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ABSTRACT: Coatings with antimicrobial properties are garnering interest to prevent implant-associated infections. Recently, we showed that
poly(arginine)/hyaluronic acid (PAR/HA) multilayers built with PAR chains
constituted from 30 arginine residues (PAR30) have strong antimicrobial
properties through a contact-killing mechanism. This property is due to the
ability of PAR30 chains, when associated with HA, to diﬀuse in the
multilayer. Here, we investigate the eﬀect of the nature of the polyanion on
the antimicrobial activity of (PAR30/polyanion) multilayers. Four polysaccharides, one polypeptide, and one synthetic polyelectrolyte are investigated. Surprisingly, only HA leads to ﬁlms with antimicrobial character. We
relate this property to the strong diﬀusion capacity of PAR30 chains in
(PAR30/HA) multilayers compared to their diﬀusion ability in the other
(PAR30/polyanion) ﬁlms. Through isothermal microcalorimetry experiments, we also demonstrate that interactions in solutions
of PAR30 chains with the diﬀerent polyanions are characterized by a negative reaction enthalpy for all of the investigated
polyanions except for HA, where the enthalpy of reaction is positive. Moreover, the molecular weight of HA is not a key
parameter for the diﬀusion ability of PAR chains or for the bioactivity of the ﬁlm. These results constitute an important step
toward the establishment of rules to design contact-killing antimicrobial polyelectrolyte multilayers.

■

INTRODUCTION
Infections represent one of the major risks accompanying
implant surgery.1,2 In parallel, the rise of resistance of some
bacteria strains to antibiotics renders their treatment increasingly diﬃcult and constitutes a major medical threat in the
future.3,4 These observations stimulate the development of antimicrobial coatings aimed to prevent implant infections during
the ﬁrst hours or days after implantation.5 Among the diﬀerent
methods that are under investigation to confer an antimicrobial
character to a material, polyelectrolyte multilayers have received
great attention.6 Obtained by the alternate deposition of polyanions and polycations, they allow functionalizing almost any
kind of surface and their applications range from optical coating
and superhydrophobic and conductive surfaces up to biomaterial functionalization.7,8 Polyelectrolyte multilayers allow
designing, in particular, antimicrobial surfaces.9,10 Three strategies are reported to achieve antimicrobial polyelectrolyte
multilayers:11(i) multilayers that prevent bacterial adhesion,12
(ii) multilayers that kill bacteria through direct contact,13 and
(iii) multilayers that release antimicrobial agents.14−16
Recently, we found that poly(arginine)/hyaluronic acid
(PAR/HA) multilayers present interesting biological behav-

iors.17 They show some immunomodulatory properties, and in
addition they present a strong antimicrobial character against
Staphylococcus aureus (S. aureus). More interestingly, this latter
property is strongly dependent upon the molecular weight of
PAR.18 Whereas multilayers constituted from 24 PAR/HA
bilayers built with PAR of 10, 100, or 200 residues show almost
no eﬀect against S. aureus, ﬁlms built with PAR chains with
30 residues display strong antimicrobial properties. This constitutes, to our knowledge, the ﬁrst example of a multilayer
whose functional property is dependent upon the size of the
polyelectrolyte chains used for the ﬁlm buildup. PAR/HA is a
multilayer whose thickness increases exponentially with the
number of deposition steps (at least during the ﬁrst 10−
15 bilayer deposition steps). This growth mechanism is related
to the ability of at least one of the polyelectrolytes constituting
the ﬁlm to diﬀuse in and out of the whole ﬁlm during each
deposition step.19 For PAR30/HA multilayers, PAR30 chains
are the diﬀusing species and this diﬀusion ability is at the origin

Scheme 1. Chemical Structures of the Polyanions Used in the Present Study: ALG (a), CSA (b), HA (c), HEP (d), PGA (e), and
PSS (f)a

a

These polyanions are associated with the polycation PAR (g).

of the contact-killing property of the ﬁlm. When bacteria adhere
to the ﬁlm, the positively charged PAR chains diﬀuse from the
ﬁlm toward the negatively charged bacterial membranes and
destabilize them. The diﬀerence in antimicrobial eﬃciency of
PAR/HA ﬁlms is explained by the smaller diﬀusion ability
(smaller proportion of mobile chains) of longer PAR chains
(above 100 residues) compared to a smaller one (30 residues).
For ﬁlms built with PAR chains of 10 residues, it appears that
with 24 bilayers the number of PAR chains is not suﬃcient to
kill all the bacteria after 24 h.
With the idea to develop a new family of antimicrobial ﬁlms
and to establish rules to design contact-killing polyelectrolyte
multilayer ﬁlms, here we investigate the eﬀect of the nature of
diﬀerent polyanions on the antimicrobial activity of the
PAR30/polyanion multilayers. In other words, is hyaluronic
acid essential for antimicrobial properties of PAR-based ﬁlms?
HA will be compared to three polysaccharides, alginate (ALG),
heparin (HEP), and chondroitin sulfate A (CSA), to a homopolypeptide, poly(L-glutamic acid) (PGA), and to a synthetic
polyelectrolyte, poly(sodium 4-styrene sulfonate), one of the
most investigated polyanions in the multilayer literature. The
chemical structures of the diﬀerent polyanions are given in
Scheme 1. PAR chains with 30 monomers will be used as
polycations along this study (PAR30).

■

EXPERIMENTAL SECTION

Materials. The polyelectrolyte multilayer ﬁlms have been built up
with the following polymers. The polycation was poly(L-arginine
hydrochloride) whose chains consisted of 30 residues (PAR30, 30R;
MW = 6.4 kDa, PDI = 1.01) and was purchased from Alamanda
Polymers, USA. Hyaluronic acid (HA, MW = 29 and 150 kDa) used as
a polyanion was produced by Lifecore Biomed, USA. Alginic acid was
puriﬁed from brown algae (ALG; MW = 240 kDa, Sigma, France),
chondroitin sulfate A from bovine trachea (CSA; Sigma, France), and
heparin sodium salt from porcine intestinal mucosa (HEP; MW =
18 kDa, Sigma, France). Poly(L-glutamic acid) (PGA) and poly(styrene
sodium sulfonate) (PSS; MW = 70 kDa) used as the polyanions were
purchased from Sigma. Tris(hydroxymethyl)aminomethane (TRIS)
was purchased from Merck, Germany.
Monitoring the Buildup of Films. Quartz crystal microbalance
with dissipation monitoring (QCM-D, E1, Q-Sense, Sweden) was used
to monitor in situ ﬁlm buildup. The quartz crystal was excited at its
fundamental frequency (about 5 MHz), as well as at the third, ﬁfth,
seventh, and ninth overtones (denoted by ν = 3, 5, 7, and 9 and
corresponding respectively to 15, 25, 35, and 45 MHz). Changes in the

resonance frequencies (−Δfν) were measured at these four frequencies. An increase of the normalized frequency −Δfν/ν is often
associated with a proportional increase of the mass coupled with the
quartz crystal (Sauerbrey’s approximation).20 However, when the
normalized frequency shifts for the various overtones are unequal, it is
advisible to use the model developed by Voinova et al.,21 where both
the measured frequency shifts and dissipations for several overtones
are processed to derive the thickness. This model relies on the
hypothesis that the ﬁlm is a homogeneous, isotropic, and nonsliding
viscoelastic stratum deposited on the quartz crystal. Data corresponding to the overtones ν = 3, 5, 7, and 9 have been used to determine the
thicknesses of all ﬁlms used here.
PAR and polyanions were dissolved at 0.5 mg·mL−1 in sterilized
buﬀer containing 150 mM NaCl and 10 mM TRIS at pH 7.4. Polycationic and polyanionic solutions were successively injected into the
QCM-D cell containing the SiO2-coated quartz crystal. PAR30 was the
ﬁrst deposited polyelectrolyte. Each polyelectrolyte was adsorbed for
5 min, and then a rinsing step with NaCl-TRIS buﬀer was performed
for 5 min.
Buildup of (PAR/HA)24 Films. For the construction of 24 bilayers
of PAR30/polyanion (denoted as (PAR30/polyanion)24), an automated dipping robot was used (Riegler & Kirstein GmbH, Germany).
Glass slides (12 mm in diameter) were ﬁrst washed with Hellmanex II
solution at 2%, 1 M HCl, H2O, and ethanol and dried with an air ﬂow.
Solutions of polyelectrolytes were prepared as described above for
QCM-D experiments. Glass slides were dipped alternately in the
polycation and polyanion solutions and extensively rinsed in NaClTRIS buﬀer between each step. After construction, the ﬁlms were
dried with an air ﬂow, then immersed in NaCl-TRIS buﬀer, and stored
at 4 °C before use. Observations of the ﬁlms were carried out with a
confocal Zeiss LSM 710 microscope (Heidelberg, Germany) using a
20× Plan Apo (0.8 NA) objective (Zeiss). The microscopic observations of the obtained ﬁlms were evaluated by deposition of 100 μL of
PAR-FITC (PAR labeled with ﬂuorescein isothiocyanate, 0.5 mg·mL−1
in NaCl-TRIS buﬀer) on top of the PAR30/polyanion multilayer ﬁlms.
Fluorescent labeling of PAR was previously described.18 After 5 min of
deposition and diﬀusion of PAR-FITC through the whole ﬁlm, a
rinsing step was performed with NaCl-TRIS buﬀer.
Antibacterial Assay. S. aureus (ATCC 25923) strain was used to
assess the antibacterial properties of the samples. The bacterial strain
was cultured aerobically at 37 °C in a Mueller Hinton Broth (MHB)
medium (Merck, Germany), pH 7.4. One colony was transferred to
10 mL of MHB medium and incubated at 37 °C for 20 h. To obtain
bacteria in the mid-logarithmic phase of growth, the absorbance at
620 nm of overnight culture was adjusted to 0.001, corresponding to a
ﬁnal density of 8 × 105 CFU·mL−1.
Glass slides coated with (PAR30/polyanion)24 ﬁlms were sterilized
by using UV light during 15 min and then washed with NaCl-TRIS

buﬀer. After washing, all glass slides were deposited in 24-well plates
with 300 μL of S. aureus, A620 = 0.001, and incubated during 24 h at
37 °C.
For negative control, uncoated glass slides were directly incubated
with S. aureus using a similar method. To quantify bacteria growth or
inhibition after 24 h, the absorbance of the supernatant at 620 nm was
measured.
Bacteria Live Dead Assay. The BacLight RedoxSensor CTC
Vitality Kit (Thermo Fisher Scientiﬁc Inc., France) was used for
evaluation of the health of bacteria present on the surface. This kit
gives a semiquantitative estimate of healthy vs unhealthy bacteria.
SYTO 24 green-ﬂuorescent nucleic acid stain (Thermo Fisher
Scientiﬁc Inc., France) was used for counting all bacteria. A solution
of 50 mM CTC and 1 μM SYTO 24 in pure water was prepared. All
glass slides were washed with phosphate-buﬀered saline buﬀer (PBS),
pH = 7.4. Then 270 μL of PBS and 30 μL of CTC/SYTO 24 solution
were added. The plates were incubated for 30 min at 37 °C, away from
light. Each surface was observed by confocal microscopy (Zeiss LSM
710 microscope, Heidelberg, Germany), using 63× Plan Apo (1.4 NA)
objective immersed in oil. Excitation/emission wavelengths of stains
were 450 nm/630 nm for CTC and 490 nm/515 nm for SYTO 24.
Fluorescence Recovery after Photobleaching Experiments.
The proportion of mobile molecules, p, was measured for (PAR30/
polyanion)24 ﬁlms containing PAR30-FITC by performing ﬂuorescence recovery after photobleaching (FRAP) experiments. A glass
slide coated with a PAR30/polyanion ﬁlm was introduced in a homemade sample holder and immersed in 200 μL of NaCl-TRIS buﬀer.
One circular region (4.4 μm in radius in an image of 35 μm × 35 μm)
was exposed for 700 ms to the light of a laser set at its maximum
power (λ = 488 nm). Then, the recovery of ﬂuorescence in the
bleached area was followed over time. Observations were carried out
with a Zeiss LSM 710 microscope (Heidelberg, Germany) using a 20×
Plan Apo (0.8 NA) objective (Zeiss). At the same time, three equally
sized circular reference areas outside of the bleached area were monitored. The intensities in these areas are used to normalize the intensity
in the bleached area so that bleaching due to image acquisition was
accounted for.
Under the hypothesis that (i) the recovery is due to the Brownian
diﬀusion of the mobile labeled molecules, (ii) all moving labeled
molecules have the same diﬀusion coeﬃcient, and (iii) the initial
intensity proﬁle (i.e., immediately after the bleaching) has a sharp edge

Figure 1. Buildup of (PAR30/polyanion)8 multilayer ﬁlm on a SiO2coated crystal followed by QCM-D with ALG (dark red), CSA
(orange), HA (light green), HEP (dark green), PGA (light blue), and
PSS (dark blue) as polyanions. The evolution of the normalized
frequency −Δfν/ν (for ν = 3) as a function of the number of adsorbed
layers is shown.

(a circle in the present case), the time evolution of the normalized
intensity can be derived theoretically.22,23 It depends on the diﬀusion
coeﬃcient, D, and the proportion of mobile labeled molecules, p, as
well as the radius, R, of the initially bleached area. Note that, according
to the aforementioned theory, the area observed during the recovery
must have the same radius and the same center as the bleached area.
Bleached areas were observed for at least 6 min.
Isothermal Titration Calorimetry. We used a Nano isothermal
titration calorimetry (ITC) standard volume microcalorimeter (TA
Instruments, USA) to measure interaction isotherms during the
titration of the polyanions solutions with PAR30. Experiments were
performed at 25 °C. The microcalorimeter measurement and reference
cell volumes were 1 mL. The reference cell contained Milli-Q water,
and the sample cell contained the polyanions solution. PAR30 and
polyanions were separately dissolved in NaCl-TRIS buﬀer solutions
with concentrations of 5.16 mM and 0.516 mM of residue, respectively. PAR30 was placed in a 250 μL motor-driven syringe (titrant),
each titration experiment consisting of a series of 25 injections of
10 μL, with a waiting time of 600 s between two successive injections,
at a constant stirring rate of 300 rpm. As a consequence, the arginine/
anionic residues ratio reached the ﬁnal value of 2.5 at the end of a
titration experiment. The heat associated with the dilution of PAR30

Figure 2. (a) Normalized S. aureus growth in the supernatant after
24 h in contact with (PAR30/polyanion)24 multilayer ﬁlms built with
ALG, CSA, HEP, HA, PGA, and PSS as polyanions. The height of the
colored bar represents the mean value of several independent
measurements, and the error bars correspond to standard deviations
(SDs). Sample sizes: n = 15 for glass and n = 3 for PAR30/polyanions.
The pathogen growth has been arbitrarily normalized to 100% for glass
(gray bar), and the other measurements have been normalized
accordingly. (b) Confocal images of S. aureus after 24 h of incubation
and on glass substrates, on (PAR/polyanion)24 ﬁlms. Images in the
green channel correspond to SYTO 24 labeling for counting all
bacteria and images in the red channel correspond to healthy bacteria
through metabolism of CTC (5-cyano- 2,3-ditolyltetrazolium
chloride) into an insoluble red-ﬂuorescent formazan. Image sizes are
67 × 67 μm2.

Figure 3. Normalized ﬂuorescence intensity of a photobleached area
according to [t]1/2 for each ﬁlm: (PAR30-FITC/polyanion)24, with
ALG (dark red), CSA (orange), HA (light green), HEP (dark green),
PGA (light blue), and PSS (dark blue) as polyanions. t = 0 corresponds to the end of the photobleaching step.
in NaCl-TRIS buﬀer was measured with the same conditions, leading
to an average value of −20 μJ per injection. This contribution was
subtracted from the surface area of the peaks in the thermograms
before calculating the molar heat associated with the interaction of
PAR30 with a polyanion.
Statistical Analysis. The data concerning evaluation of pathogen
growth were processed by using SigmaPlot (Systat Software Inc.,
USA). The one-way ANOVA test was performed at a signiﬁcance level
α = 0.05.

■

RESULTS AND DISCUSSION
We ﬁrst investigated the growth of the diﬀerent multilayers by
quartz crystal microbalance with dissipation monitoring
(QCM-D). Figure 1 represents the evolution of the frequency
shift of the third overtone (15 MHz) during the ﬁrst eight
deposition steps. After eight deposited pairs of layers (or
“bilayers”) the thicknesses of the ﬁlms built with PAR30 and
HA, PGA, ALG, CSA, HEP, and PSS are equal to 120, 95, 72, 68,
42, and 40 nm, respectively (Supporting Information Figure S1).
Between all combinations, PAR30/HA has the strongest
exponential behavior. Among the diﬀerent investigated polysaccharides, HEP is the most negatively charged (one sulfonate
group, two sulfate groups, and one carboxylate group per
monomer), CSA and ALG are intermediate (one carboxylate
and one sulfate group per CSA monomer and two carboxylate
groups per ALG monomer), whereas HA is the least negatively
charged polysaccharide (one carboxylate group per monomer)
(Scheme 1). As can be observed in Figures 1 and S1, the
exponential character decreases in the order HA > ALG ∼ CSA
> HEP while the negative charge on the chains increases in the

order HA < ALG ∼ CSA < HEP. Moreover it was previously
shown that due to the kosmotropic character of COO− and
chaotropic character of SO3−, ﬁlms formed with HA are more
hydrated than ﬁlms formed with HEP or CSA.24 Not only do
(PAR/HA) ﬁlms seem to be the most hydrated ones but they
also have the weakest electrostatic interactions. This point will
be discussed later. This result strengthens the conclusion that
the exponential character of the ﬁlms increases when the
polycation/polyanion interaction decreases.24
Next we investigated the homogeneity of the ﬁlms. PAR
labeled with FITC (PAR-FITC) and confocal microscopy were
used for this purpose. Along the (x,z) plane, all ﬁlms appeared
very homogeneous and a uniform coating on the surface was
obtained as stated by the green homogeneous bands observed
in Figure S2. This property was not guaranteed since some
polysaccharide/polyanion multilayers form some droplet-like
structures whose origin has been the subject of previous
study.25 Yet, the homogeneity of the ﬁlms is important to
expect antimicrobial properties of the functionalized surfaces.
We then investigated the antimicrobial property of these
PAR based multilayers against S. aureus, which is at the origin of
more than 50% of the infections associated with implantable
devices.26 Two types of experiments were performed. A solution of S. aureus in MH medium was brought in contact with
the polyelectrolyte multilayer under stirring, and the pathogen
growth in the solution was determined after 24 h of contact by
measuring the absorbance at 620 nm of the supernatant. In the
second method, we evaluated the presence of the bacteria
deposited on the substrate after 24 h of contact by microscopy.
When using PAR30 chains, only (PAR30/HA)24 multilayers
showed a quasi-total inhibition of bacterial growth in solution
(Figure 2a). Moreover, using the live/dead test and microscopic observations, it was hard to visualize an area with the
presence of bacteria on this surface (Figure 2b). For all other
multilayers, the normalized S. aureus growth in solution laid
between 81 and 97% of the control (noncoated surface, 100%).
By statistical analysis (one-way ANOVA test), we conﬁrmed a
signiﬁcant diﬀerence between (PAR30/HA)24 and glass, as well
as (PAR30/HA)24 and the other multilayers. The same test
revealed also a signiﬁcant diﬀerence between (PAR30/ALG)24
and glass. However, inhibition of bacterial growth is weak for
(PAR30/ALG)24, and this is conﬁrmed by microscopic observations. The other multilayers showed neither mutual statistical
diﬀerences in the pathogen growth in solution nor a diﬀerence
with glass. Finally, we observe a signiﬁcant growth inhibition of
S. aureus on PAR30/HA ﬁlms in contrast to other multilayers.
The activity of the ﬁlm could not be explained by a
bactericidal eﬀect of the polyanionic chains because inhibition
of the bacterial growth up to 50 μM (Figure S3) was very
limited when polyanions were incubated in solution with
bacteria. We observed that none of the ALG, CSA, HA, HEP,
PGA, or PSS chains show strong antimicrobial properties, PSS

Table 1. Reaction Enthalpies for the Investigated PAR30/Polyanion Couple
polyanion

negative charge/residue

growth regime of the ﬁlm

antimicrobial properties of the (PAR30/polyanion) ﬁlm

reaction enthalpy (kJ mol−1)

ALG
CSA
HA
HEP
PGA
PSS

1
1
0.5
2
1
1

exponential
exponential
exponential
weakly exponential
exponential
linear

−
−
+
−
−
−

−3.81
−3.90
+0.35
−5.87
−4.21
−7.99

being the more eﬀective at 50 μM but with a reduction of
proliferation limited to 70%. Comparatively, PAR chains at 50 μM
show 100% inhibition and, at 10 μM, inhibition is close to 90%.
FRAP experiments were performed in order to determine the
diﬀusion ability of the PAR30 chains in the diﬀerent ﬁlms.
Figure 3 represents the evolution of the recovered ﬂuorescence
of the bleached zone for each couple (PAR30-FITC/polyanion).
Striking diﬀerences exist between the diﬀerent polyanions over
the FRAP experimental time scale (about 20 min). Whereas up
to 90% of the PAR30 chains diﬀuse in PAR/HA ﬁlms, only 20%
diﬀuse in CSA based ﬁlms, of the order of 10% diﬀuse in HEP
and PGA-based ﬁlms and of the order of 5% in ALG-based and
PGA-based ﬁlms. These results show that the antimicrobial
character of the PAR/polyanion multilayers is probably directly
related to the ability of the PAR chains to diﬀuse in the ﬁlm. In
particular, this provides an explanation of the antimicrobial
eﬀect observed only with HA. The diﬀusion ability of the PAR
chains thus appears to be extremely sensitive not only to the PAR
chain length but also to the nature of the associated polyanion.
These results show how by knowing the basic physicochemical
rules governing a multilayer ﬁlm behavior, one can predict and
ﬁnely tune its properties for functionalization purposes.
The stability of the (PAR30-FITC/HA)24 and (PAR30-FITC/
ALG)24 multilayers (ALG is used as control) was also tested
through observations with confocal microscopy after incubation
at 37 °C during 24h in contact with MH medium with or
without S. aureus (Figure S4). Images of (PAR30-FITC/HA)24
show vermiculate patterns with “islands” after 24 h of incubation with or without bacteria. However, as demonstrated previously, practically no release of the PAR takes place during this
process and no degradation of the ﬁlm was monitored.18 These
patterns could be due to a rearrangement of the ﬁlm and a
dewetting process induced by the MH medium but not to
a degradation process. Moreover, bacteria seem not to be
responsible for this rearangement. For (PAR30-FITC/ALG)24
control ﬁlms, after 24 h of incubation in MH medium with or
without S. aureus the multilayer remains homogeneous and no
patterns are observed. As demonstrated before, most of the
ALG chains are not mobile in the ﬁlm. This suggests that
probably the high mobility of PAR30 chains is at the origin of
the vermiculate pattern observed with PAR30/HA ﬁlms during
incubation in MH medium.
To better understand the mechanism responsible for PAR
diﬀusion, we determined the heat of complexation for each
couple (PAR30/polyanion). Previous studies showed that an
endothermic complexation process between polycations and
polyanions is characteristic of an exponential ﬁlm growth,
whereas a strongly exothermic process corresponds to a linear
growth regime.27 Thus, the strength of the polycation/polyanion
interaction, measured by the heat of complexation, could be
related to the polyelectrolyte diﬀusion ability in the ﬁlms, and
ﬁnally a direct relation could be established with the antimicrobial character of the corresponding ﬁlm. In order to
validate this hypothesis, we used isothermal titration microcalorimetry (ITC) to determine the enthalpy of the polycation/
polyanion complexation in solution (Figure S5). Table 1 represents the reaction enthalpy measured for each couple of
(PAR30/polyanion).
One clearly observes that among the six investigated systems,
the interaction of PAR with HA is the only one that is endothermic, indicating a weak interaction. The PAR/HA ﬁlm
buildup must be driven by an entropic process. After buildup,
the diﬀusion ability of the PAR chains should no longer depend

Figure 4. (a) Normalized S. aureus growth in the supernatant after
24 h in contact with (PAR30/HA)24 multilayers built with HA of
molecular weight of 29 or 150 kDa. Each value corresponds to the
mean value of three individual experiments, and error bars correspond
to standard deviations. (b) Confocal images of S. aureus after 24 h of
incubation on glass substrates and on (PAR30/HA)24 ﬁlms. Images in
the green channel correspond to SYTO 24 labeling for counting all
bacteria, and images in the red channel correspond to healthy bacteria
through metabolism of CTC (5-cyano- 2,3-ditolyltetrazolium
chloride) into an insoluble red-ﬂuorescent formazan. Image sizes are
67 × 67 μm2. (c) Normalized ﬂuorescence intensity of a photobleached area according to [t]1/2 for (PAR30-FITC/HA)24 multilayers,
built with HA of molecular weights of 29 (black) or 150 kDa (red). t =
0 corresponds to the end of the photobleaching step.

upon the entropy associated with the PAR/HA complexation
but rather upon the strength of the arginine/HA monomer
interaction and thus to the reaction heat. This suggests some
correlations between the strength of the interaction between
the polyelectrolytes (i.e., reaction enthalpy), diﬀusion ability of
one of them in the multilayer ﬁlm, the exponential character of
the ﬁlm, and ﬁnally its antimicrobial properties.
All of the above data were obtained by using HA whose
molecular weight is 150 kDa. We also investigated if the molecular weight of HA has an inﬂuence on the antimicrobial properties. For this purpose, we performed antimicrobial experiments with (PAR30/HA)24 ﬁlms using HA chains with a
molecular weight of 29 kDa. The molecular weight of HA
seems to have no inﬂuence on the antimicrobial character of
the ﬁlm; a similar bacterial growth inhibition was obtained for
both HA 29 kDa and HA 150 kDa based ﬁlms (Figure 4a,b).
We also checked that the molecular weight of HA does not
aﬀect the diﬀusion ability of the PAR chains in the multilayer
(Figure 4 c). This was expected since one PAR chain should
interact with diﬀerent HA chains in the multilayer. Moreover,
ITC experiments show that the interaction of PAR with HA is
endothermic, independently of the molecular weight of HA
(Table 2 and Figure S6).
Table 2. Reaction Enthalpies for the Investigated PAR30/
HA Couple
MW of HA
(kDa)

antimicrobial properties of the
(PAR30/HA) ﬁlm

reaction enthalpy
(kJ mol−1)

29
150

+
+

+0.78
+0.35

■

CONCLUSION
Eﬀective contact-killing antimicrobial coatings constitute a
potential remedy for some nosocomial infections related with
medical devices. We demonstrated previously that (PAR30/
HA) ﬁlms present a strong antimicrobial activity against bacteria
known to be involved in nosocomial infections. Here we
investigated the inﬂuence of the polyanion component on the
physicochemical and bioactivity properties of the ﬁlm. For this
purpose, the antimicrobial property of multilayers based on
PAR30 and a series of polyanions (four polysaccharides, one
homopolypeptide, and one synthetic polymer) was studied.
(PAR30/HA)24 multilayers were the only one showing an antimicrobial activity correlated with the most pronounced exponential growth regime and the highest diﬀusion ability of the
PAR30 chains in the ﬁlm, compared to the other systems.
Finally, HA is the only investigated polyanion for which the reaction enthalpy with PAR30 is endothermic. PAR30 have the
weakest interaction with HA which probably contributes to the
strong diﬀusion ability of its chains in PAR30/HA ﬁlms. These
results explain, at a molecular level, the diﬀusion ability of PAR30
and thus the origin of the contact-killing property of this ﬁlm.
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■

REFERENCES

(1) Sampedro, M. F.; Patel, R. Infections associated with long-term
prosthetic devices. Infect. Dis. Clin. North Am. 2007, 21, 785−819.
(2) Schierholz, J. M.; Beuth, J. Implant infections: a haven for
opportunistic bacteria. J. Hosp. Infect. 2001, 49, 87−93.
(3) Gbejuade, H. O.; Lovering, A. M.; Webb, J. C. The role of
microbial biofilms in prosthetic joint infections. Acta Orthop. 2015, 86,
147−158.
(4) Campoccia, D.; Montanaro, L.; Arciola, C. R. The significance of
infection related to orthopedic devices and issues of antibiotic
resistance. Biomaterials 2006, 27, 2331−2339.
(5) Campoccia, D.; Montanaro, L.; Arciola, C. R. A review of the
biomaterials technologies for infection-resistant surfaces. Biomaterials
2013, 34, 8533−8554.
(6) Decher, G. Fuzzy nanoassemblies: toward layered polymeric
multicomposites. Science 1997, 277, 1232−1237.
(7) Tang, Z. Y.; Wang, Y.; Podsiadlo, P.; Kotov, N. A. Biomedical
applications of layer-by-layer assembly: from biomimetics to tissue
engineering. Adv. Mater. 2006, 18, 3203−3224.
(8) Richardson, J. J.; Cui, J.; Bjornmalm, M.; Braunger, J. A.; Ejima,
H.; Caruso, F. Innovation in layer-by-layer assembly. Chem. Rev. 2016,
116, 14828−14867.
(9) Wang, B. L.; Ren, K. F.; Chang, H.; Wang, J. L.; Ji, J.
Construction of degradable multilayer films for enhanced antibacterial
properties. ACS Appl. Mater. Interfaces 2013, 5, 4136−4143.
(10) Shukla, A.; Fleming, K. E.; Chuang, H. F.; Chau, T. M.; Loose,
C. R.; Stephanopoulos, G. N.; Hammond, P. T. Controlling the release
of peptide antimicrobial agents from surfaces. Biomaterials 2010, 31,
2348−57.
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