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I
nfection of biomedical devices caused
by bacterial colonization of surfaces con-
tinues to remain a serious health care

problem.1,2 To thwart the development of
biofilms that cause such infections, localized
drug delivery aims to provide a therapeutic
dose while avoiding systemic toxicity. The
use of antibacterial agents to prevent infec-
tion still might be clinically unavoidable3

despite significant progress in designing
surfaces that inhibit bacterial adhesion via

variations of surface nano- and microtopo-
graphy,4,5 creating antifouling coatings via

surface modification with hydrophilic
polymers,6,7 or developing cationic coatings
which kill on contact.8,9

Polyelectrolyte multilayers (PEMs) con-
structed using the layer-by-layer (LbL)
technique10 with their unprecedented ver-
satility in assembly design are a unique
platform to design bioactive coatings with

multiple functionalities. This technique has
been used to regulate bacterial adhesion,11,12

create cationic coatings that kill on contact,13

or include a variety of biomolecules such
as proteins, enzymes, drugs and nano-
particles14�16 without loss of their biological
function within the surface coatings. Enzyma-
tically active noneluting antibacterial LbL
coatings,17�19

films that continuously elute
silver ions20,21 or release antimicrobial com-
pounds through biodegradation22�24 have
been previously developed. However, contin-
uous elution of antibacterial agents presents a
serious issue in the case of clinically relevant
antibiotics, because of the emergence of
antibiotic resistant bacteria.25,26 Therefore,
coatings that deliver therapeutic agents on
demand, i.e., only when andwhere needed, is
a promising approach which also mitigates
the toxicity issue and premature depletion of
the drug supply/reservoir. PEM films have
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ABSTRACT We report on highly efficient, bioresponsive, controlled-release antibacterial coatings

constructed by direct assembly of tannic acid (TA) with one of several cationic antibiotics (tobromycin,

gentamicin, and polymyxin B) using the layer-by-layer (LbL) technique. These films exhibit a distinct “self-

defense” behavior triggered by acidification of the immediate environment by pathogenic bacteria, such as

Staphylococcus epidermidis (S. epidermidis) or Escherichia coli (E. coli). Films assembled using spin-assisted

and dip-assisted techniques show drastically different morphology, thickness and pH-/bacteria-triggered

antibiotic release characteristics. While dip-deposited films have rough surfaces with island-like, granular

structures regardless of the film thickness, spin-assisted LbL assemblies demonstrate a transition from

linear deposition of uniform 2D films to a highly developed 3D morphology for films thicker than∼45 nm.

Ellipsometry, UV�vis andmass spectrometry confirm that all coatings do not release antibiotics in phosphate buffered saline at pH 7.4 for as long as onemonth

in the absence of bacteria and therefore do not contribute to the development of antibiotic resistance. These films do, however, release antibiotics upon pH

lowering. The rate of triggered release can be controlled through the choice of assembled antibiotic and the assembly technique (spin- vs dip-deposition) and by

the spinning rate used during deposition, which all affect the strength of TA�antibiotic binding. TA/antibiotic coatings as thin as 40 nm strongly inhibit S.

epidermidis and E. coli bacterial growth both at surfaces and in surrounding medium, but support adhesion and proliferation of murine osteoblast cells. These

coatings thus present a promising way to incorporate antibacterial agents at surfaces to prevent bacterial colonization of implanted biomedical devices.

KEYWORDS: layer-by-layer films . drug release . bacteria-responsive films . antibacterial coatings . antibiotic delivery . tannic acid .
pH-triggered release
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been explored as such coatings that release functional
molecules in response to various environmental sti-
muli such as pH,15,27,28 electric or magnetic field, ionic
strength and temperature.29�32

pH-responsive films are a promising class of PEM film
which are readily obtained by using weak polyelec-
trolytes in film assembly.33�35 Importantly, the film's
retention/release properties can be preprogrammed at
the step of film construction by selecting the type of
functional groups that serve as adsorption centers for
small molecules and the assembly conditions for weak
polyelectrolytes.28,36�39 For a broad range of thera-
peutic molecules, incorporation and retention of small
molecules within delivery films becomes an issue
because of their weak binding to the films. The binding
issue becomes particularly important in the case
of antibiotics, whose continuous elution when not
needed can contribute to the development of anti-
biotic resistance. Many clinically relevant antibiotics
commonly used for infection treatments, such as
gentamicin (Gent), tobramycin (Tob) and others, are
small molecules carrying no more than 5 charges
at pH 7.5. Although several successful ways of control-
ling elution of Gent from non-PEM40 and PEM23,41

degradable films have been demonstrated, the design
and development of coatings able to absorb large
amounts of antibiotic at physiological conditions and
release these antibiotics on demand has remained
illusive.
In particular, in our prior work on the sequestration

and pH-triggered release of several antimicrobial
compounds,27 Gent could not be retained within an
oppositely charged PEM matrix because of its low
binding constant and screening of electrostrostatic
interactions in physiologically relevant salt concentra-
tions (0.15�0.2 M NaCl). Here, we overcome this
challenge and report on novel and highly efficient
LbL coatings obtainedby the direct assembly of several
antibacterial agents with tannic acid (TA), a natural
tannin molecule with antitumor, antibacterial, anti-
mutagenic, and antioxidant activities.42 Compared
to synthetic weak polyelectrolytes, such as poly-
(carboxylic acid)s, used earlier for constructing
pH-responsive coatings, TA provides a favorable com-
bination of electrostatic and hydrogen bonding inter-
actions for efficient retention of antibiotics at pH 7.5
and their release at lower pH values. Unlike previously
reported antibiotic-containing coatings that con-
stantly elute antibiotics and can potentially result in
the emergence of antibiotic-resistant bacteria, our films
do not release antibiotics under normal, infection-free
physiological conditions for as longasonemonth. At the
same time, our films efficiently supply antibiotics locally
when activated by pH lowering.
Electrostatic assembly of TA with cationic polymers

was first explored by Lvov and co-workers,43,44 while
our group earlier reported on hydrogen-bonding

assembly of TA with neutral polymers.45,46 Hydrogen-
bonded assembly of TAwas subsequently shown to be
a promising way to prepare biocompatible capsules
and/or encapsulate cells.47�49 Unlike this prior work,
here TA has been assembled with low-molecular
weight nonpolymeric antibiotic agents, such as Gent,
Tob, and polymyxin B (PolyB), an antibiotic which can
be used to prevent infections caused by multidrug-
resistant pathogens.50 Binding of all these antibiotics
with TA produced films that contained large amounts
of active antibiotics (∼300 μg/mm3) and were stable at
pH 7.5 and physiologically relevant ionic strength.
We found that TA/antibiotic assemblies, in addition

to efficient retention and on-demand release of anti-
biotics, showed several interesting features. When
spin-assisted assembly was applied instead of the
more common dipping approach, smoother filmswere
deposited, and an unusual transition from LbL 2D film
growth to irregular 3D film growth occurred. Impor-
tantly, the release rate of antibiotics was significantly
slower for spin-deposited films and depended on the
type of included antibiotic. We carefully examined
molecular interactions and correlated differences in
these interactions with the molecular structure of
antibiotics used in the LbL film assembly. Using ellip-
sometry, UV�vis, and mass spectrometry, we quanti-
fied the pH-induced release of antibiotics from PEM
films. In biological experiments involving Petrifilm
antibacterial tests, films containing only 3 bilayers of
TA/antibiotic with thicknesses as low as ∼5 nm effi-
ciently prevented surface colonization by Gram-posi-
tive Staphylococcus epidermidis. At the same time, the
filmswere nontoxic to osteoblasts. We suggest that the
antibacterial activity of TA/antibiotic coatings is trig-
gered by the presence of S. epidermidis or Gram-
negative Escherichia coli, which are known to produce
acidic environments.51,52 The concept of bacteria-trig-
gered self-defensive delivery has been introduced in
our earlier work, with the suggestion to use the
acidification of the local physiological medium by
bacterial colonization as a trigger,27 but these earlier
coatings did not provide useful functions under phy-
siologically relevant conditions. The concept of self-
defensive coatings has recently been explored using
another triggering mechanism, i.e., bacteria-induced
enzymatic degradation.53 Here, we report, for the first
time, that direct LbL assembly of antibiotics with a
natural polyphenol molecule results in biocompatible
coatings that contain large amount of antibiotics and
do not release them in infection-free physiological
conditions, but demonstrate triggered antibiotic re-
lease in response to a bacterial challenge.

RESULTS AND DISCUSSION

Interactions between TA and Antibiotics in Solution. Gent,
Tob and PolyB molecules carry positive charges at a
physiological pH of 7.5 (Scheme 1, þ4 elementary
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charges in Gent andþ5 elementary charges in Tob and
PolyB) due to protonation of primary and/or secondary
amino groups. TA, a weak polyphenol acid with pKa ≈
8.5, is partially ionized at pH7.5, and is expected to bind
electrostatically with protonated amino groups of
antibiotics. To probe these interactions in solution at
pH 7.5, we studied the turbidity and absorbance of
TA/antibiotic mixtures (Figure 1A and B, respectively).
Figure 1A shows the optical density of TA/antibiotic
mixtures at 420 nm, where none of the mixture com-
ponents have molecular absorption bands, as a func-
tion of a molar fraction of phenol groupsΦm [OH].Φm

[OH] is defined as the molar fraction of phenol groups
in TA/antibiotic mixtures, i.e., the ratio of the number of
phenol groups in TA to the sumof the phenol groups in
TA and amino groups in the antibiotic molecules.

Themaximum turbidity occurred atΦm
max, which is

equal to 0.80, 0.82, and 0.90 in TA/Tob, TA/Gent and TA/
PolyB solutions, respectively. Assuming that the max-
imum turbidity developed for TA/antibiotic complexes
at the point of their electric neutrality and that all
primary amino groups of antibiotics were protonated,
one can calculate the ionization degree of phenolic
groups of TAwithin the TA/antibiotic complexes. These
estimates give increasing values of ionization degrees
of 11( 2, 17( 2 and 20( 2% for PolyB, Gent and Tob,
respectively. This result correlates well with an increase
in the density of amino groups in antibiotic molecules,
from their sparse distribution in PolyB to a denser
distribution in Gent and Tob. In our earlier work, we
have shown that charge density in a linear cationic
polymer has a critical effect on ionization of a weak
polyacid;35 here, we report a similar effect for small
antibiotic molecules.

Figure 1B shows UV�vis absorption spectra of TA
solutions at pH 7.5 before and after the addition of
antibiotics. On the basis of the pKa of TA ≈ 8.5,
approximately 10% of the phenol groups are ionized
at pH 7.5. Correspondingly, solutions of TA exhibited
two strong bands at 225 and 290 nm, associated with
neutral form of TA, and a small shoulder at a longer
wavelength of 330 nm, reflecting partial ionization of
TA phenol groups.43 In mixtures of TA with antibiotics,
the intensity of a 330 nm band was strongly increased
at the expense of intensities at 225 and 290 nm,
suggesting increased ionization of TA within TA/
antibiotic complexes. These results correlate well with
the turbidity data, as well as with previous reports
on enhanced ionization of weak polyelectrolytes as-
sembled with oppositely charged macromolecules
within LbL films.34,35

Figure 1C shows that when the solution pH was
changed to 4.5, maximum turbidity significantly
shifted to larger Φm

max values as compared to those
observed at pH 7.5 (from 0.80 to 0.92, from 0.82 to
0.95 and from 0.90 to 0.97 for TA/Tob, TA/Gent and
TA/PolyB solutions, respectively). Considering that
the ionization state of antibiotic molecules does not
change between pH 4.5 and 7.5, these shifts reflect
a decrease in TA ionization and enrichment of TA/
antibiotic complexes with TA at pH 4.5. These observa-
tions provide a basis for understanding themechanism
of pH-triggered release of antibiotic molecules from
LbL coatings described later in the manuscript.

Layer-by-Layer Assembly of TA with Antibiotics. We ex-
plored LbL deposition of TA/antibiotic films using both
the dipping and the spin-assisted techniques. Note
that the first attempt to directly incorporate Gent

Scheme 1. Chemical structures of PEM components.
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within amultilayer using LbL assemblywas reported by
Hammond and co-workers,23 but, due to the diffusion
of Gent out of the film, the stable growth of a layered
structure was not achieved. Importantly, in our case,
films could be successfully prepared using both de-
position techniques. LbL coatings prepared by dipping
had an irregular surface structure, with roughnesses as
high as 12�15 nm for 3-bilayer TA/Gent films (Figure S2,
Supporting Information (SI)). Figure 2 shows that the
effect of spinning rate on film morphology and thick-
ness was dramatic, with a ∼4-fold decrease in surface
roughness and more than a 2-fold thickness decrease
for spin-assembled TA/Gent films. Additionally, as ob-
served by many groups for the assembly of polymers
within LbL films, increasingly thinner layers were depos-
ited per each cycle because of the effects of the
centrifugal force.55,56 Previously, spin-assisted deposi-
tion has been used as a time-efficient technique to
prepare LbL films with ordered internal structure using
linear polymers, nanoparticles, etc.55,57,58 Figure 2 illus-
trates that, when applied to assembly of small mol-
ecules, the spin-assisted technique has a very strong
effect on film morphology, probably because of the
smaller number of binding sites and therefore higher
mobility of smaller molecules relative to their high-
molecular-weight counterparts.

TA/antibiotic multilayer thin films could be con-
structed using all three types of antibiotics. Figure 3
illustrates examples of films prepared using a spinning
rate of 3000 rpm. Interestingly, for all three film types a
transition from linear growth of smooth 2D films to 3D
(Figure S1 (SI)) films with highly developed 3D mor-
phology occurred at ∼40�45 film bilayers. At bilayer
numbers smaller than 50, the film thickness increased
linearlywith layer number at a rate of 1.1�1.2 nm/bilayer.
In contrast, the average bilayer thickness increased
∼15-fold for thicker films. Note that in the 2Ddeposition
regime, film thicknesses were readily measured by
ellipsometry, but high roughness and thickness pre-
vented us from using this technique for 3D films. There-
fore, film thicknesses forfilmswithmore than50bilayers
were estimated from scanning electron microscopy
(SEM) images, and these data points are shown as stars

in Figure 3A. From these SEM film thickness measure-
ments together with the amounts of assembled anti-
biotics and TA determined by mass spectrometry and
UV�vis spectrometry (see below, pH-Induced Release of
Antibacterial Agents), we estimated that 3D TA/Gent
films contained ∼65�75% air in its dry state, i.e., they
present highly open, porous structures. This morphol-
ogy is drastically different from that usually observed
with linearly or even exponentially deposited all-poly-
mer LbL films.59,60

Phenomenologically, the 2D-to-3D growth transi-
tion is reminiscent of a transition observedwith films of
organic molecules by molecular beam deposition,61

but, in our case, strong molecular forces are in place,
films are much less structured, and they are deposited
in aqueous environments. Interestingly, the 2D�3D
transition point occurs at thicknesses of 35�40 nm
independent of the type of antibiotic. Figure S3 (SI)
shows representative AFM images of a smooth
15-bilayer TA/Gent film (rms roughness of ∼3 nm),

Figure 1. (A) Turbidity of TA/Gent, TA/Tob and TA/PolyBmixtures at pH 7.5with different ratios of TA and antibiotic, obtained
by mixing 2.94 μM TA and 2.09 μM antibiotic solutions at various ratios. All measurements were performed 20 min after
mixing. Error bars are within a symbol size if not shown. (B) UV�vis absorption spectra of TA (black line) and TA/antibiotic
complexes at Φm

max at pH 7.5. (C) Data similar to those shown in A, but for experiments performed at pH 4.5.

Figure 2. Effect of spinning rate on RMS roughness
(determined by AFM) and ellipsometric thickness for dry
(TA/Gent)20 films deposited at pH 7.5. Shown below are
representative AFM images of dip-deposited (shown as a
“0 rpm” sample) and spin-assisted (TA/Gent)20 assemblies.
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and a drastically rougher 150-bilayer film (rms rough-
ness of ∼83 nm). Recently, the growth of similarly
rough, island-like structures was reported for spray-
assisted deposition of a short polyanion, poly(sodium
phosphate), and a much longer polycation.62 Unlike
this prior work, our thicker films were composed of two
(rather than one) distinct strata, a smooth and uniform
2D region close to the substrate and a 3D structure on
top of this 2D base film (Figure 3C). For example, a (TA/
Gent)50 film was composed of a ∼35 nm smooth and
dense base stratum (probably reflecting the substrate-
dominated growth),63 and a rough and porous∼480 nm
top layer. The double-strata deposition pattern was very
consistently observed for all films with more than 40�45
bilayers. Figures 3C and S4 (SI) also show an unusual
granular morphology of 3D films. The occurrence of the
2D-to-3D growth transition is probably amanifestation of
the surface templating effect. Since LbL deposition and
film layering is an inherently nonequilibrium phenome-
non, more equilibrium-like 3D morphologies prevail in
TA-antibacterial agent binding when the effect of sub-
strate onmolecular layering has sufficiently decayed. The
fact that the spin-assisted deposition has a strong effect
on the filmmorphology, and that the 2D-to-3D transition
occurs at relatively small film thicknesses is probably due
to the small number of binding sites between antibiotic
molecules and nonlinear TA.

pH-Induced Release of Antibacterial Agents. Below, we
explore the behavior of TA/antibiotic films during long-
term exposure to physiological pH (pH 7.4) and ionic
strength, as well as response of these films to acidic
environments. pH is a particularly relevant stimulus for
antibacterial coatings, since many bacteria metaboli-
cally acidify their local environment. In particular, S.
epidermidis and E. coli produce lactic51 and acetic
acid,52 respectively.

With (TA/Gent)40 films as an example, Figure 4A
shows that in solutions at pH 7.5 with 0.2 M NaCl, there
were no changes in film ellipsometric thickness and no
antibiotic release for as long as 35 days. One can expect
consequently that, when exposed to physiological
environments under normal pH and salt conditions,
these films will behave as noneluting “dormant” films
and not unnecessarily release antibiotic. Such unne-
cessary release puts pressure on bacteria to develop
antibiotic resistance. At pH < 7.5, films lost a fraction of
their thickness, with higher fractional losses in more
acidic environments. Importantly, the release was not
continuous, but the released fraction equilibrated after
1 day (Figure 4B), showing no changes at longer times.
Results for other antibiotics, Tob and PolyB, were
similar and are shown in Figure 4C and Figure S6 (SI).
All film types were stable under physiological condi-
tions for more than one month but lost 33�35% of

Figure 3. (A) Thickness of spin-assisted LbLdepositionof TA/PolyB (squares), TA/Gent (circles) and TA/Tob (stars)films from0.
5 mg/mL TA and 0.1 mg/mL antibiotic solutions at pH 7.5 as a function of bilayer number, as monitored by ellipsometry for
films with less than 50 bilayers, and by SEM for thicker films (stars). Inset shows a linear film growth regime for films with less
than 45 bilayers. (B) Root-mean-square AFM roughness TA/Gent films. Error bars are within a symbol size if not shown. (C)
Cross-sectional and top-view SEM images of 30-, 50- and 200-bilayer TA/Gent films.
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their thickness when exposed to solutions at pH 5.5,
with no changes in film thickness during long-term
exposure at a constant pH. Such a release is caused by a
change in charge balance within TA/antibiotic com-
plex, when TA becomes less ionized at acidic pH. A pH-
induced decrease in TA ionization leads to an accumu-
lation of positive amino groupswithin the film and thus
to an imbalance between negative and positive
charges. In order to maintain electroneutrality at a
lower pH value, TA/antibiotic films release antibiotic
molecules. After this initial burst release the film be-
comes charge balanced; the smaller number of anti-
biotic molecules compensates the charge of now less-
ionized TA molecules. The film thus remains stable in
the environment of a lower but constant pH. Such
partial, pH-triggered burst release minimizes the
chance for the development of antibiotic-resistant
bacterial strains, because the antibiotic remains bound
within the film until some subsequent trigger releases
it. Also important, pH-triggered release of a certain
dose of released antibiotics is strictly determined by
the degree of pH lowering, and the dose increases as
the surrounding medium becomes more acidic due to
metabolically active bacteria.

We also found that the short-term (<12 h) release
rate depends on the type of included antibiotic.
Figure 4D shows ellipsometry data for 40-bilayer
TA/antibiotic films assembled at pH 7.5 and subse-
quently exposed to pH 5.5. Release from TA/Tob films
was the fastest, while TA/PolyB films was the slowest
with an initial incubation period of 6 h during which

releasewas extremely slow. The percentage ofmaterial
released from TA/Tob, TA/Gent and TA/PolyB films in
6 hwas 33, 13 and 5%, respectively. At the same time, the
equilibrated amounts released were similar for films
with all three antibiotics. We explored the possibility
that differences in the short term release kinetics in
TA/antibiotic films might be attributed to various
hydrophobic/hydrophilic properties of the antibiotics.
The hydrophilicity of each antibiotic was estimated
using the octanol:water partition coefficient (log P).
Values of log P calculated by XLOGP2, and XLOGP3
methods provided by ALOGPS 2.1 of Advanced Che-
mical Development, Inc.,64 were �2.4 ( 0.2 for PolyB,
�3.6 ( 0.7 for Gent, and �6.23 ( 0.01 for Tob. These
results suggest that, among these antibiotics, PolyB is
the least hydrophilic, and Tob is the most hydrophilic.
Hydrophilicity of bioactivemolecules is known to affect
the rate of their release, and an additional slower
release stage has been observed with more hydropho-
bic drugs.65We suggest thatwith a less hydrophilic and
also larger molecule among the three antibiotics,
PolyB, restructuring of the LbL film required for such
release is more sluggish than for films with smaller and
more hydrophilic molecules. Our results corroborate
these earlier observations.

In addition to its dependence on pH and on the
type of antibiotic, release was also significantly af-
fected by the technique and conditions used in film
assembly. Figure 5 shows that films prepared using a
spin-assisted technique were more stable, showing
both a slower and smaller decrease in film thickness.

Figure 4. (A) Ellipsometry data on long-termpH-triggered release from (TA/Gent)40 film, deposited at pH7.5 and immersed in
0.01 M phosphate buffer solution containing 0.2 M NaCl at the range of pH 7.5 to 5.5. (B) Same data plotted on a shorter time
scale. (C) Ellipsometry data on long-termpH-triggered release from (TA/PolyB)40 (blue) and (TA/Tob)40 (black)films, deposited
at pH 7.5 and immersed in 0.01 M phosphate buffer solution containing 0.2 M NaCl at the range of pH 7.5 to 5.5. (D) Time
evolution of normalized ellipsometric thicknesses of TA/Gent, TA/Tob and TA/PolyB films deposited at pH 7.5 and immersed
to pH 5.5. Error bars are within symbol size if not shown.
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Interestingly, spin-assisted (TA/Gent)20 films showed a
time-delayed release, which is probably due to their
more ordered structure and smoother surface relative
to their dip-deposited counterparts (Figure 1). While in
poorly structured dip-deposited films a large surface
area is readily available for immediate release of active
components from the film after pH lowering, more
ordered films require longer time for intermixing/
rearrangements of film components in order to expose
them to the film/buffer interface. Moreover, an equili-
brated fraction of released material decreased∼2-fold
between low (<1500 rpm) and high (6000 rpm) rota-
tional speeds used in spin-assisted deposition. Such a
strong effect of the deposition technique on the drug-
release properties of TA/antibiotic films are likely a
combined effect of the nonlinear nature of TA and a
small number of binding sites attaching it to an anti-
biotic molecule, features that make these film easily
prone to external fields. The fact that the deposition
technique has affected both the release kinetics and
the amount of released gentamicin indicates that
centrifugal forces can significantly affect arrangements
of intermolecular binding, and possibly stoichiometry
and cooperativity of interactions of TA with antibiotics.

Since ellipsometry measurements are not specific
to the chemistry of released molecules, we sought to
directly quantify chemical constituents released from
TA/antibiotic films. Taking the TA/Gent system as an
example, we used mass spectrometry to quantify
released Gent, and UV�vis spectroscopy, to evaluate
the presence, if any, of TA in the film extract solution.
For the mass spectrometry measurements, a set of
1 cm� 1 cm Si wafers coated at pH 7.5 with 300-bilayer
TA/Gent films were exposed to a small volume (0.5 mL)
of 10�3 M phosphate buffer containing 0.2 M NaCl
at various pH values ranging from 7.5 to 5.5. In order
to achieve equilibrated Gent release, we used an

exposure time of 48 h. Each extract solution was then
tested, and Gent was assessed using the calibration
curve shown in Figure S5 (SI). Figure 6A shows the
dosage of Gent released from (TA/Gent)300 films
plotted versus pH value in the extract solution. In
agreement with the ellipsometry data above, no Gent
was released at pH 7.5, and the concentration of Gent
released in solution increased from 0 to 27% as the pH
of the extract solution decreased from 7.5 to 5.5. Note a
similar trend in a fractional decrease, but for a total film
mass rather than Gent, is shown in Figure 4, where a
decrease in the total film thickness at pH5.5was≈33%.

The released fraction of Gent (Figure 6A, right axis)
was calculated based on the total amount of antibiotic
contained within the film. To determine the total
content of Gent within the multilayers, (TA/Gent)300
films were completely destroyed by exposure to an
extremely acidic environment (pH 2.0), where electro-
static interactions betweenGent and TAwere removed
because of protonation of TA, and the entire film
dissolved. Mass spectrometry determined the total
amount of Gent in the resulting solution to be 35 μg.
Taken together with ellipsometry measurements and
assuming the density of TA/Gent films to be 1mg/cm3,
mass spectrometry measurements also determined
that as-deposited at pH 7.5 TA/Gent films contained
∼30% of Gent by mass or by film thickness. This
corresponds to a high drug density in the film of
300 μg/mm3, higher than 220 μg/mm3 so far
reported.22,23,66 Figure 6B shows that during the re-
lease, the highly developed 3D structure of TA/Gent
collapsed to a smoother and denser film (≈50 nm in
thickness). The∼5-fold decrease in the film thickness is
not directly correlated with the fraction of Gent re-
leased, but it also reflects the densification of 3D TA/
Gent films which contain 70% of air in their dry state.

Finally, we addressed the question of whether Gent
releases fromTA/Gentfilms as an individualmolecule, or
within a complex with TA. To answer this question, we
analyzed (TA/Gent)50 film extracts for the presence of TA
using UV�vis spectroscopy. Figure S7 (SI) shows that no
TA emerges in solution at pH 7.5. Quantitation of TA
absorbances in extract solutions at pH 5.5, togetherwith
the data in Figures 4 and 6, shows that Gent releases
from the film partially as a complex with TA, and at pH
5.5 themass ratio of released Gent and TA is 55:45. Since
Gent is completely ionized at pH 5.5, and TA is weakly
ionized, based on its pKa of 8.5, the TA/Gent complex is
likely to be stabilized by positive charges of Gent.

Antibacterial Activity of TA/Gent Multilayers. Gent and
Tob are known to inhibit bacterial protein synthesis
by irreversible binding to the 30S ribosomal subunit,
while PolyB disrupts the outer membrane of bacteria
by competitively displacing Ca2þ or Mg 2þ ions. Gent,
Tob and PolyB are used to treat both Gram-positive
(e.g., S. epidermidis) and Gram-negative (e.g., E. coli;
Pseudomonas aeruginosa) infections.

Figure 5. Ellipsometric thickness decrease for (TA/Gent)20
films deposited at pH 7.5 by the dipping or spinning
technique at 3000 rpm and exposed to pH 5.5. Inset shows
the effect of the rotational speed on the equilibrated film
thickness at long release times. The data point for zero
rotational speed corresponds to TA/Gent films assembled
by dipping.
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The antimicrobial activity of TA/antibiotic coatings
was tested with Gram-positive S. epidermidis ATCC
12228 and E. coli. (NEB #C2987; E. coli). To explore a
possible dependence of antibacterial activity of
TA/antibiotic films on the number of assembled layers,
we tested 3-, 5-, 7 and 15-bilayer TA/Gent films using
Petrifilm Aerobic Count Plates. A Si wafer coated with a
monolayer of TA was used as a control. Figure 7A
summarizes the bacterial surface coverage data, and
Figure 7B shows Petrifilm images after incubation of
TA/Gent LbL films with various numbers of bilayers
with 106 bacteria/mL S. epidermidis for 48 h, followed
by removal of Si wafers from the Petrifilm plates.

Significantly, all films (even for the thinnest∼4.5 nm
3-bilayer film) showed very efficient inhibition of bac-
terial colonization, with almost complete (∼103-fold)
decrease in bacterial counts. Note that TA/Gent-coated
Si wafers removed from the Petrifilm plates prior to
colony counting were completely free of bacterial
colonization. On the basis of the mass spectrometry
data (Figure 6), we have estimated the amount of
eluted Gent from 3-, 5-, 7- and 15-bilayer films as
0.045 μg, 0.07 μg, 0.125 μg and 0.2 μg, respectively.
Because of the small volume of buffer used in Petrifilm
tests (20 μL used here), concentrations of eluted Gent
were 0.9, 1.4, 2.5, and 4.1 μg/mL for 3-, 5-, 7- and
15-bilayer films, respectively�all exceeded or were
within the range of the reported minimum inhibitory
concentration (MIC) of Gent against S. epidermidis

0.06 to 4 μg/mL.67 These results confirm that efficient
release of an antibacterial agent was triggered by
bacterial growth causing a pH decrease in the vicinity
of TA/Gent films, and that high antibacterial efficiency
of TA/Gent films can be attributed to locally high
concentrations of Gent released in small volumes of
liquid. Note that release from these coatings into a
small-volume space is relevant for implant-associated
infections, where typically a small volume of physiolo-
gical liquid surrounds the implant surface.

Moreover, we studied the capacity of TA/antibiotic
films to retain their activity when the films were kept in
solutions at pH 7.5 for long periods of time. A set of

(TA/Gent)15 films was immersed in phosphate buffer
solution with 0.2 M NaCl at pH 7.5 for as long as 4
weeks, and solutions were refreshed every 2 days.
Samples were tested for antibacterial activity every
week and discarded after testing. Importantly, even
coatings kept at pH 7.5 for as long as 4weeks preserved
their antibacterial activity, eliminating 97% of S. epi-
dermidis colonization (inset in Figure 7A). The long-
term stability of these coatings is an important feature
that allows use of these films as “dormant” self-defensive
delivery coatings, which preserves their function for long
periods of time.

To further compare the antimicrobial activity of the
coatings in solution and at the surface, samples were
placed in 12-well culture plates filled with 2 mL of
bacterial suspension (1 � 106 colony forming units
(CFU)/mL). The antimicrobial activity of (TA/PolyB)15
coatings was tested with Gram-negative E. coli, and the
antimicrobial activity of (TA/Gent)15 coatings was
tested with Gram-positive S. epidermidis. Bacterial sus-
pension in contact with bare silicon wafers was used as
a control. Figure 8A summarizes the optical density of
the bacterial suspension after several hours of cell
culture, and Figure 8C shows confocal laser scanning
microscopy images of surface bacterial colonization.
After 6, 12, and 24 h, bacterial growth in solution
was significantly reduced when bacteria were cultured
in the presence of (TA/PolyB)15 and (TA/Gent)15 films
rather than with control bare silicon wafers (Figures 8A
and B). This confirms that a pH decrease associated
with bacterial growth (pH 6.5�5.5 measured in solu-
tion after 6�24 h), and the resulting antibiotic release
fromTA/antibiotic films was able to kill bacteria not only
at the surface but also in the relatively large (2 mL)
volumes of medium. On the basis of ellipsometry and
mass spectrometry data in Figures 4 and 6, the concen-
tration of released antibiotics in 2 mL of solution was
estimatedas0.3 and0.7μg/mL for6 and24hof bacterial
culture, respectively. Both values are within the range of
MIC reported for Gent against S. epidermidis67 and for
PolyB against E. coli of 0.5 μg/mL.68 Importantly, in well
plate experiments, inhibition of the surface colonization

Figure 6. (A) The amount of Gent released from (TA/Gent)300 films into 0.01 M phosphate buffer solutions containing 0.2 M
NaCl at lowered pH values after 48 h, determined by mass spectrometry. Error bars are within symbol size if not shown. (B).
Cross-sectional SEM images of a (TA/Gent)300 film at different release times, indicating gradual collapse of an open 3D TA/
Gent morphology during release.
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of S. epidermidis onto coated (TA/Gent)15 films
(Figure 8C) is consistent with our finding in Petrifilm
experiments (Figure 7). Also in agreement with Petrifilm
experiments, no inhibition of bacterial growth occurred
on control Si wafers covered with amonolayer of TA but
with no antibiotics. This conclusion is corroborated by
the confocal and SEM images shown in Figure S8 (SI).

Cytocompatibility of TA/Gent Coatings. Gent has been
demonstrated to be nontoxic to human osteoblasts
and endothelial cells even at high dosages.69 Here, we
explore the cytocompatibility of the TA/Gent coating
toward mammalian cells, i.e., murine preosteoblast
cells (MC3T3-E1 subclone 14 CRL-2594), which are
widely used in orthopedic studies as amodel of human

bone cells. Nontoxicity of the TA-based film was visua-
lized through live�dead staining at the surface coated
with (TA/Gent)15 film (Figure 9A and B) as well as at
surfaces of bare silicon wafers used as a control
(Figure 9C and D). Murine preosteoblast cells adhered
to and proliferated on both the control wafers and
wafers coated with TA/antibiotic films. Importantly,
representative live/dead images indicated that the
number of live cells (green) was overwhelmingly high-
er in comparison with the number of dead cells (red)
after 1 to 4 days of culturing (Figure 9A and B), illustrat-
ing cytocompatibility of the TA/Gent coatings.

Moreover, the evolution of cell morphology dif-
fered for coated and noncoated samples. Figure 9A

Figure 7. (A) Number of viable S. epidermidis bacteria per unit surface area of TA/Gent coatings with various numbers of
bilayers (blue) as compared to a control Si wafer coveredwith amonolayer of TA (brown). Inset shows long-term antibacterial
activity of (TA/Gent)15 film exposed to S. epidermidis for 4 weeks (green). (B) Representative images of Petrifilm plates after
incubation of 106 bacteria/mL S. epidermidis in contact with TA/Gent films for 48 h at 37 �C, followed by removal of TA/Gent-
coated wafers. Error bars are within symbol size if not shown.

Figure 8. Growth of E. coli (A) and S. epidermidis (B) in solution in the presence of control silicon wafers after incubation for
24 h, shown together with the absorbance of TSB buffer in left subpanels, as well as in the presence of (TA/Gent)15- and (TA/
PolyB)15-coated wafers after different incubation times in 2 mL of 1 � 106 CFU/mL bacterial suspension at 37 �C (right
subpanels). (C) Confocal laser scanning microscopy images of the (TA/Gent)15 and (TA/PolyB)15 surfaces (left and right,
respectively) after different incubation times in 2mL of 1� 106 CFU/mL bacterial suspension at 37 �C. The scale bar is 100 nm.
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and B shows that after as short a culture time as 1 day,
cells on top of TA/Gent coatings had well-organized
cellular processes and were spindle-shaped, intercon-
nected though tight ledges, demonstrating healthy
cell growth and surface attachment. However, on un-
coated control surfaces, cell morphology evolved over
a longer time scale between days 1 and 4 (Figure 9C
and D), at day 1 showing only round or polygonal cells
with weak cell�cell interactions. This indicated that
TA/Gent coatings are not only nontoxic, but also
advantageous for cell attachment and proliferation of
mammalian cells compared to noncoated substrates.

CONCLUSIONS

The traditional approach to design drug-delivery
coatings has been based on the continuous elution
of bioactive compounds. Such an approach is often
undesirable for the delivery of antibiotics, because the
unneeded exposure of bacteria to antibiotics can lead
to the development of resistant bacterial strains.
Furthermore, continuous elution ultimately depletes
the coating of its antibiotic rendering the coating
largely ineffective. Here, we have reported on a novel
type of antibiotic-containing material with high drug
content (300 μg/mm3, 30% by mass) and noneluting
properties under normal physiological conditions (pH
7.5, 0.2 M NaCl). Significantly, to create these coatings
we used a natural polyphenol molecule�tannic acid
(TA), rather than linear polymer molecules, which ear-
lier were shown to be incapable of strongly retaining
antibiotic molecules. In contrast to LbL films based on
linear polymers, TA overcomes this limitation, probably
due to its ability to involve both hydrogen bonding
and electrostatic interactions in its interaction with
antibiotics. Being stable and nonreleasing at pH 7.5,
TA/antibiotic coatings can deliver different antibiotic

doses depending on the magnitude of pH decrease.
The pH signal that triggers an antibiotic burst release
from TA/antibiotic coatings is created by typical bac-
terial pathogens, such as S. epidermidis, Staphylococcus
aureus and E. coli, which are known to cause infections
associated with many implantable biomedical devices.
We showed that the use of TA in LbL assembly

results in successful inclusion of several positively
charged antibiotics within these bacteria-responsive
films. Examination of interactions between TA and
antibiotics in solution as well as of their release from
the coatings reveals themolecular mechanisms under-
lying the coating function, and balancing charge with-
in the film is the driving force for dosed antibiotic
release. We conclude that the strength of the molecular
interactions, which are partially determined by the
degree of antibiotic hydrophilicity, defines the release
rate, while the degree of pH lowering correlates with the
total fraction released. With these new delivery materi-
als, we also explored the role of processing conditions
on film assembly and release properties, and we report,
for the first time, that not only the thickness of individual
layers but also the total fraction of released drug can be
controlled by the rotational speed used during spin-
assisted assembly. We furthermore demonstrated that
thesefilms combine their strong antibacterial properties
with noncytotoxicity toward preosteoblasts cells. These
findings have far-reaching implications not only in
designing smart self-defensive films that release anti-
biotics in response to bacterial infections but also in a
broader area of assembled materials and thin films.
Moreover, combining several antibiotics active against
different bacteria types (e.g., Gram-positive and Gram-
negative) within the same film to further broaden the
spectrum of antibacterial activity of these coatings
might present a promising direction for future studies.

METHODS
Materials. Branched polyethylenimine (BPEI;Mw 65,000, 50%

aqueous solution), tannic acid (TA; Mw 1701.20), gentamicin

(Gent, 10 mg/mL aqueous solution), tobramycin (Tob), poly-

myxin B sulfate (PolyB), hydrochloric acid, sodium chloride, and

dibasic sodium phosphate were purchased from Sigma-Aldrich

Figure 9. Confocal laser microscopy images (left) and cell viability numbers obtained by image analysis of murine
preosteoblast cell attachment (right) on the surface of silicon wafers coated with (TA/Gent)15 film (A, B) as well as on the
surface of bare siliconwafers (C, D). The scale bar in (A�D) is 100μm. Stars indicate statistically significant differencesbetween
live and dead cells as determined by the Student's t test (p < 0.05).
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Chemical Co. Sulfuric acid was purchased from Pharmco-Aaper
Co. All chemicals were used as received. Staphylococcus epider-
midis (ATCC 35984; S. epidermidis) was purchased from Amer-
ican Type Culture Collection (ATCC). Escherichia coli (NEB
#C2987; E. coli) was purchased from New England Biolabs.
MC3T3-E1 subclone 14 CRL-2594 was purchased from ATCC
(Manassas, VA).

D2O with 99.9% isotope content was purchased from Cam-
bridge Isotope Laboratories. Millipore (Milli-Q system) filtered
water with a resistivity of 18.2 MΩ was used in all experiments.
Silicon (110) wafers were prime grade, p/boron type, 500( 25 μm
thick, with native oxide layer ≈2 nm, and were bought from
University Wafers, Inc.

UV�Vis Measurements. UV�vis absorbance and turbidity were
studied using a UV�Vis Lambda 25 spectrophotometer
(PerkinElmer, Inc.). Mixing of TA with antibiotics resulted in
water-insoluble complexes which were detected through in-
creased solution scattering at 420 nm, where individual solu-
tions of TA, Gent, Tob and PolyB have no absorption bands.

Deposition of Multilayers. TA multilayers with Gent, Tob and
PolyBwere deposited at the surface of Si wafers from 0.5mg/mL
TA and 0.1 mg/mL antibiotic solutions in 0.01 M phosphate
buffer at pH 7.5. To remove organic impurities, silicon wafers
were precleaned using a UV lamp for 2 h, treated with concen-
trated sulfuric acid for 20 min, rinsed with Milli-Q water and
dried under flowing nitrogen. To enhance the adhesion of
multilayer films to the surface, a precursor layer of BPEI was
deposited at the precleaned surface from 0.5mg/mL solution in
0.01 M phosphate buffer at pH 5.5 for 15 min. Spin-assisted LbL
assembly was performed with a Laurel WS-650�23NNP/UD3/
UD3B spin coater using 40-s deposition cycles and rotational
rate of 1500, 3000, and 6000 rpm. The majority of experiments
was performed using a rotational rate of 3000 rpm. After each
deposition step, the substrates were thoroughly washed with
0.01 M phosphate buffer solution. Films were dried after the
deposition of each bilayer. The speed and spinning for the
rinsing step were identical to those used for film deposition.

Alternatively, LbL films were deposited using a dipping
robot (DR-3, Riegler & Kirstein GmbH, Berlin) operated with
custom software. Silicon wafers were alternately immersed into
0.5 mg/mL of TA and 0.1 mg/mL of antibiotic solutions at pH 7.5
for 10 min, using three intermediate rinsing steps with 0.01 M
phosphate buffer.

Atomic Force Microscopy (AFM). Morphology and root-mean-
square (RMS) roughness of dry films were determined in air at
room temperature using an NSCRIPTOR dip pen nanolithogra-
phy system (Nanoink) operating in AC tapping mode using
close contact mounted cantilevers (Pacific Nanotechnology,
Santa Clara, CA, USA).

Scanning Electron Microscopy (SEM). SEM images were obtained
using a Zeiss Auriga Dual-Beam FIB-SEM using samples not
subjected to pretreatment. Cross sectional specimens were
prepared by fracturing. Silicon wafers with sample films were
fixed to the SEM specimen holders with a conductive tape.

Ellipsometry. The thickness of dry thin films not exceeding
45 nm was measured using a home-built phase-modulated
ellipsometer,54 while the thickness of thicker films was deter-
mined by SEM imaging.

Mass Spectrometry. To quantify the amount of antibiotics
released from TA/antibiotic films at various values of solution
pH, mass spectrometric analyses were performed using an
Applied Biosystems API 3000 (Concord, ON, Canada) triple
quadrupolemass spectrometer equippedwith a TurboIonSpray
source. A Shimadzu LC-10AD (Columbia, MD, USA) HPLC system
fitted with a Rheodyne 7725i (Rohnert Park, CA, USA) sample
injection valve with a 20-μL loop was used for solvent delivery
to the TurboIonSpray source. An isocratic solvent flow of
acetonitrile�water�formic acid (50:50:0.01) was maintained at
1.0 mL/min. The source temperature was held at 550 �C. Both
the nebulizer gas (N2) and curtain gas (N2) flow rate settings
were set at 15 (arbitrary units). The drying gas (N2) was main-
tained at a flow rate of 7 L/min at 60 psi. The ion spray voltage
was held at 5500 V, and a declustering potential of 50 V was
used. The instrument was operated in MS1 mode, and spectra
were acquired from m/z 320 to 326 Da at 0.1 s/scan.

To quantify the amount of Gent released from a film, a
calibration curve using Tob as an internal standard was devel-
oped using four calibration standards (5, 10, 20, 30 μg/mL Gent)
each containing 50 μg/mL Tob (Figure S5 (SI)). The characteristic
spectral peaks used for the quantitation of Gent and Tob
(internal standard) were m/z 322 and 324, respectively, repre-
senting the protonated A and B rings (Schemes S1 and S2 (SI)).
Samples from silicon wafers coated with the (TA/Gent)300 film,
which were exposed for 48 h to 0.01 M phosphate buffer
solutions at pH values from 7.5 to 5.5, were evaluated. Calibra-
tion standards and Gent-containing solutions (spiked with
50 μg/mL of Tob) were directly injected into the chromato-
graphic solvent stream, and mass spectra were continuously
acquired. An average mass spectrum of 120 scans was used for
each sample/standard, and mass spectral peak areas (for m/z
322 and 324) were integrated using Analyst 1.4.2 software.

Bacterial Strains and Growth Conditions. S. epidermidis or E. coli
were incubated in tryptic soy broth (TSB) supplemented with
6 mg/mL yeast extract and 8 mg/mL glucose for 18 h. The
incubated biofilm was vortexed and passed through a 5 μm
filter in order to create a near single-cell suspension. The
suspension was subsequently diluted to 1� 106 CFU/ml. Before
bacterial inoculation, the sample surfaces were exposed to UV
light for 5min. Sampleswere then incubated in 2mL of bacterial
suspension for 24 h at 37 �C in 12-well culture plates. The
samples were then rinsed with phosphate buffered saline (PBS)
twice before fluorescence labeling.

Quantification of S. epidermidis and E. coli Growth in Solutions. Si
wafers coated with (TA/Gent)15 and (TA/PolyB)15 films were
placed in 12-well culture plates filled with 2 mL of S. epidermidis
or E. coli bacterial suspension (1 � 106 CFU/mL) and incubated
at 37 �C for different periods of time to achieve different pH
values. The optical densities of these solutions were then
measured at 600 nm using a UV�vis Spectrometer Lambda 40.

Petrifilm Count Plate Procedure. All 3 M Petrifilm Aerobic Count
Plates (Nelson-Jameson, Marshfield, WI, USA) were labeled and
preswollen with 1 mL of sterile demineralized water for 30 min.
Silicon wafers coated with (TA/Gent)n (n = 3, 5, 7, 15) films were
sterilized by dipping into 70% isopropyl alcohol (IPA) for 30 min
and dried. The Petrifilm cover was peeled back and the tested
surfaces with the antibacterial coating facing up were placed in
the center of the swollen regions. 20 μL of bacterial suspension
at a concentration of 1� 106 CFU/mL were placed on the upper
edge of the surface, and the cover of the Petrifilm was carefully
closed so that the bacterial suspension became uniformly
distributed across the surface. The Petrifilm plates were then
incubated at 37 �C for 48 h. The number of viable bacteria was
determined by counting the number of colony forming units
(appearing red in the Petrifilm plates) per unit area.

Osteoblast Cell Culture. Murine preosteoblast cells (MCTC3)
were used to demonstrate the nontoxicity of TA/Gent films.
Cells were cultured in the Dulbeccco's Modified Eagle Medium-
Low Glucose (DMEM-LG; Life Technologies, NY) supplemented
with antibiotic solution (1% penicillin-streptomycin; Gibco) and
10% fetal bovine serum (Atlanta Biologicals, USA). Cells were
incubated in a humidified atmosphere of 5% CO2 at 37 �C. This
medium was changed daily.

Cell Seeding on LbL Films. Before their use in cell-culture
experiments, silicon wafers coated with (TA/Gent)15 films were
sterilized by dipping into 70% IPA followed by washing three
times in PBS at pH 7.4, and three times in fresh medium.
Samples were then placed in the wells of a 6-well microtiter
plate, and 50 μL of murine preosteoblast cells suspension
containing 2 � 104 cells was pipetted onto each wafer. The
samples were subsequently incubated in a humidified atmo-
sphere of 4% CO2 at 37 �C, and themediumwas refreshed every
day. After 1, 2, 3, and 4 days, wafers were removed from the
medium and characterized for cell attachment and live/dead
viability.

Live/Dead Cell Viability. Using a live/dead cell staining kit
(Invitrogen), viable and nonviable cells were observed after
days 1 to 4 of cell culturing. The cells were double-stained based
on membrane integrity and intracellular esterase activity as per
the manufacturer's protocols by incubation at room tempera-
ture for 15 min in Milli-Q solutions containing 2 μM SYTOX
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nucleic acid stain (green) and 1 μM propidium iodide (red). Live
(green) and dead (red) stained cells were characterized using a
Zeiss LSM 5 PASCAL confocal scanning system (Carl Zeiss
MicroImaging, Inc., Germany) equipped with C-Apochromat
63� 1.2 W Corr water-immersion objective lens. The number
of live and dead cells per unit area in confocal images was
determined using an ImageJ software. Statistical analysis was
performed using the Student's t test.
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