyte-mediated deposition of viruses

and PHAG, Jabrane et al.18 reported PHAG that were
electrostatically bound at preadsorbed polycation monolayers.
Other authors reported polyelectrolyte/virus assemblies and
even polyelectrolyte/PHAG assemblies both deposited by the
LbL concept, where viruses or PHAG are mainly integrated
within the coating.19,20 Less references prevail on alternating

polycation/polyanion assemblies, where the virus is bound at
the outermost layer of the assembly. Solely, Bacharouche et
al.21 reported various synthetic polycation/polyanion systems,
whose outermost layer PHAG were bound and allowed to
putatively “postdiffuse” into the given PEM system.
Following this concept, in this report, PHAG were

specifically bound at predeposited PEM of poly-
(ethyleneimine) (PEI) and poly(acrylic acid) (PAA) on Ge
model substrates using only few layers or adsorption steps. The
PEI/PAA system was chosen since it has been well-established
by us22,23 and others24 in the biomedical field. Either T4
PHAG or Staphylococcus aureus (S.a.) PHAG were utilized
since they were well-established and available. Additionally,
comparable specific and selective adsorption experiments have
been performed by us using proteins25,26 instead of PHAG.
Herein, the influence of the outermost layer of PEM of PEI/
PAA on PHAG binding was emphasized. In this framework, at
first, the two- (PEI/PAA) and four-layer systems (PEI/PAA/
PEI/PAA) as anionic PAA-terminating and the three- (PEI/
PAA/PEI) and five-layer systems (PEI/PAA/PEI/PAA/PEI)
as cationic PEI-terminating PEM systems were constructed.
Afterward, the PEM-2, PEM-3, PEM-4, and PEM-5 systems
were contacted with PHAG dispersions, and PHAG binding
was studied by adsorption experiments. Finally, the biological
activity of the S.a. PHAG-modified PEM at agar plates was
investigated.

■ EXPERIMENTAL PART
Surface. As model surfaces for the polyelectrolyte multilayer

modification, plasma-cleaned (plasma chamber PDC-32G, Harrick
(distributed by Starna, Pfungstadt), 1 Torr, 2 min, and 100 W)
trapezoidal internal reflection elements (IRE) with dimensions of 50
mm × 20 mm × 2 mm of Ge (n1 = 4.0, with dimensions 50 mm × 20
mm × 2 mm) were used.

Polyelectrolyte Multilayers. The polycation poly-
(ethyleneimine) (PEI, Aldrich, Mw = 25.000 g/mol) and the
polyanion poly(acrylic acid) (PAA, Sigma-Aldrich, Mw = 50.000 g/
mol) were used without further preparation. PEI and PAA were
dissolved in deionized water (Millipore, 18.2 MΩ) to a concentration
of 10 mmol/L resulting in values of pH = 10 and pH = 4 for PEI and
PAA solutions, respectively. Polyelectrolyte multilayers (PEM) of PEI
and PAA were fabricated by consecutive depositing/rinsing cycles
above the Ge IRE in the sample compartment of the ATR-IR sorption
cell (M.M., IPF Dresden) according to the stream coating procedure

Figure 1. (a) Scheme of a typical bacteriophage (PHAG) with a head, collar, tube, plate, and feet (adapted from ref 6 with kind permission of M.D.
Jones); (b) scheme of the antibacterial coating concept based on permanently bound PHAG at the outermost surface of predeposited
polyelectrolyte (PEL) multilayers (PEM). PHAG adopt either a “tail-down−head-up”, “head-down−tail-up”, or “side-on” configuration (from left
to right). Bacteria (brown) are bound and infected at immobilized PHAG.
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described in a study.22 Between every PEL addition, the sorption cell
was carefully rinsed with Millipore water.
Bacteriophage Adsorption. T4 bacteriophages (T4 PHAG,

DSMZ, Braunschweig, Germany) and the Staphylococcus aureus
bacteriophage (S.a. PHAG, Uniklinikum Regensburg, Germany)
were used. Both original PHAG suspensions contained approximately
a number of 1010 bacteriophages in 1 mL of buffered solutions (PBS
and TRIS), which were diluted with Millipore water by a factor of
1:10 for the experiments reported herein. The PHAG binding
measurements were performed directly at the freshly prepared PEM-
coated Ge IRE in the ATR-IR sorption cell. A volume of 1 mL of the
diluted PHAG suspension (1:10) was injected into the ATR-IR
sorption cell and then contacted with the given PEM-coated Ge IRE
for 30 min.
Bacterial Testing. To test the antibacterial activity of phages,

either PEM-4 or PEM-5 of PEI/PAA were deposited onto own
prepared standard Luria broth (LB) agar plates by consecutively
pouring over them 2 mL of 0.01 M PEI, Millipore water, 0.01 M PAA,
and Millipore water in this sequence. Thereafter, S.a. PHAG were
adsorbed to either PEM-4- or PEM-5-modified agar plates. For this, 1
mL of diluted PHAG suspensions (1:100) was contacted with the
given PEM for 30 min and then rinsed 3 times with Millipore water.
Finally, plaque assay was performed on these pretreated agar plates,
which were incubated for 24 h, and the formation of plaques was
qualitatively followed by photography. Thereby, a bacterial strain of S.
aureus EDCC 5055 was used. This strain was cultivated overnight in
an LB medium. The next day, the overnight culture was subcultured
into a fresh LB medium (1:100) and incubated on a shaker at 37 ° C,
until it reached an optical density (OD) (UV/vis SmartSpec Plus
spectrophotometer, Bio-Rad GmbH, Germany) of 1. A semisolid LB
agar medium (0.7% agar) was liquefied by heating in a micro-oven.
After cooling this medium to 45 °C, 4 mL of the bacterial culture was
mixed with 30 mL of semisolid agar media. Each 5 mL of semisolid
agar media was distributed onto the solid LB agar plates. After
solidifying, the plates were incubated at 37 °C for the plaque
formation. As a positive control, isolated S.a. PHAG (109) were used.
For the negative control, sterile PBS was added. Constructs AGAR/
PEM/PHAG (wet) were prepared in one lab (M.M.) and shipped to
a partner lab (G.K.M.), and one week later, the bacterial tests were
performed. Image analysis was performed using ImageJ software
determining the area of clearance on the agar plates, and Sigma Plot
was used for plotting and applying t tests for statistical analysis.
Attenuated Total Reflection Infrared Fourier Transform

(ATR-FTIR) Spectroscopy. An in situ ATR-FTIR apparatus for
sorption measurements27 consisting of a special mirror setup
(OptiSpec, Neerach, Switzerland) and an in situ sorption cell
(M.M., IPF Dresden) was used on a commercial FTIR spectrometer
(Vector 22, BRUKER-Optics GmbH, Ettlingen, Germany) equipped
with a globar source and a mercury cadmium telluride (MCT)
detector. ATR-FTIR absorbance spectra were recorded by the SBSR
(single-beam sample reference) method, whereby single-channel
spectra IS,R were recorded for both the upper (S) and lower (R)
half of the Ge IRE (50 × 20 × 2 mm3). Above the sample and
reference half are two liquid chambers (S and R) sealed by O-rings
(Viton), which were filled with polyelectrolyte or protein solution (S
chamber) and with the solvent (R chamber), respectively. Ratioing
the single-channel spectra according to ASBSR = −log(IS/IR) resulted
in absorbance spectra (ASBSR) featuring proper compensation of the
background absorptions due to the GeOxHy layer, solvent (water and
buffer), water vapor (spectrometer), and water condensate on the
MCT detector window.
Scanning Force Microscopy (SFM). SFM was applied for the

microscopic characterization of PHAG bound at the PEM surface. A
Nanostation II (Bruker Nano GmbH, Berlin, Germany) including an
optical microscope and an SFM component was used. For SFM,
silicon probe tips from Nanosensors (Darmstadt, Germany) having
apex radii of around 10 nm as cantilevers were utilized. PHAG bound
at PEM films on Ge IRE were probed by noncontact mode
(topography, error phase mode) operating with cantilevers at

frequencies of around 160 kHz and free amplitudes of around 100
nm.

Colloid Titration. A particle charge detector (PCD-04 (Mütek),
BTG, Eclepens, Switzerland) was used to determine the sign and
amplitude of the PHAG net charge in PHAG suspensions (10−9

PHAG per 1 mL) based on streaming potential measurements. At
first, the PCD determined the amplitude and sign of the starting
potential and thereupon dosed optionally the respective oppositely
c h a r g e d l ow mo l e c u l a r c a t i o n i c 0 . 0 0 1 M po l y -
(diallyldimethylammonium chloride) (PDADMAC) or anionic
0.001 M sodium poly(ethylene-sulfonate) (PES) as titrator solutions
into the diluted PHAG suspension sample. The consumed titrated
volume of either 0.001 M PDADMAC (used herein) or 0.001 M PES
solution (not used herein) needed for reaching a potential of zero was
registered, from which the number or concentration of excess
negatively (valid herein) or positively charged groups of PHAG can
be determined.

■ RESULTS AND DISCUSSION
Polyelectrolyte Multilayer (PEM) Deposition. At first,

PEM were deposited by consecutive adsorption steps z = 1 up
to 6 from PEI and PAA solutions at the Ge substrate, which
was checked by in situ ATR-FTIR spectroscopy. In Figure 2a, a
typical series of in situ ATR-FTIR spectra on PEM-6
deposition are shown.

The diagnostic ν(CO) band at around 1705 cm−1 and the
νas(COO

−) band at around 1550 cm−1 due to respective
carboxyl (COOH) and carboxylate (COO−) groups of the
bound PAA were used for quantification of the deposited PEM
amount. In Figure 2b, the sum of the respective band integrals
F ACOOH + ACOO

− is plotted versus the adsorption step z, from
which PEM deposition can be monitored quantitatively as
published earlier.22 Evidently, a rather nonlinearly increasing
course was obtained, which we commented on recently.28

Briefly, upon deposition of PEI layers, the Ge surface gets
positively overcharged and upon deposition of PAA layers gets
negatively overcharged. The bound amount of PAA increases
in the even (PAA) adsorption steps (PEM-2, PEM-4, and
PEM-6), while in the odd (PEI) steps (PEM-3 and PEM-5), it
decreases with respect to the latter even step. This observation
has been attributed to a part rupture or pull-out of the last
adsorbed PAA in the step z = N by the present oppositely

Figure 2. (a) In situ ATR-FTIR spectra of PEM films consecutively
adsorbed from 0.01 M PEI and 0.01 M PAA solutions at the Ge
substrate. PEM-1 refers to the film after the first PEI adsorption step
(monolayer) and PEM-2 to PEM-6 to respective films after the
second up to the sixth adsorption steps. (b) Summed integrals of
ν(CO) and ν(COO−) bands according to F ACOOH + ACOO

− as a
measure for the PEM (PAA) deposited amount. A factor F = 2 was
used to take the different absorption coefficients of the two IR bands
into account.
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charged PEI in the subsequent step z = N + 1, which has been
also observed for other oppositely charged PEL pairs.29 A
rather strong increase in the bound PAA amount could be
identified, which has been attributed to strong acid/base
interactions between PEI and PAA under the chosen pH
conditions (PEI, pH = 10; PAA, pH = 4) reported earlier.28

Hence, the PEI/PAA system allows a sustained surface
modification of a wide range of model and applied substrate
materials including planar, curved, or porous geometries and
bearing both charged and uncharged surface functionalities,
utilizing only a small number of adsorption steps and low
amounts of PEL materials. To characterize the charge
properties of PEI/PAA coatings further, electrokinetic
measurements on either PEI- or PAA-terminated PEM at
glass substrates were performed. Exemplary results are given in
Figure S4 of the Supporting Information. Therein, zeta
potential versus pH profiles significantly show a cationic
surface charge for PEI-terminated and an anionic surface
charge for PAA-terminated PEM. Furthermore, contact angle
measurements were performed at PEM-5 and PEM-6 of PEI/
PAA multilayers at glass substrates. For both systems PEM-5
and PEM-6, the contact angles were dynamically unstable and
decreased during the measurements within 1−2 min,
presumably due to surface heterogeneity and roughness.
While for PEM-5, contact angles underwent large decreases
starting from around 90 down to 50°, smaller decreases
starting from around 50 down to 25° were obtained for PEM-
6. Hence, qualitatively, the surface of PEM-6 appeared more
hydrophilic than PEM-5. Since obviously, PEM coatings of
PEI/PAA provide a polymer platform exposing either a
cationic or anionic surface charge, charged biological
compounds can be either bound or rejected in the sense of
bioactivation or biopassivation. In the following section, this is
utilized for the immobilization of PHAG.
Bacteriophage (PHAG) Binding at PEM. Consequently,

PHAG were bound on PEM of PEI/PAA under variation of
the used adsorption step z (i.e., layer number), thus exposing
different surface charges due to either PEI or PAA as the
terminating layer. In situ ATR-FTIR spectroscopy was used as

the analytical tool. Both T4 PHAG and Staphylococcus aureus
(S.a.) PHAG were used.

T4 PHAG. In Figure 3a, ATR-FTIR difference spectra
between PEM, to which PHAG dispersions were contacted
(PHAG@PEM), and pure PEM are shown for PEM-1 up to
PEM-5.
From the spectra of the given PEM after contact with the

PHAG dispersion for 1 h, the respective spectra before contact
were subtracted. Such difference spectra correspond to the
bound PHAG amount at these PEM systems. Generally, in
these difference spectra, contributions of not fully compen-
sated absorptions of the PEM material occurred, and
absorptions from PHAG were rather low. Nevertheless, at
1090 cm−1 (vertical broken line in Figure 3a), a pronounced
band was obtained in all PEI-terminated PEM, which could be
attributed to either phosphate moieties (ν(OPO)
vibration) of packed DNA or to saccharide hydroxyls or
linkages (ν(C−O) vibration) of glycoproteins diagnostic of
PHAG. Likewise, signals in the Amide I and Amide II band
regions between 1700 and 1500 cm−1, which can be assigned
to amide groups of such glycoproteins, are visible in the
difference spectra of PEI-terminated PEM (PEM-1, PEM-3,
and PEM-5). Significantly, these diagnostic IR band
absorptions were lower in the difference spectra of PAA-
terminated PEM (PEM-2 and PEM-4), indicating a lower
PHAG bound amount. Presumably, the higher binding of
PHAG at the cationic outermost layer PEI could be due to
attractive electrostatic interaction with anionic glycoproteins of
the capsid around the PHAG head or tail. Such attractive
interactions between anionic glycoproteins of the capsid and
the outermost PEI layer of PEM have been reported earlier
also for other anionic model proteins on a quantitative
level.25,26 In contrast, such anionic capsidic glycoproteins of
PHAG are supposed to be responsible for the observed lower
binding at PEM-2 and PEM-4 terminated by like charged PAA.
Of course, the packed DNA in the PHAG head as a natural
highly charged polyanion may be also addressed for such
electrostatic attraction or repulsion at respective PEI- or PAA-
terminated PEM. However, the PHAG capsid layer and the

Figure 3. (a) ATR-FTIR difference spectra on bound PHAG (T4) at PEM-1, PEM-2, PEM-3, PEM-4, and PEM-5 deposited at Ge substrates.
Broken vertical lines indicate diagnostic bands (Amide I, Amide II, ν(C−O), and ν(O−P−O), see the text). (b) Representative SFM images
(topography) of T4 PHAG bound to either PEM-4 (left, top and bottom) or PEM-5 (right, top and bottom) at Ge substrates corresponding to the
respective ATR-FTIR spectra in Figure 2 (image scale: 2 × 2 μm).
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Figure 4. (a) In situ ATR-FTIR spectra of PEM-1, PEM-2 (blue), PEM-3 (red), and PEM-4 (blue) and of PEM-4, at which S.a. PHAG were
bound (pink). (b) In situ ATR-FTIR spectra of PEM-1 (red), PEM-2 (blue), PEM-3 (red), PEM-4 (blue), and PEM-5 (blue) and of PEM-5, at
which S.a. PHAG were bound (pink).

Figure 5. (A) Antibacterial activity of S.a. PHAG adsorbed either to PEM-4 or PEM-5 on LB agar plates. (a) Negative control with pure PBS buffer
and an S. aureus bacterial suspension in semisolid agar onto LB agar plates without PHAG, (b) positive control with 109 PHAG and S. aureus on LB
agar, (c) LB agar plate with PHAG adsorbed on PEM-4 and plaque assay with S. aureus, and (d) LB agar plate with PHAG on PEM-5 and plaque
assay with S. aureus. Two representative runs for PEM-4 (c) and PEM-5 (d) are shown on the first and second row, respectively. (B) Bar plot on
the antibacterial activity of PEM-4 and PEM-5 based on the analysis of images exemplarily given in (A).
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high ionic strength in the PHAG head are assumed to shield or
reduce the electrostatic reach of the DNA charge significantly.
Microscopy. Corresponding to these ATR-FTIR spectra,

SFM images on bound T4 PHAG at PEM-4 and PEM-5 of
PEI/PAA are given in Figure 3b. Two representative images
are shown for PHAG at PEM-4 (left) and PEM-5 (right).
Evidently, in all images, single PHAG can be identified in the
images with the characteristic nanostructure consisting of a
thick head and a thin tail. More details show exemplary SFM
profiles of the head width, tail width, and total length of
exemplary single PHAG at PEM-4 and PEM-5, which are given
in Figure S2 of the Supporting Information. Therein, for T4
PHAG at PEM-4, total lengths of around 200−250 nm with a
head/tail ratio of around 1.5 can be found. Individual feet at
the end of the tail could not be detected due to the insufficient
resolution of the SFM image. Interestingly, for PHAG at PEM-
4, the height values of the head (≈30 nm) and the tail (≈8
nm) were significantly higher compared to those of the head
(≈14 nm) and the tail (≈3 nm) for PEM-5. Obviously, PHAG
at PEM-5 appear qualitatively to be more “sinked in” and
integrated in the PEM phase compared to PEM-4 presumably
due to stronger electrostatic attraction.
Moreover, only 2−3 T4 PHAG could be found in the

respective representative images for PEM-4, while 7−8 T4
PHAG show up in the respective representative images for
PEM-5. Being aware of the rather poor statistics, we observed
that obviously less T4 PHAG were bound at PEM-4 exposing a
negative excess surface charge due to PAA, while more T4
PHAG were bound at PEM-5 exposing a cationic excess
surface charge due to PEI. Hence, the number of T4 PHAG in
the images corresponds qualitatively to the intensity of the IR
band at 1090 cm−1 diagnostic of PHAG, which supports the
ATR-FTIR results.
S.a. PHAG. In addition to the interaction of T4 PHAG to

PEM, also that of S.a. PHAG was studied. In Figure 4a, ATR-
FTIR spectra of PEM-1 to PEM-4 and of PEM-4 to which an
S.a. PHAG dispersion was brought into contact are shown.
Likewise, in Figure 4b, ATR-FTIR spectra of PEM-1 to

PEM-5 and of PEM-5 brought into contact with PHAG are
shown. While from Figure 4a, a rather low S.a. PHAG binding
at PEM-4 could be obtained (broken vertical line for the
diagnostic ν(C−O) or ν(O−P−O) band), S.a. PHAG binding
at PEM-5 was rather high (corresponding vertical broken line),
which in principle confirms the electrostatic binding modalities
of T4 PHAG. Obviously, S.a. PHAG also bind stronger at the
PEM surface terminated by PEI, which has a cationic excess
charge compared to PEM terminated by PAA bearing an
anionic excess charge. Again, anionic capsid proteins are
suggested to be responsible for this charge-specific binding at
PEI-terminated cationic PEM or respective repulsion at PAA-
terminated anionic PEM. To check the anionic nature of S.a.
PHAG further, colloid titration measurements were performed
on suspensions of S.a. PHAG diluted by a factor of 1:10
resulting in concentrations of 10−9 PHAG per mL. Indeed, by
colloid titration, a negative starting potential was observed, and
consequently, the PHAG suspension was titrated by a standard
0 . 0 0 1 M l o w m o l e c u l a r c a t i o n i c p o l y -
(diallyldimethylammonium chloride) (PDADMAC) solution
to a potential of zero, which confirms qualitatively the anionic
nature of PHAG. Around 0.25 mL of 0.001 M PDADMAC
solution was consumed, from which the number of excess
negatively charged groups within PHAG can be calculated,
which will be reported elsewhere.

Bacterial Testing of PEM-Bound PHAG. In Figure 5A,B,
results of S.a. PHAG antibacterial tests on agar plates, which
have been directly modified with either PEM-4 or PEM-5 and
onto which S.a. PHAG were adsorbed, are presented.
In principle, the formation of plaques (plaque forming units

(PFU)) describing the bacterial clearance or eradication was
followed for control and modified agar plates after culturing S.
aureus bacteria for 24 h. Obviously, nearly no plaque formation
was found for pure agar (positive control) and complete
plaque formation (clearance) for agar directly treated with
PHAG (negative control). For the PEM (PEI/PAA)-modified
agar plate, at which PHAG were adsorbed, lower plaque
formation at around 10% of the agar plate was obtained for
PEM-4, while a higher clearance of around 85% was observed
for PEM-5. This indicates effective clearance of the bacteria by
PHAG/PEM-5 and a less effective one by PHAG/PEM-4,
which can be explained by the higher adsorbed amount of
PHAG at positively charged PEM-5 due to electrostatic
attraction of PHAG compared to the lower bound PHAG
amount at negatively charged PEM-4, as it was shown above.
Actually, it is challenging to explain how surface-immobi-

lized (i.e., confined) PHAG are able to contact with bacteria
and form plaques and subsequently form bacterial clear zones
that significantly. First of all, we like to emphasize that the best
experimental efforts have been performed to wash out any
loosely bound PHAG from the AGAR/PEM/PHAG con-
structs by exhaustive rinsing. Consequently, we assume that the
remaining PHAG are well-bound at the outermost PEM.
Furthermore, premixing the bacteria with semisolid agar media
and pouring onto the AGAR/PEM/PHAG constructs result in
AGAR/PEM/PHAG/bacterium constructs (interaction
zones), where the bacteria are assumed to be in direct contact
with the outermost bound PHAG. Some of those might be in
the head-down−tail-up configuration (Figure 1b) allowing
infection. Consequently, based on recent studies,30−33 the
PHAG are assumed to specifically interact with bacteria
through a receptor and subsequently release their DNA inside
the bacteria, whereafter DNA replication and transcription
machinery starts, producing new PHAG particles. Thereafter,
these multiplied PHAG particles are released upon cell wall
lysis and burst of the bacteria. Simultaneously, lytic peptides
might also be released upon bacterial damage allowing them to
act on other bacteria. However, they might be not so effective
to lyse other bacteria as their concentration is less. Finally, after
bacterial lysis, the released PHAG can again lyse other
surrounding bacteria, which eventually leads to the plaque
and clear zone formation and thus bacterial reduction as
evident in Figure 5Ad.

■ CONCLUSIONS
Based on earlier studies on protein adsorption at polyelec-
trolyte multilayers (PEM),25,26 we present herein in situ ATR-
FTIR spectroscopic data on PHAG adsorption at the two-,
three-, four-, five-, and six-layer (PEM-2, PEM-3, PEM-4,
PEM-5, and PEM-6) systems of poly(ethyleneimine) (PEI)
alternating with poly(acrylic acid) (PAA). Both T4 and S.a.
model PHAG were used. PEM could be deposited
reproducibly, providing well-defined model platforms for
studying charge-driven PHAG binding addressing biomedical
applications. Generally, the influence of the outermost layer
and thus the outermost surface charge sign of PEM on PHAG
adsorption was studied. Significantly lower PHAG adsorbed
amounts were found at even numbered PEM terminated with
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anionic PAA, while higher PHAG adsorbed amounts were
obtained at odd numbered PEM terminated with cationic PEI.
This result suggests electrostatic interaction of PHAG with
PEM for both T4 and S.a. PHAG types presumably based on
the anionic nature of the capsid proteins enveloping the PHAG
head or tail. Furthermore, agar plates, which have been
modified by either PEM-4 or PEM-5, at which S.a. PHAG were
bound in different respective amounts, showed different
antibacterial activities. While at PEM-4 featuring a lower
bound PHAG amount, a lower antibacterial activity was found,
at PEM-5 featuring a higher bound PHAG amount, a higher
antibacterial activity was observed. Trying to contribute to the
challenging mechanism, we suggest anchoring of bacteria at the
peripherally bound PHAG of PEM followed by DNA injection,
replication, and proliferation of new PHAG. Afterward,
bacterial burst releases both newly formed PHAG as well as
lytic peptides attacking further bacteria in the bulk phase in an
amplification scenario. Conclusively, these results show a
straightforward concept to bind therapeutic PHAG at material
surfaces via PEM predeposition followed by PHAG post-
deposition contributing to novel antibacterial concepts not
based on low molecular antibiotics, which is important to
overcome the multiresistance dilemma toward bacteria.
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