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Abstract:

Implant-associated infection is one of the most common and problematic

complications for dental and orthopaedic patients. Modification of currently used implant
surfaces aimed at bestowing them with antibacterial properties is a promising approach in the
development of new biomaterials. In this study, a novel nanotechnology, that is, electrostatic
self-assembly, was developed to construct biomimetic polypeptide nanocoatings on commonly
used metal implants. A model antibacterial drug, cefazolin, was captured in the polypeptide
nanocoating and its release was studied. We have shown that the capture and release of
cefazolin was pH-induced and could be controlled, and the developed antibiotic-incorporated
polypeptide multilayer nanocoatings could prevent Staphylococcus aureus colonization thus
showing great potential for preventing implant-associated infection. © 2007 Wiley Periodicals, Inc.
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INTRODUCTION

In dental and orthopaedic surgeries, bacterial contamination
may cause serious complications. Removal of the infected
implant is usually the only treatment option because the
bacterial biofilm on the implant surface protects the micro-
organisms from the immune response and systemic antibi-
otic treatment. Consequently, implant-associated infection
remains a primary barrier to the extended use of artificial
implants,"™ and there is a substantial interest in developing
implants with antibacterial properties.

It was estimated that 300,000 to 428,000 patients receive
endosseous dental implants annually.” However, dental
implant infection can occur and, like most medical
implant-associated infection, this health problem stems
from bacterial adhesion and biofilm formation on the
implants. It is well known that bacterial adhesion and colo-
nization to both implant and tissue surfaces are two impor-
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tant steps in the pathogenesis of infection.® Clinical

evaluations, review of retrieved implants, and in vitro stud-
ies have suggested that bacterial adhesion to an implant is
an important step in the development of infection.”®

To prevent infection, the commonly used strategy
known as antibiotic therapy is aimed at killing bacteria.” A
relatively new approach is to block bacterial adhesion that
is the initial step of infection. Many strategies have been
developed to inhibit bacterial adhesion, and increased inter-
est has recently been focused on modifying the surface
chemistry of implants to prevent bacterial adhesion.'® The
implant surface properties, for example hydrophilicity and
surface charge, play a vital role in changing the interaction
between bacteria and implant materials. For instance,
increasing the surface hydrophilicity, thereby decreasing
surface tension or surface energy, leads to reduced adhe-
sion of a variety of bacteria. A negatively charged surface
may lead to reduction of bacterial adhesion due to the
increasing repulsion force between the implant surface and
bacteria; the surfaces of most bacteria are negatively
charged. Further, a surface coating with antibacterial prop-
erties has been shown to be very effective in preventing
bacterial adhesion."’
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Many approaches of surface modification, such as dip
coating, spin coating, and plasma spray, have been devel-
oped to achieve an antibacterial surface.'*'? Among these
techniques, electrostatic self-assembly is one of the most
promising methods.'*™'” This self-assembly nanotechnology
was mainly developed in the last two decades, and is based
on alternative deposition of oppositely charged compounds,
mainly polyelectrolytes, on a substrate.'* Two significant
characteristics of electrostatic self-assembly have made it
attractive in potential medical applications: (i) a variety of
materials can be used to control the surface properties, and
(ii) the flexible choice of substrate geometry and surface
configuration, and the simple process of coating may lead
to potential commercial applications.

In this study, multilayer nanocoatings of synthetic poly-
peptides were constructed on commonly used metal implant
surfaces using electrostatic self-assembly nanotechnology.
Quartz slides were also used as substrates to monitor the
self-assembly process by UV-vis spectroscopy. Polypep-
tides, that is poly(L-lysine) or PLL, and poly(L-glutamic
acid) or PLGA, are biocompatible18 and were used as coat-
ing materials. The outermost layer of the multilayer nano-
coatings was PLGA, since PLGA is negatively charged and
may help to prevent bacterial adhesion. pH-induced cefazo-
lin capture and release in polypeptide nanocoatings was
achieved as a novel local delivery system of antibiotics to
inhibit bacterial adhesion thereby preventing potential
infection. The developed pH-responsive nanocoating system
may also be advantageous as a stimuli-responsive drug
delivery system. The assembly process was monitored by
UV-vis spectroscopy. Antibiotic capture and release from
the multilayer polypeptide nanocoatings were studied at
various pH values. Zone of inhibition tests were conducted
to evaluate the antibacterial properties of the developed
polypeptide nanocoatings against Staphylococcus aureus
(S. aureus).

MATERIALS AND METHODS

Assembly of Polypeptide Multilayer Nanocoatings

Polypeptide multilayer nanocoatings were prepared on two
types of substrates. Quartz slides were used to monitor the
formation of polypeptide multilayer nanocoatings and the
capture of cefazolin in the nanocoatings using UV-vis
spectroscopy. Stainless steel discs were used as an implant
model; stainless steel is one of the most commonly used
implant materials in dental and orthopaedic applications.
Stainless steel discs were used to prepare samples for Fou-
rier transform infrared (FTIR) spectroscopy, drug-release,
and antibacterial activity studies. Prior to use, the sub-
strates, that is quartz slides and stainless steel discs, for
preparing polypeptide multilayer nanocoatings were
cleaned. The quartz slides, 25 mm X 10 mm X 1 mm,
were cleaned by immersing them in piranha solution (3:1
H,SO,/H,0) for 2 h at 80°C, and rinsed with deionized
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water. Stainless steel discs, 10 mm in diameter and 0.25
mm in thickness, were ultrasonicated in 70% ethanol/30%
H»O for 0.5 h and rinsed with deionized water. Buffer solu-
tions in the pH range 7.0-10.0 were prepared using Gly-
cine-NaOH (50 mM) solutions. PLL (1 mg/mL) and PLGA
(1 mg/mL) solutions were prepared by dissolving PLL and
PLGA in the buffer solutions and mixing.

Polypeptide multilayer nanocoatings were prepared at pH
7.0 or 10.0. A precleaned quartz slide or stainless steel disc
was immersed in PLL solution for 20 min, rinsed with buffer
solution for 3 min, followed by air drying. The sample was
then immersed in PLGA solution for 20 min, rinsed with
buffer solution for 3 min, and air dried. Deposition of one
layer of PLL and another layer of PLGA was referred to as
one cycle. By repeating the deposition cycle, polypeptide
multilayer nanocoatings with a desired number of bilayers,
(PLL/PLGA),,, where n is the number of deposition cycles or
bilayers, were obtained. The formation of polypeptide multi-
layer nanocoatings on quartz slides was monitored by UV—
vis spectroscopy. The thickness of polypeptide multilayer
nanocoatings was measured by ellipsometry.

Capture of Antibiotic in Polypeptide Multilayer
Nanocoatings

Antibiotics can be incorporated in polypeptide multilayer
nanocoatings to prevent potential implant-associated infec-
tion. As an example, cefazolin was dissolved in three
buffer solutions of pH 7.0, 8.0, and 9.0 at a concentration
of 5 mg/mL. Quartz slides with polypeptide multilayer
nanocoatings were immersed and incubated for 5 and
10 min in the antibiotic solutions at ambient temperature.
After rinsing with deionized water, the samples were dried
using N, gas. Capture of cefazolin in the polypeptide mul-
tilayer nanocoatings was confirmed by FTIR under reflec-
tion mode. The cefazolin capture efficiency for samples
prepared at various pH values was determined by meas-
uring their absorbance at 270 nm, a characteristic absorp-
tion peak of cefazolin, using UV—vis spectroscopy.

In Vitro Antibiotic Release From Polypeptide
Multilayer Nanocoatings

Stainless steel discs with polypeptide multilayer nanocoat-
ings were immersed in 10 mL of phosphate buffer solution
(PBS). A 0.6 mL sample of PBS was taken at a certain
time period and analyzed by measuring its absorbance at
270 nm using UV-vis spectroscopy. Meanwhile, a 0.6 mL
sample of fresh PBS of the same pH was added to keep a
constant volume of the release medium. Raw data were
converted to concentration (mg/mL) of cefazolin (C,) using
the standard curve we obtained (data not shown). The total
antibiotic release (M,) was calculated according to the fol-
lowing equation:

Mn = Cn X V/An
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Figure 1. Preparation of PLL/PLGA multilayer nanocoatings on
quartz slides at (a) pH 7.0 and (b) pH 10.0.

where V is the volume of the withdrawn medium, A,, is the
surface area of coating on disc.

In Vitro Antibacterial Activity Study

Three types of samples were studied: stainless steel discs,
stainless steel discs with polypeptide multilayer nanocoat-
ings, and stainless steel discs with polypeptide multilayer
nanocoatings with cefazolin. Polypeptide multilayer nano-
coatings were prepared at pH 10.0. A modified Kirby-
Bauer technique was used to assess the antibacterial activ-
ity of our developed polypeptide multilayer nanocoatings
with antibiotics."” A clinical isolate of S. aureus was
obtained and grown overnight in Trypticase soy broth to a
suspension of 10° CFU/0.1 mL. A cotton swab was placed
briefly in the S. aureus suspension and rubbed across the
surface of a Trypticase soy agar plate. Then the three types
of discs were inserted parallel to the plate surface, and the
plates were incubated at 37°C for 24 h. The antibacterial
activity was assessed by measuring the diameter of the
zone of inhibition circling the discs. Six measurements
were recorded for each sample, and the experiment was
repeated thrice. The average diameters of the zones of inhi-
bition were calculated.

RESULTS

Polypeptide multilayer nanocoatings were prepared by elec-
trostatic self-assembly nanotechnology. The formation of
PLL/PLGA multilayer nanocoatings was examined by UV—
vis and FTIR spectroscopy as well as scanning electron
microscopy, SEM (Figures 1, 2, and 3). Figure 1 shows
that the UV-vis absorbance of PLL/PLGA multilayer nano-
coatings increased with an increasing number of deposi-
tion bilayers, and substantially higher UV—vis absorbance
was observed for the samples prepared at pH 10.0 than at
pH 7.0. The surface morphology of the samples with and
without a polypeptide nanocoating was shown in Figure
2. The thickness of polypeptide multilayer nanocoatings
was obtained by ellipsometry measurements. We found
that the thickness per bilayer of samples prepared at pH
10.0 and 7.0 were 12.0 = 0.3 and 6.6 = 0.5 nm, respec-
tively.

The formation of polypeptide multilayer nanocoatings
on stainless steel discs was also demonstrated by FTIR
spectroscopy. Intensity increasing in FTIR spectra was
observed with an increasing number of bilayers (Figure 3).
The capture of cefazolin was confirmed, as the appearance
of a peak at 1760 cm ' corresponds to cefazolin lactam
vibrate (C=0).

The influence of cefazolin solution pH on cefazolin
loading was studied. Figure 4(a) represents the UV-vis ab-
sorbance of cefazolin contributing to the polypeptide multi-
layer nanocoatings on quartz slides. One can see that the
absorbance increased with the decrease of pH, and more
cefazolin was captured at pH 7.0 than at pH 8.0 and 9.0.
Moreover, more cefazolin was captured at 10 min loading
than at 5 min. Therefore, the capture of cefazolin can be
tuned by the pH of the drug solution and also by the drug
loading time.

The normal tissue has a pH of around 7.4 and the
injured tissue has a pH 7.0, owing to disrupted blood

coating

o

substrate

.

rrrbb
WAL 5 0KV 12.0mm 100um

Figure 2. SEM images of stainless steel disc surfaces with and
without (the inset) a polypeptide nanocoating. A scratch was made
through the coating.
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Figure 3. FTIR spectra of polypeptide multilayer nanocoatings on
stainless steel discs. The absorbance peak at 1760 cm™' in the
nanocoating after loading with cefazolin is due to lactam vibrate
(C=0) of cefazolin. The polypeptide multilayer nanocoatings were
prepared at pH 10.0.

supply with concomitant waste accumulation (e.g., CO,),
and a change in tissue respiration to anaerobic, which pro-
duces lactic acid.’® We studied the release of cefazolin
from polypeptide multilayer nanocoatings in the pH range
7.0-10.0. We found that the pH of the releasing medium
influenced the release profiles of cefazolin. Figure 4(b)
shows that, in the pH range 7.0-10.0, cefazolin released
more rapidly at a higher pH than at a lower pH, and more
cefazolin was released at a higher pH. The amount of cefa-
zolin released at pH 10.0 was twice that at pH 7.0, and a
sustained cefazolin release up to 2 weeks was obtained.

Antibacterial activity of polypeptide multilayer nanocoat-
ings incorporated with cefazolin was evaluated by a Kirby-
Bauer technique. Figure 5 shows that stainless steel discs and
stainless steel discs with polypeptide multilayer nanocoatings
had no antibacterial effects, while stainless steel discs with
polypeptide multilayer nanocoatings captured with cefazolin
had antibacterial activity against S. aureus. The cefazolin-
incorporated samples displayed a clear zone of inhibition
with an average zone diameter of 22.4 = 0.9 mm.

DISCUSSION

Bacteria are known to colonize metal implants and form
adherent biofilms that retard the penetration of antibiotics
to the underlying infection.”*'*? Prevention of postopera-
tive infection remains a challenging problem in dental and
orthopaedic surgeries. Modifying an implant with an anti-
bacterial coating would inhibit bacteria from colonizing the
implant surface and provide a high drug (e.g. antibiotic)
concentration in a region commonly found as a nidus for
infection. Such a coating system could prevent dental and
orthopaedic implant-associated infection.

Our objectives were to establish the feasibility of devel-
oping polypeptide multilayer nanocoatings on dental and
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orthopaedic implants using a recently developed nanotech-
nology and to incorporate antibiotics into the nanocoatings
in a controlled means for potential infection prevention.
We prepared polypeptide multilayer nanocoatings on stain-
less steel discs and quartz slides, and we introduced pH-
induced capture and release of cefazolin to incorporate
cefazolin in polypeptide multilayer nanocoatings.
Polypeptide multilayer nanocoatings were prepared
using electrostatic self-assembly, which is mainly based on
electrostatic attraction. Figure 6 shows a schematic diagram
for the electrostatic self-assembly process, and the net
charges of PLL and PLGA at various pH values, as well as
the mechanism for our proposed pH-induced drug capture.
Electrostatic self-assembly involves the repetitive sequen-
tial “dipping” of a substrate, for example a stainless steel
disc or a quartz slide, in solutions of positively and nega-
tively charged polyelectrolytes (i.e. PLL and PLGA). The
polymers are deposited on the substrate and the surface
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Figure 4. (a) Cefazolin loading in (PLL/PLGA)40 multilayer nanocoat-
ings at various pH values. The polypeptide multilayer nanocoatings
were prepared at pH 10.0. (b) Release profiles of cefazolin from
(PLL/PLGA)40 coatings at various pH values (i.e. pH 7.0, 9.0, and
10.0). The polypeptide multilayer nanocoatings were prepared at pH
10.0, and cefazolin was captured at pH 7.0.
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Figure 5. Zone of inhibition tests show that cefazolin incorporated
in polypeptide multilayer nanocoatings can inhibit S. aureus growth.
Three different types of stainless steel discs were used: (a) disc
without coating, (b) disc coated with a polypeptide multilayer nano-
coating, (c) disc coated with a polypeptide multilayer nanocoating
and incorporated with cefazolin. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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charge is reversed after each cycle. The method can yield a
coating regardless of the surface area and shape of the sup-
port, and the properties of the coatings can be controlled
on the nanometer scale.”>?* By controlling the number,
sequence, and type of polymer layers incorporated in the
nanocoating, it is possible to create a wide variety of
chemically and structurally diverse coatings.”

PLL and PLGA are water soluble and biodegradable.'®
Both PLL and PLGA are weak polyelectrolytes, and their
net charges vary with pH (Figure 6): PLL is fully charged
at a pH lower than 8.0 while its net charge decreases with
increasing pH above 8.0. PLGA is fully charged at a pH
above 6.0 while its net charge decreases with decreasing
pH below 6.0. At pH 7.0, both PLL and PLGA are fully
charged, while at pH 10.0, PLGA is fully charged and PLL
becomes partially charged. As a result, more PLL mole-
cules are needed at pH 10.0 than at pH 7.0 to match and
overcharge the surface of its neighboring PLGA layer, and
the charge repulsion among PLL molecules at pH 10.0 is
smaller than at pH 7.0. These conditions led to higher ab-
sorbance and thicker bilayers of the polypeptide multilayer
coatings prepared at pH 10.0 than at pH 7.0 (Figure 1).

—

BoR8BEE

per Residue, %

838

g
=]

S
\( fCHa

4 N*—-—N

Figure 6. (a) Schematic diagram of polypeptide electrostatic self-assembly on a substrate, for
example an implant model, and the net charges versus pH of PLL and PLGA, as well as the mech-
anism for drug loading. (b) Structure of cefazolin. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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We incorporated cefazolin, an antibiotic, in polypeptide
multilayer nanocoatings by pH-induced drug capture. As
shown in Figure 6, if the (PLL/PLGA), multilayer nano-
coating is prepared at a higher pH, for example pH 10.0,
the multilayer nanocoating allows you to incorporate nega-
tively charged drug molecules [e.g. cefazolin, Figure 6(b)]
at a lower pH, for example pH 7.0, 8.0, and 9.0, since PLL
molecules in the nanocoatings provide extra positive
charges upon the pH shifting from 10.0 to a lower pH.
More cefazolin can be captured with decreasing pH from
9.0, to 8.0, and to 7.0 [Figure 4(a)], since more extra bind-
ing sites of PLL become available as pH decreases. There-
fore, higher cefazolin capturing-capacity was achieved at
lower pH [Figure 4(a)]. Similarly, positively charged drug
molecules can be captured in (PLL/PLGA), nanocoatings
upon pH shifting to a higher pH, for example pH 7.0, if
the nanocoatings are prepared at a lower pH, for example
4.0. pH-induced capture of cefazolin, negatively charged
[Figure 6(b)], was confirmed by FTIR and UV-vis absorb-
ance, as a lactam vibrate (C=0) peak of cefazolin at 1760
cm~ ! was observed (Figure 3), and the UV-vis absorbance
at 270 nm increased with time after immersing the samples
in cefazolin solutions [Figure 4(a)]. Different from most
spin or other coatings, in the present study, the drug mole-
cules were electrostatically bound to the coating component
thereby their capture in the coating is more controllable
and environmentally specific.

We studied the release profiles of cefazolin from poly-
peptide multilayer nanocoatings. The release of drug mole-
cules from the polypeptide nanocoatings were due to the
diffusion or loss of binding sites on PLL molecules if there
was a pH shift from drug loading to drug release as shown
in the present study. Figure 4(b) shows that cefazolin had a
slower release rate at pH 7.0 than at pH 9.0 and 10.0, while
in all cases there was a burst release. The higher incorpora-
tion [Figure 4(a)] and slower release [Figure 4(b)] at pH
7.0 were due to stronger binding of cefazolin to PLL mole-
cules in the polypeptide multilayer nanocoatings at pH 7.0
than at higher pH values; the (PLL/PLGA), nanocoatings
were prepared at pH 10.0.

Incorporation of antibacterial drugs in implants as
accomplished in the present study is a novel approach to
endowing implant surfaces with antibacterial properties.
We conducted zone of inhibition tests to evaluate the anti-
bacterial effects of the developed cefazolin incorporated
polypeptide multilayer nanocoatings. As shown in Figure 5,
a highly significant reduction in bacterial growth was
achieved in the antibiotic-incorporated stainless steel discs
compared to the controls. The antibiotic-incorporated poly-
peptide multilayer nanocoatings can inhibit S. aureus colo-
nization and have the potential to prevent infection.

Finally, it is worthwhile to point out that the use of local
antibiotics offers the advantages of high local but low sys-
temic antibiotic levels and potentially more thorough elimi-
nation of infection compared to systemic antibiotic therapy.
The recently developed electrostatic self-assembly nano-
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technology has the advantages, compared to other coating
techniques, of fewer polymers to build the coating, more
control over the structure of the nanocoating, and more
control over the loading and release of drugs. Follow-up
studies will be carried out, for instance, in an in vivo model
we recently developed,”® to investigate the efficacy of anti-
biotic-incorporated polypeptide multilayer nanocoatings in
preventing infection in vivo.

CONCLUSIONS

Polypeptide multilayer nanocoatings were prepared using a
recently developed nanotechnology, that is electrostatic
self-assembly. Cefazolin was incorporated into the nano-
coatings, and the capture and release of cefazolin was
pH-induced and can be controlled. We have shown that the
antibiotic-incorporated polypeptide multilayer nanocoatings
had antibacterial activity against S. aureus, and implants
with such nanocoatings may be used prophylactically to
reduce the incidence of implant-associated infection. This
could offer the additional benefit of reducing implant colo-
nization rates that necessitate costly implant removal or
replacement. In addition, the developed approach may pro-
vide a novel stimuli-responsive local delivery system to
prevent device-associated infection.
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