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ABSTRACT We report a method for the synthesis of antimicrobial coatings on medical instruments that combines the bacteriolytic
activity of lysozyme and the biocidal properties of silver nanoparticles. Colloidal suspensions of lysozyme and silver nanoparticles
were electrophoretically deposited onto the surface of stainless steel surgical blades and needles. Electrodeposited films firmly adhered
to stainless steel surfaces even after extensive washing and retained the hydrolytic properties of lysozyme. The antimicrobial efficacy
of coatings was tested by using blades and needles in an in vitro lytic assay designed to mimic the normal application of the instruments.
Coated blades and needles were used to make incisions and punctures, respectively, into agarose infused with bacterial cells. Cell
lysis was seen at the contact sites, demonstrating that antimicrobial activity is transferred into the media, as well as retained on the
surface of the blades and needles. Blade coatings also exhibited antimicrobial activity against a range of bacterial species. In particular,
coated blades demonstrated potent bactericidal activity, reducing cell viability by at least 3 log within 1.5 h for Klebsiella pneumoniae,
Bacillus anthracis Sterne, and Bacillus subtilis and within 3 h for Staphylococcus aureus and Acinetobacter baylyi. The results confirmed
that complex antimicrobial coatings can be created using facile methods for silver nanoparticle synthesis and electrodeposition.
KEYWORDS: antimicrobial • lysozyme • silver • nanoparticle • electrochemistry • coating

INTRODUCTION

I

nfections originating from implanted devices (e.g., orthopedic fixation hardware, artificial prosthetics, endovascular stents, and catheters) are a persistent and
serious health issue. The first step towards reducing these
infections is inhibiting bacterial colonization on subcutaneous device surfaces. Current antimicrobial coating methods
involve either modification of the physiochemical properties
of the device surface or application of coatings that resist
cell adhesion and biofilm formation (1). In order for coatings
to be effective, they must incorporate a direct, on-contact
biocide and also provide sustained antimicrobial activity, so
to neutralize any initial contamination of the surface and also
inhibit colonization over time from a wide range of opportunistic microorganisms. These issues and the rise of
microbial resistance to commonly used antibiotics drive a
continuous search for new antibiotic formulations that are
amenable to adhesion and immobilization on surfaces.
One strategy given considerable attention in recent years
is the use of silver on medical device surfaces and in wound
dressings (2-4). These coatings are particularly attractive
because silver ions act against a broad range of bacteria and
yet are relatively nontoxic to mammalian cells (5, 6). While
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the antimicrobial effectiveness of silver coatings has been
shown in the laboratory, there have been mixed results in
the clinical setting (7). The past limitations of silver coatings
as prophylactic treatments most likely stem from the ineffective release of silver ions from the surface and the
unproductive adsorption and precipitation of silver ions in
body fluids (8, 9).
More recently, silver in nanoparticle form has been
shown to exhibit enhanced antimicrobial effects over previous silver formulations. The high surface-to-volume ratio of
nanoparticles provides a substantial and sustained contact
with the bacterial cell that is not easily quenched by other
salts and proteins (10, 11). Numerous methods for silver
nanoparticle synthesis and incorporation into materials are
currently under investigation (12-20), and silver nanoparticle coatings are beginning to see more prevalent use in
health care (1, 5, 8). In recent work, we discovered that the
hydrolytic enzyme, lysozyme, catalyzes the reduction of
silver, which yields a stable colloid of silver nanoparticles
and active lysozyme (21). The use of lysozyme in the
synthesis of silver nanoparticles is advantageous because it
combines two different biocidal mechanisms into one material; lysozyme primarily inhibits growth of the Gram-type
positive strains through its muramidase activity (22), while
silver nanoparticles inhibit growth of both Gram-type negative and positive strains by inhibiting membrane function
and enzyme activity (23). In a few cases, the synthesis of
bioactive coatings has been achieved by adding noble metal
nanoparticles to enzyme solutions and electrodepositing the
mixture onto surfaces (24-27). Because of the unique
properties of silver nanoparticles, their utility as the precurVOL. 1 • NO. 7 • 1553–1560 • 2009
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sor for electrodeposited coatings may produce more effective antimicrobial activities than previous methods based on
conventional electrodeposition solutions (e.g., silver salt
solutions). Herein, we report a method to produce antimicrobial coatings through electrophoretic deposition of silver
nanoparticles formed from the lysozyme-mediated reduction of silver ions. The antimicrobial effectiveness of coated
surfaces was tested against a variety of microorganisms to
demonstrate the retention of antimicrobial properties within
coatings.
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EXPERIMENTAL SECTION
Reagents and the Synthesis of Silver Nanoparticles. Hen
egg white lysozyme (∼95%, ∼50 000 units per mg of protein)
and silver(I) acetate (99.99%) were obtained from SigmaAldrich (St. Louis, MO). Unless stated otherwise, all other
chemicals were obtained from either Sigma-Aldrich or Fisher
Scientific (Pittsburgh, PA) and were of the highest purity available. For experiments measuring the electrochemical properties
of lysozyme, a lysozyme solution made from a stock powder
was dialyzed against two changes of ultrapure water (1:100, v/v)
using a 5000 Da molecular weight cut-off dialysis membrane
(Spectra/Por cellulose ester, Spectrum Medical Industries, Houston, TX) over 24 h to remove residual buffer and salts and then
stored at -20 °C in 30 mg mL-1 aliquots. To generate
lysozyme-silver nanoparticle solutions for electrophoretic deposition, undialyzed lysozyme solutions (20 mg mL-1) were made
with ultrapure water and then diluted with methanol (1:1, v/v).
A silver acetate solution in 50% methanol (1 mM) was then
added to the lysozyme solution to produce a final concentration
of 5 mg mL-1 lysozyme and 0.5 mM silver acetate in 50%
methanol. The solution was then exposed to light for approximately 24 h to allow the formation of silver nanoparticles.
The resulting lysozyme-silver colloidal suspension was stored
in the dark at 4 °C to inhibit precipitation until use.
Electrochemical Measurements. Electrochemical measurements were performed in a one-compartment, three-electrode
cell at room temperature using a 757 VA Computrace System
potentiostat (Metrohm AG, Herisau, Switzerland). A silver rotating-disk electrode (2.0 mm disk diameter) was employed as the
working electrode in conjunction with a platinum rod auxiliary
electrode (15 mm × 2 mm diameter, 10 mm submerged in cell)
and a Ag/AgCl electrode in saturated KCl as the reference
electrode. The working electrode was stationary during measurement. Before each measurement, the working and auxiliary
electrodes were cleaned by polishing with 8000 grit sandpaper
and then rinsed with ultrapure water. No additional electrolyte
was added to the potentiostat cell. Current-potential curves
(cyclic voltammograms) were generated by linear voltage sweeps
between -1 and 1 V at 0.1 V s-1 (vs Ag/AgCl).
Electrophoretic Deposition of Lysozyme-Silver Nanoparticles. Surfaces to accept electrophoretic deposition were
stainless steel surgical blades (#10, Exelint International Co., Los
Angeles, CA) and syringe needles (single-use, 22 Gauge, 1.5 in.
length, Becton Dickinson Co., Franklin Lakes, NJ). Before deposition, metal surfaces were cleaned and etched, using a procedure similar to that described previously (28). Blades and
needles were cleaned by ultrasonication for 15 min each in
dichloromethane, acetone, and water. Clean surfaces were then
etched for 1 min in a solution containing 0.25% hydrochloric
acid and 2.5% nitric acid. After etching, metal surface passivation was completed in 40% nitric acid for 40 min. Blades and
needles were then extensively washed with ultrapure water,
dried, and stored until use.
A two-electrode electrophoretic cell was constructed that
contained either a blade or a needle as the working electrode.
Approximately 1 cm of the blade or needle tip was submerged
1554
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into 5 mL of the lysozyme-silver nanoparticle deposition
solution. A platinum wire was also submerged approximately
1 cm into the solution and served as the secondary electrode.
The distance between each electrode was approximately 1 cm.
A power source [1735 direct-current (dc) power supply, BK
Precision, Placentia, CA] applied a dc voltage (3 V) for 10 min.
After electrodeposition, blades and needles were rinsed extensively with ultrapure water and stored at room temperature.
Three additional electrophoretic coating experiments were
completed to determine the individual effects that lysozyme and
silver nanoparticles have on deposition and when lysozyme and
silver acetate were combined in the deposition solution but
without prior formation of nanoparticles. For the first two
control experiments, lysozyme and silver nanoparticles were
used in separate electrodeposition solutions. For electrophoretic
deposition containing only lysozyme, the procedure was followed as described above, except a solution containing 5 mg
mL-1 lysozyme in 50% methanol served as the deposition
solution. For electrophoretic deposition primarily composed of
silver nanoparticles, a dialysis method was used to remove
soluble lysozyme from the deposition solution that was not
tightly associated with nanoparticles (21). Prior to deposition,
a 5 mL solution of lysozyme-silver nanoparticles was placed
into a 25 000 Da molecular weight cut-off dialysis bag (Spectra/
Por cellulose ester) and dialyzed against four changes of 1 L of
water for 72 h to remove the majority of lysozyme. This resulted
in a deposition solution that contained mostly silver nanoparticles but still contained small amounts of lysozyme. For the
third control experiment, freshly mixed solutions of lysozyme
(10 mg mL-1) and silver acetate (1 mM) in 50% methanol (1:1,
v/v) served as the electrodeposition solution and were used
immediately in the electrophoretic cell in the absence of light,
in order to prevent silver reduction and subsequent nanoparticle
formation.
Physical and Spectroscopic Characterization. UV-visible
spectroscopy was completed using a Cary 3E spectrophotometer (Varian Inc., Palo Alto, CA) and 0.5 mL quartz cuvettes.
Atomic force microscopy (AFM) images were obtained using a
Nanoscope V, equipped with a Multimode V scanning probe
microscope and a PicoForce stage (Veeco Instruments Inc.,
Woodbury, NY). Blades were first dried under vacuum at 50 °C
for 10 min before imaging in tapping mode, using an etched
phosphorous (n)-doped silicon cantilever probe (type RTESP,
Veeco Instruments Inc.). The natural frequency of the cantilever
was in the 200 kHz range, and the radius of the probe tip was
<10 nm. Transmission electron microscopy (TEM) was completed using a 100 CX II electron microscope from JEOL Ltd.
(Tokyo, Japan). Attenuated total reflectance Fourier transform
infrared (ATR FT-IR) spectroscopy was performed using a
Nicolet FT-IR 6700 spectrophotometer equipped with a Smart
Miracle single-bounce diamond ATR accessory (Thermo Fisher
Scientific, Waltham, MA). The data collection was completed
using OMNIC 2.1 software. Before measurement, coated and
uncoated blades were washed with methanol and dried at 50
°C for 30 min. For ATR FT-IR of the lysozyme stock powder,
10 µL of a lysozyme powder slurry in methanol was dried on
the instrument crystal before measurement.
Measurement of the Lysozyme Activity. Qualitative measurement of the lysozyme activity in coatings was adapted from
the Micrococcus lysodeikticus cell lysis assay in solid media, first
described by Fleming (29). Blades and needles were first used
to cut and puncture, respectively, solid media plates containing
a suspension of 0.5 mg mL-1 M. lysodeikticus cells (SigmaAldrich) in a 50 mM potassium phosphate buffer (pH 8) and 1%
agarose before being placed on top of the plate surface. Plates
were incubated at 37 °C for 16 h and periodically inspected for
cell lysis, which resulted in a clearing of the solid agar at the
blade and needle contact points.
Eby et al.
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RESULTS AND DISCUSSION
Synthesis and Electrochemical Behavior of
Lysozyme-Silver Nanoparticles. In our recent work,
we found that stable colloids of silver nanoparticles formed
from the incubation of micrograms per milliliter quantities
of lysozyme and silver acetate in 100% methanol (21). The
growth of silver nanoparticles was dependent upon exposure
to light and only required lysozyme, which acted as the
reductant and colloidal stabilizing agent. For electrophoretic
deposition, the previous formulation was optimized by
increasing the lysozyme concentration to 5 mg mL-1 and
completing the nanoparticle synthesis reaction in an aqueous solution containing 50% methanol (Figure 1). The final
solution contained a sufficient concentration of ionic species
to facilitate electrophoretic deposition without additional
electrolytes, while also maintaining a stable suspension of
nanoparticles. When stored in the dark at ambient conditions, the lysozyme-silver nanoparticles can be maintained
as a colloid for several months.
The electrochemical properties of lysozyme were measured using cyclic voltammetry with a silver disk electrode.
Lysozyme was oxidized at 745 mV and underwent two
reductions at -640 and -800 mV (Figure 2A). Repeated
potentiostat cycling resulted in successively smaller peak
currents, which were indicative of irreversible deposition of
protein on the electrode surface (32). When silver acetate
was added to lysozyme, voltammograms completed immediately after mixing show a shift in the reduction peaks
of lysozyme toward a lower cathodic potential (Figure 2B).
Similar voltammeric behavior has been previously reported
when protein-metal complexes form in the electrochemical
cell and change the electrochemical properties of the indiwww.acsami.org
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Antimicrobial Activity Assays. The following strains used in
the antimicrobial assays were obtained from the American Type
Culture Collection (ATCC, Manassas, VA): Escherichia coli (ATCC
25922), Staphylococcus aureus (ATCC 25923), Klebsiella pneumoniae (ATCC 4352), Pseudomonas fluorescens (ATCC 13525),
Candida albicans (ATCC 10231), and Staphylococcus epidermidis
(ATCC 14990). Bacillus anthracis Sterne strain 34F2 was obtained from Colorado Serum Co., Denver, CO (30). Acinetobacter
baylyi strain ADP1 (31) was a gift from Dr. Ellen Neidle
(University of Georgia, Athens, GA). Luria-Bertani and Yeast
Mold (Difco Laboratories, Sparks, MD) were used to grow
bacterial strains and C. albicans, respectively, in liquid and on
solid media plates (plates also contained 1.5% agarose).
At the start of the antimicrobial assay, coated blades were
incubated in growth media containing approximately 105 cells
in the exponential growth phase (1 mL). Viable cells were
quantitated after 0, 1.5, and 3 h of incubation by removing 100
µL from the cultures, spreading all or a serial dilution of the
aliquot onto solid media, and enumerating colony-forming units
(cfu). After cultures were incubated for 24 h, blades were
removed from cultures and placed into fresh, sterile media (1
mL). In addition, the remaining growth media from the blade
culture was diluted into fresh, sterile media (1:10 dilution). The
two subcultures were incubated overnight and then visually
inspected for growth. Results are the average of at least three
replicates. Uncoated, etched blades were also incubated in
separate cultures to ensure that cells grew in the absence of a
coating material, and the etched stainless steel did not adversely
affect the growth.

FIGURE 1. Lysozyme-catalyzed silver nanoparticles (A). TEM image
of lysozyme-silver nanoparticles (B). UV-visible spectrum of
lysozyme-silver nanoparticles showing a plasmon resonance absorbance maximum at 420 nm (C).

vidual species (33). Considering that silver acetate alone does
not produce current peaks under our conditions (dashed
gray line in Figure 2B), the shift in the peak potential of
lysozyme after silver addition suggests that silver associates
with lysozyme and forms a new electrochemically active
species. As seen with lysozyme alone, additional voltage
cycles also showed that the lysozyme-silver complex was
irreversibly deposited and formed a coating on the electrode
surface. As silver nanoparticles developed in the lysozyme
and silver acetate solution, cyclic voltammetry was completed at intermittent time intervals during incubation (0.3,
2, and 24 h). Samples were taken from the synthesis reaction
for voltammeric analysis and the electrodes were polished
between each use. In each case, there was no change in the
potential and intensity of the current peaks, which indicated
that the electrochemical properties of lysozyme were not
altered during and after nanoparticle synthesis (results not
shown). When silver nanoparticles were present in the
potentiostat cell, a resilient red film formed on the electrode
surface during repeated voltage cycling, which required
removal by physical abrasion using fine-grit sandpaper.
Taken together, these observations showed that lysozymesilver nanoparticles form a complex that was electrophoretically deposited onto the electrode surface. The results led
us to investigate whether the antimicrobial properties of
lysozyme and silver were retained within the coatings.

Electrophoretic Deposition of LysozymeSilver Nanoparticles onto Stainless Steel. Stainless
steel surgical blades and syringe needles were investigated
as model surfaces for the coating. An electrodeposition cell
was constructed using a blade or needle as the working
electrode, and the tip was submerged in the lysozyme-silver
VOL. 1 • NO. 7 • 1553–1560 • 2009
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FIGURE 2. Cyclic voltammograms of pure lysozyme (A) and the
lysozyme-silver nanoparticle electrophoresis solution (B) in 50%
methanol. In each case, five voltammograms were recorded. The
initial voltammogram is shown in black, and successive voltammograms are in increasingly lighter gray. The initial voltammogram of
pure lysozyme from part A is shown as a dashed black line in part
B. The voltammogram of 0.5 mM silver acetate in 50% methanol is
shown as a dashed gray line.

nanoparticle solution. After a constant dc potential was
applied, a red film formed on the surface of the blades and
needles. Much of this coating was removed after extensive
washing with deionized water, but a thin coating remained
on the metal surfaces (Figure 3, left). The evenly dispersed
and strongly adherent coating was not observed when any
of the control solutions were used in the electrophoretic
deposition assay. A uniform coating was not seen when
most of the lysozyme was dialyzed from a silver nanoparticle
solution prior to electrophoresis or with solutions of freshly
mixed lysozyme and silver acetate, which did not contain
any nanoparticles. A translucent coating was observed when
only lysozyme was present in solutions, but the film was
easily washed off the blade surface.
The coatings from lysozyme-silver nanoparticle electrodeposition solutions retained lysozyme, as shown by ATR
FT-IR (Figure 4). The spectrum of the coated blades was
identical to the spectrum of blades that were coated with
lysozyme only, as well as to the spectrum of the lysozyme
stock. The results confirmed that no major perturbations in
the lysozyme structure occurred as a result of silver nanoparticle synthesis or electrophoretic deposition. Changes in
1556
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the protein secondary and tertiary structures will alter
hydrogen bonding between the CO and NH groups in the
peptide backbone, which results in aberrations of the amine
I, II, and III bands between 1200 and 1700 cm-1 (34). No
such significant shifts were observed in this IR region
between lysozyme-coated blades and the stock powder. In
addition, coated blade surfaces were analyzed at the nanometer scale using AFM (Figure 3). A layer of spherical
nanoparticles on the surface of coated blades was clearly
seen in images. The AFM images of etched, uncoated blades
did not have these features (results not shown). The nanoparticles visualized in the coating were similar in shape and
diameter to the silver nanoparticles observed in the TEM
images of the deposition solution (Figure 1). The nanoparticles were also readily seen in phase images (lighter areas,
Figure 3E) and were surrounded by a material of contrasting
phase (darker areas). Under closer inspection, edge enhancement illustrated in the 200 nm2 amplitude error image
(Figure 3D) showed a veinlike texture between the nanoparticles. In the corresponding phase image (Figure 3F),
these features appeared in contrasting phase color to the
nanoparticles. The contrast in the phase images can be used
to discern between an organic material, consisting of protein
or other hydrocarbon compounds, and metallic nanoparticles (35, 36). Lysozyme and crystalline silver would impart
very different interactions with the AFM tip, resulting in clear
differences in the phase images. Considering that the electrodeposition buffer contained primarily silver and lysozyme,
the phase-contrasting materials are most likely distinct
regions of these two substances. The regions surrounding
the spherical protrusions on the blade surface are proposed
to be areas of lysozyme packed between the silver nanoparticles. Similar grafting features have been observed in
AFM phase contrast images of surfaces after the electrochemical deposition of silver nanoparticles and acrylate,
where a sustained cathodic overpotential during electrodeposition forced the organic material off the silver nanoparticles
and onto the electrode surface (36).

Evaluation of the Lysozyme Activity within
Surface Coatings. The hydrolytic activity of lysozyme
retained within electrodeposited coatings on blades and
needles was investigated through an in vitro cell lysis assay
designed to mimic the normal use of the instruments.
Coated blades and needles were used to make incisions and
punctures, respectively, into agarose infused with M. lysodeikticus cells. Within minutes, zones of clearing were seen
at the contact site, which was indicative of cell lysis due to
lysozyme hydrolytic activity (Figure 5). The spread of cell
lysis over time within the agar demonstrated that the
antimicrobial activity not only was retained on the surface
of the blades and needles but also was transferred into the
media. Blades subjected to electrodeposition using a solution
containing only lysozyme demonstrated a minimal zone of
clearing after incubation for 16 h, in comparison to blades
coated with lysozyme-silver nanoparticles. Cell lysis was
not observed with blades and needles subjected to electrophoretic deposition using solutions containing soluble silver
Eby et al.
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FIGURE 3. Left: Photographic image of a surgical steel blade coated with lysozyme-silver nanoparticles. Right: Typical AFM images of a coated
blade. The surface area imaged was 1 µm2 (A, C, and E) and 200 nm2 (B, D, and F). The amplitude (A and B), amplitude error (C and D), and
phase images (E and F) are shown from left to right. Height scale bars in amplitude images are 300 and 50 nm for 1 µm2 and 200 nm2 images,
respectively. AFM of the 200 nm2 image was completed within the boxed area of the blade surface shown in the 1 µm2 image.

FIGURE 4. ATR FT-IR of blade surfaces after electrodeposition using either the lysozyme-silver nanoparticle solution (top spectrum) or a
solution containing only lysozyme (bottom spectrum). Inset: Spectrum of the lyophilized lysozyme stock.

acetate (no nanoparticles) or only silver nanoparticles (results not shown). Considering that silver did not initiate cell
lysis under these conditions, the higher activity of the
lysozyme-silver nanoparticle coatings versus lysozyme
alone is attributed to either a more efficient deposition of
lysozyme onto the metal surface when silver nanoparticles
are present or the capability of the enzyme to diffuse more
rapidly from lysozyme-silver nanoparticle coatings. Either
way, the unique nature of the lysozyme-silver nanoparticle
coatings allowed the efficient release of active enzyme into
www.acsami.org

the media, which transferred the antimicrobial properties
of lysozyme throughout the cut and puncture sites.

Antimicrobial Range of Surgical Blade Coatings. The M. lysodeikticus lysis assay demonstrated the
antimicrobial activity of the coatings. However, the contribution of silver nanoparticles to the antimicrobial activity of the coatings cannot be determined using this assay.
Lysozyme is primarily bacterolytic toward Gram-type
positive strains, whereas silver nanoparticles have been
shown to have antimicrobial activity toward many differVOL. 1 • NO. 7 • 1553–1560 • 2009
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FIGURE 5. Cell lysis assay measuring the antimicrobial activity of coated blades and needles. Coated blades (left and middle) and needles
(right) were used to make incisions and punctures, respectively, and then placed on top of agarose infused with M. lysodeikticus cells. The
top blade contains a coating of lysozyme-silver nanoparticles, while the lower blade has a coating of lysozyme only. Zones of cell lysis are
seen at the incision and puncture sites, as well as surrounding the blades and needles after incubation at 37 °C for 30 min and 16 h.

Table 1. Antimicrobial Activity of Coated Blades against Bacterial and Yeast Strains
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log reductiona
strain

1.5 h

3h

inhibition typeb

Acinetobacter baylyi
Bacillus anthracis Sterne
Bacillus subtilis
Candida albicans
Escherichia coli
Klebsiella pneumoniae
Pseudomonas fluorescens
Staphylococcus aureus
Staphylococcus epidermidis

2.49 ( 1.48
3.50 ( 1.25
4.78 ( 0.50
growth
1.56 ( 1.38
3.29 ( 1.67
0.65 ( 0.24
2.01 ( 0.62
0.47 ( 0.55

2.98 ( 1.75
3.93 ( 0.62
4.78 ( 0.50
growth
growth
3.94 ( 1.14
0.26 ( 0.30
3.48 ( 0.53
0.43 ( 0.24

bactericidal
bactericidal
bactericidal
none
none
bactericidal
none
bactericidal
bacteriostatic

a
log reduction was calculated as [log of viable cells (cfu mL-1) before exposure to a coated blade] - [log of the viable cells (cfu mL-1) at a time
point after incubation with a coated blade]. The standard deviation is from three separate assays. b The inhibition type was based on log
reduction values and the viability of the subcultures made from the initial 24 h incubation with coated blades. See the text for details.

ent microbial species. To determine the range of antimicrobial activity demonstrated by both components of the
coating, eight different bacterial strains and one yeast
strain were used in the antimicrobial assays. Coated
blades were incubated with actively-growing cultures, and
viable cells that remained over time were quantitated by
spread-plating culture aliquots on solid media and enumerating the cfu (Table 1). Uncoated, etched blades were
also incubated in separate cultures and, in each case, cells
grew to high cell density, ensuring that the etched stainless
steel did not adversely affect the growth (results not shown).
Demonstrating effective bactericidal activity, coated blades
reduced the cell viability by >3 log within 1.5 h for K.
pneumoniae, B. anthracis Sterne, and B. subtilis and within
3 h for S. aureus. A lesser biocidal effect was observed when
A. baylyi cells were exposed to coated blades (∼3 log in 3 h).
Growth inhibition lasted beyond 3 h because no visible
growth was observed in cultures when incubated in the
presence of coated blades for 24 h. To assess if coated blades
retained antimicrobial activity after exposure to cultures and
also inhibited the transfer of any viable cells on blade
surfaces, blades were removed from the culture, added to
fresh media, and incubated for an additional 24 h. With the
five sensitive strains mentioned above, there was no observed growth in the subsequent cultures. Furthermore, the
culture media from the first 24 h incubation was diluted into
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fresh media (1:10) and incubated for 24 h to determine if
any remaining viable cells could proliferate in the absence
of coated blades. S. aureus, K. pneumoniae, B. anthracis
Sterne, and B. subtilis did not visibly grow after the subculture. The two subsequent sets of cultures confirmed that (i)
coatings were resilient and retained antimicrobial activity
after an extended exposure to cells, (ii) coated blades were
able to inhibit subsequent growth of any viable cells that may
have attached to coated and uncoated areas of the blade
during the first incubation, and (iii) coated blades demonstrated a complete kill in the initial culture after 24 h. A.
baylyi was one exception, where one subculture grew to high
cell density. We conclude that the effect on A. baylyi was
bactericidal, but the potency of the coatings under our
conditions was very close to the minimum bactericidal
concentration, and growth in the one subculture was due to
standard deviation or experimental error.
An initial, bactericidal effect was measured for E. coli, but
the strain was able to recover and turbid cultures were
observed after 24 h incubation. Previous work demonstrated
that silver nanoparticles were an effective antimicrobial
agent toward this particular strain of E. coli (16, 21). We did
observe higher bactericidal activity when the initial number
of E. coli cells was reduced to 104 in cultures (approximately
3 log reduction in viable cells within 1.5 h; data not shown).
We concluded that the concentration of silver ions released
Eby et al.
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homogeneous coatings on stainless steel surfaces. The
nature of the coating was such that the mixture of lysozyme
and silver nanoparticles facilitated strong adsorption to
stainless steel surfaces, yet the active components also
diffused from the coating following contact with media. The
observations indicate that the physical properties of the
coating are inherent to lysozyme, where the protein acts as
a water-soluble adhesive and enables robust adsorption of
the silver nanoparticles to the blade surface but will also
permit diffusion of silver ions or release of the nanoparticles
themselves once incubated in an aqueous environment.
Hence, the effect could provide a persistent self-cleaning
surface for the medical instruments and allow transfer of the
antimicrobial activity to the contact surface during use (e.g.,
diffusion into the surrounding flesh following an incision,
injection, or implant). With respect to implanted devices, the
integration of lysozyme within the composite may also
increase the biocompatibility of the coating and not hamper
tissue reconstruction, compared to other silver coatings that
are composed solely of inorganic material (39). Furthermore,
the rapid coating method presented here employs reagents
already accepted for use in the food and medical industries
(40, 41), increasing its potential for transition to manufacturing for a diverse range of applications. While the coating was
not effective against all strains tested in this study, further
optimization of nanoparticle synthesis and deposition will
improve its potency.

CONCLUSIONS

(2)

Our studies demonstrated that composite antimicrobial
coatings can be generated using methods for lysozymemediated silver nanoparticle synthesis and electrophoretic
deposition. The coating employs two different biocidal
mechanisms: the antimicrobial activity of silver ions and the
muramidase activity of lysozyme. Coatings that integrate
different biocidal mechanisms are of particular interest
because they can minimize the selection and proliferation
of resistant strains. Silver nanoparticles have already been
shown to be effective in suppression of a wide range of
pathogens, especially against strains resistant to mainstream
antibiotics (6, 38). While the contribution of lysozyme has
been shown to minimally contribute to the antimicrobial
activity of the composite (21), the enzyme was essential to
electrophoretic deposition and promoted the formation of
www.acsami.org
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