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Lysozyme Catalyzes the Formation of
Antimicrobial Silver Nanoparticles
D. Matthew Eby,†,§,* Nicole M. Schaeublin,� Karen E. Farrington,‡,§ Saber M. Hussain,� and
Glenn R. Johnson§,*

†Universal Technology Corporation, ‡Applied Research Associates, Inc., and §Microbiology and Applied Biochemistry, Materials and Manufacturing Directorate, Air Force
Research Laboratory, 139 Barnes Drive, Suite 2, Tyndall Air Force Base, Florida 32403, and �Applied Biotechnology Branch, Human Effectiveness Directorate, Air Force
Research Laboratory, Wright-Patterson Air Force Base, Ohio 45433

P
revalent in a wide range of prod-
ucts, silver has become the most
abundant nanoparticulate material

used today in the medical and health care

fields.1,2 Added to wound dressings, topical

creams, antiseptic sprays, and fabrics, silver

functions as an antiseptic and displays a

broad biocidal effect against microorgan-

isms through the disruption of membrane

function and enzyme activity.3�5 Whether

supplied as a cation, in the elemental state,

or part of composite materials, silver ions

will destabilize and increase permeability of

bacterial membranes, inactivate essential

respiratory enzymes and proteins respon-

sible for RNA and DNA replication, and dis-

rupt ion transport processes.6�8 Though sil-

ver will indiscriminately form complexes

with several different amino acids and

thereby inhibit protein function, it exhibits

limited toxicity to mammalian cells.6 Be-

cause of these distinct properties, a myriad
of studies have emerged in recent years
that focus on the rapid and efficient synthe-
sis of silver nanoparticles for incorporation
into medical dressings and devices.9�11

Among these methods, natural systems
that reduce silver ions and form nanoparti-
cles at physiological conditions show prom-
ise of generating large amounts of antimi-
crobial silver colloids inexpensively, and
with limited energy input and impact to
the environment.12

Silver nanoparticle synthesis is medi-
ated by a diverse range of biosynthetic
mechanisms, including several examples of
fortuitous silver nanoparticle formation by
microorganisms, despite a common sensi-
tivity to silver exposure.13 An early report
described a Pseudomonas stuzeri strain iso-
lated from silver mine leachate that reduced
high concentrations of silver nitrate, result-
ing in formation of silver crystals in the peri-
plasm of the strain.14 Since then, additional
bacteria, fungi, and plant extracts have
been shown to mediate silver nanoparticle
formation (a list can be found in Table 1 of
ref 13). On the basis of these biosynthetic
mechanisms, engineered proteins, biologi-
cal scaffolds, and phage display techniques
have also been explored to direct the mo-
lecular control of silver nanoparticle
formation.15�17 These types of applications
expand the utility of materials by associat-
ing useful biomolecules with inorganic
compounds to merge the functional prop-
erties of each component into one
composite.

Previous work in our laboratory showed
that the enzyme lysozyme mediates the
synthesis of silica and titania nanoparticles
and that the antimicrobial enzyme activity
is retained in the inorganic oxide nanoparti-
cles.18 Lysozyme is present in nature as
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ABSTRACT Hen egg white lysozyme acted as the sole reducing agent and catalyzed the formation of silver

nanoparticles in the presence of light. Stable silver colloids formed after mixing lysozyme and silver acetate in

methanol and the resulting nanoparticles were concentrated and transferred to aqueous solution without any

significant changes in physical properties. Activity and antimicrobial assays demonstrated lysozyme�silver

nanoparticles retained the hydrolase function of the enzyme and were effective in inhibiting growth of Escherichia

coli, Staphylococcus aureus, Bacillus anthracis, and Candida albicans. Remarkably, lysozyme�silver nanoparticles

demonstrated a strong antimicrobial effect against silver-resistant Proteus mirabilis strains and a recombinant E.

coli strain containing the multiple antibiotic- and silver-resistant plasmid, pMG101. Results of toxicological studies

using human epidermal keratinocytes revealed that lysozyme�silver nanoparticles are nontoxic at concentrations

sufficient to inhibit microbial growth. Overall, the ability of lysozyme to assemble silver nanoparticles in a one-

step reaction offers a simple and environmentally friendly approach to form stable colloids of nontoxic silver

nanoparticles that combine the antimicrobial properties of lysozyme and silver. The results expand the

functionality of nanomaterials for biological systems and represent a novel antimicrobial composite for potential

aseptics and therapeutic use in the future.

KEYWORDS: antimicrobial · lysozyme · silver · nanoparticle ·
biocompatibility · biomineralization
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part of the innate immune system in higher organisms
and primarily acts against bacteria through enzymatic
hydrolysis of the peptidoglycian layer that surrounds
the cell membrane. To further explore mechanisms of
nanoparticle formation and expand the repertoire of
antimicrobial materials, we investigated methods to in-
tegrate lysozyme with silver to form multifunctional an-
timicrobial agents. Using lysozyme as the catalyst,
preparations of silver nanoparticles were synthesized
and the physical and chemical properties were assessed
to characterize the functionality of these hybrid bioinor-
ganic composites. The material was also incubated
with a variety of bacterial strains to determine if the an-
timicrobial properties of lysozyme, as well as the bio-
cidal effects of silver, were retained in these new bio-
nanocomposites. Furthermore, lysozyme�silver
nanoparticles were tested in tissue culture viability as-
says to determine the toxicological effects against
mammalian cells.

RESULTS AND DISCUSSION
Synthesis of Lysozyme-Silver (Ag�lyso) Nanoparticles in

Methanol. Lysozyme catalyzed silver nanoparticle forma-
tion by acting as the sole reducing and nucleating
agent. Saturated solutions of protein and silver acetate
in methanol were mixed at varying molar ratios and sil-
ver nanoparticles formed when exposed to light (Fig-
ure 1). Particles formed in less than an hour and, to a
limited extent, their size distribution and monodisper-
sity can be controlled by the Ag�/lysozyme molar ratio.
At lower Ag�/lysozyme molar ratios (e.g., preparation
I), particles were smaller and more monodispersed than
nanoparticles formed at the higher Ag�/lysozyme mo-
lar ratio (e.g., preparation II). The yellow color and the
symmetrical plasmon resonance absorption band cen-
tered at 420 nm in the UV�vis spectrum of preparation
I is indicative of small and uniform nanoparticle size dis-
tribution.19 In preparation II, the increased number of
silver particles and their variation in size caused a
broadening of the plasmon band and a corresponding
color change from yellow to red in the visible spectrum.
Nanoparticles did not form in the absence of light (not
shown) and when silver or lysozyme was omitted from
the solution, as no color or UV�vis absorbance change
was observed in these wells of the microtiter plate (far
left and far right wells in Figure 1A). Also, a colloidal sus-
pension of nanoparticles did not form under aqueous
conditions. When the reaction was completed in water,
a brown to gray-colored precipitate formed in the bot-
tom of microtiter plate wells. Nanoparticles were ob-
served in the precipitate, but they ranged broadly in
size and shape. In addition, the preparation did not ex-
hibit a distinctive surface plasmon resonance absorp-
tion band in the visible range (Figure S1 in Supporting
Information).

Dynamic light scattering (DLS) was employed to ob-
tain quantitative size distributions and a more precise

Figure 1. Lysozyme and silver acetate solutions were mixed
in varying molar ratios and exposed to light over the course
of 255 min. At set time intervals, reactions were added to a row
of microtiter plate wells and imaged using a document scan-
ner (A). Representative samples of yellow (I) and red (II) nano-
particles from the synthesis assay were used in absorbance
spectroscopy (B), TEM imaging (C), and dynamic light scatter-
ing to determine nanoparticle size distribution (D).
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measure of monodispersity in silver nanoparticle solu-

tions. A comparison between the size distribution histo-

grams of preparations I and II show a decreased frac-

tion of particles in the smaller peak mean size in

preparation II, concurrent with the presence of a major

peak mean at a larger nanoparticle size (between 8 and

12 nm). This result can be explained best by the Ost-

wald ripening process, where the atoms of smaller, en-

ergetically unstable particles will dissipate and coalesce

into larger, more stable particles.20 At low Ag�/

lysozyme molar ratios, silver ions are apparently limit-

ing and the nanoparticle synthesis forms a monodis-

persed colloidal suspension of smaller nanoparticles.

Also at low molar ratio, lysozyme appeared to limit fur-

ther ripening of smaller particles into larger particles. As

the Ag� concentration increased respective to

lysozyme, the higher Ag� concentration allowed for in-

creased particle size and abundance, which led to the

agglomeration and the formation of more nonsymmet-

rical masses before complete nanoparticle maturation.

Overall, monodispersity and size control of Ag�lyso

nanoparticle suspensions can be achieved by limiting

the Ag�/lysozyme molar ratio. For the remainder of the

study, nanoparticle solutions were made from a solu-

tion consisting of 25 �g mL�1 lysozyme and 42 �g mL�1

silver acetate in methanol, which maximized the nano-

particle concentration without significantly reducing

the monodispersity of the suspension (similar in com-

position to the middle well in Figure 1A).

Ag�lyso Nanoparticle Colloidal Stability and Transfer into

Aqueous Solutions. In addition to silver reduction and

nanoparticle formation, lysozyme acted as a capping

agent to stabilize the colloidal suspensions and limit ag-

glomeration. Lysozyme is a highly cationic and am-

phiphilic protein that will adsorb to ionic and hydro-

phobic surfaces, including metal surfaces.21�24 After

synthesis in methanol, lysozyme-stabilized nanoparti-

cle suspensions could be concentrated approximately
100-fold (up to 1 mg mL�1) with no noticeable precipi-
tation. Furthermore, when concentrated solutions were
transferred into water by dialysis, no visible precipita-
tion of nanoparticles was noted during the process. This
result is significant, as the strong ionic interactions be-
tween metal nanoparticles normally make it difficult to
achieve high concentrations of monodispersed and
stable colloids in water.25,26 To further assess the impor-
tance of lysozyme as a surfactant in aqueous solutions,
different molecular weight cutoff (MWCO) membranes
were used during dialysis to either retain (3000 MWCO)
or remove excess and easily diffusible lysozyme (25 000
MWCO) from solutions (preparations designated
Ag�lyso3k and Ag�lyso25k, respectively). In addition, di-
alysis was also completed in water containing an ionic
detergent (sodium dodecyl sulfate, SDS), in efforts to re-
move all the lysozyme before transfer into ultrapure wa-
ter (preparation designated Ag�lysoSDS). After the di-
alysis treatments, lysozyme was detected in each
nanoparticle solution (Figure S2 in Supporting Informa-
tion). ATR FTIR spectrum of the Ag�lyso25k prepara-
tions confirmed that lysozyme remained adsorbed to
silver nanoparticles when protein was allowed to dif-
fuse through the dialysis tubing, as shown by the char-
acteristic amide I and II vibrations that arose from the
peptide backbone. Even after SDS treatment, lysozyme
was still detected by ATR FTIR, although the spectrum
corresponding to the protein was very weak and illus-
trates that only trace amounts of lysozyme remained in
Ag�lysoSDS preparations. In each aqueous preparation,
the dialysis treatment did not noticeably change the
size of individual nanoparticles (Figure S3 in Support-
ing Information). Visual inspection of nanoparticles in
TEM images show that the nanoparticles in each aque-
ous preparation are similar in shape and size.

In addition to TEM imaging, the size distribution
and polydispersity of the different preparations were
analyzed using DLS (Figure 2). After synthesis, the ma-
jority of the nascent nanoparticles measured 10 nm in
diameter, while a smaller fraction had a larger mean di-
ameter of 62 nm (Ag�lysoas synthesized). The size and vol-
ume distribution remained the same when the prepara-
tions were concentrated in methanol and then diluted
with methanol to restore the original concentration
(Ag�lysomethanol). When Ag�lyso nanoparticles were
concentrated and dialyzed into water, the extent of ag-
glomeration was dependent upon the amount of
lysozyme present in the preparation. In preparations
where lysozyme was retained during dialysis
(Ag�lyso3k), the concentrated nanoparticles appeared
to cluster, forming agglomerates with mean diameters
of 45 and 217 nm (Figure 2). When free lysozyme was
removed during dialysis so that the only lysozyme
present is adsorbed to nanoparticle surfaces
(Ag�lyso25k), particle size distribution was similar to na-
scent particles and those in the concentrated metha-

Figure 2. Nanoparticle size distribution of methanolic and aqueous
Ag�lyso preparations using DLS. Nanoparticles were prepared as
described in the Materials and Methods. Inset: Size distribution of 6
month preparations of Ag�lysomethanol and Ag�lyso25k
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nol suspensions. When preparations were treated to
disassociate the lysoyzme from the nanoparticles
(Ag�lysoSDS), the nanoparticles agglomerated rapidly
and formed large clusters that could not be accurately
measured by DLS (data not shown). As a result,
Ag�lysoSDS preparations were highly unstable and
would not maintain a colloidal suspension. Conversely,
the other aqueous and methanolic preparations would
remain stable in a concentrated form for months with
minimal precipitation, although Ag�lyso3k preparations
would turn cloudy after several weeks. This observa-
tion was consistent with a previous study of lysozyme-
stabilized gold nanoparticles, where it was assumed
that excess lysozyme in nanoparticle preparations
slowly denatures during storage to yield the cloudy ap-
pearance.27 Overall, the concentrated methanolic and
Ag�lyso25k preparations were the most stable prepara-
tions. Even after 6 months of storage at room tempera-
ture, the two preparations retained a consistent mean
size and monodispersity that was comparable to the na-
scent nanoparticles (Figure 2 inset). Hence, these treat-
ments were considered optimal for generating concen-
trated stocks of silver nanoparticles in methanol and in
water.

Surface Potential of Ag�lyso Nanoparticles. The difference
in potential between the colloidal suspension medium
and the surface charge of the particle (measured as the
zeta potential in mV) not only provides a quantitative
value for the overall surface charge of the nanoparticles,
but is also an indicator to predict colloidal stability.28 A
higher absolute zeta potential suggests a greater elec-
trostatic repulsion between particles and, therefore, a
lower incidence of agglomeration and more stable col-
loidal suspension. A value of approximately |30| mV has
been established as a theoretical limit to colloidal stabil-
ity. For example, zeta potential values of �29 and 40
mV have been measured for colloidal silver nanoparti-
cles suspensions that contain the commonly used sur-
factants citrate and cetyltrimethylammonium,
respectively.28,29 As shown in Table 1, zeta potential
measurements of the methanolic and three aqueous
Ag�lyso preparations are consistent with their colloi-
dal stability. The stable Ag�lyso suspensions in metha-
nol and water exhibited zeta potentials above the
threshold for colloidal stability. The Ag�lysoSDS nano-
particles exhibited a weak negative surface charge, due
to the adsorption of anionic SDS molecules on nanopar-

ticle surface. Consistent with its observed colloidal in-
stability, the measured surface potential of Ag�lysoSDS

nanoparticles was well below |30| mV.
Estimation of the Lysozyme Coating Thickness on Ag�lyso25k

Nanoparticles. The thickness of the lysozyme coating on
silver nanoparticles was estimated by comparing the
average nanoparticle diameters independently deter-
mined from DLS and TEM image analysis. Due to the re-
lationship between particle size and its speed of Brown-
ian motion (i.e., Stokes�Einstein law), DLS can
accurately measure the complete dimension of a nano-
particle in well-dispersed colloidal solutions through
fluctuations in light scattering intensity. Alternatively,
TEM will only image silver and will render the lysozyme
component of nanoparticle nearly transparent. As a re-
sult, the difference between these two diameter calcu-
lations should equal the thickness of a protein coat on
the nanoparticle surface. After measuring over two hun-
dred particles in four separate TEM images of
Ag�lyso25k preparations, the mean diameter was deter-
mined to be 8 � 3 nm (size distribution histogram can
be found in Supporting Information, Figure S4). As
shown in Figure 2, the size distribution mean of the ma-
jority of the nanoparticles was 14 � 4 nm. Curiously,
the difference in mean diameters calculated by DLS and
from TEM images matches the thickness of a protein
monolayer on the silver nanoparticle surfaces. The di-
mensions of lysozyme are 3.0 � 3.0 � 4.5 nm and a pro-
tein monolayer on the nanoparticle would be two times
the diameter of lysozyme or approximately 6 nm.30 Ac-
cordingly, the estimated layer thickness based on DLS
and TEM differences should be viewed with some scru-
tiny, owing to considerable differences in measuring
methods and the very small disparity between the di-
ameters. However, the result is consistent with another
study that also concluded lysozyme forms an adsorbed
monolayer on the surface of gold nanoparticles.27 In ad-
dition, all but one nanoparticle were found in TEM im-
ages to be �20 nm in diameter, suggesting the large
mean peak area observed in DLS size distributions of
Ag�lyso25k preparations are clusters of nanoparticles
and not single nanoparticles of a larger diameter. Taken
together, the results suggest lysozyme forms a tightly
associated monolayer on nanoparticle surfaces, which
is responsible for inhibiting further Ostwald ripening
and providing a lasting monodispersity to colloidal
solutions.

Effect of Silver Nanoparticle Synthesis on Lysozyme. The na-
tive hydrolytic activity of lysozyme was not inhibited af-
ter mixing with silver ions in methanol and after nano-
particle formation (Table 2). Enzyme activity was
confirmed by the hydrolysis of the synthetic mem-
brane mimic, p-nitrophenyl penta-N-acetyl-�-
chitopentaoside. Hydrolase activity did not decrease af-
ter mixing with silver ions and methanol and after
nanoparticle formation. According to previous reports,
lysozyme is partially denatured in organic solvents and

TABLE 1. Surface Charge of Silver Nanoparticle
Preparations in Solution

preparationa Ag�lyso
methanol

Ag�lyso
25k

Ag�lyso
3k

Ag�lyso
SDS

surface chargeb �31 �38 �36 �7
s.d. �2 �2 �1 �1

aAfter synthesis, Ag�lyso nanoparticles were either concentrated 100-fold in
methanol (Ag�lyso methanol) or prepared as stated in Materials and Methods.
bMeasured as the zeta potential (mV); s.d. � standard deviation.
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dissolution in methanol will alter the tertiary structure

of the protein.31 In addition, silver ions are known to

bind nonspecifically to proteins by interacting with

many different amino acid side groups.6,32 In many

cases, these interactions will inhibit enzyme activity

and denature the protein. While the assay conditions

could not confirm that lysozyme was active in the pres-

ence of high silver concentrations and methanolic solu-

tions (preparations were diluted 1000-fold into activity

assay buffer), the results show that exposure to silver

ions, initial dissolution into methanolic solutions, and

subsequent synthesis of silver nanoparticles do not irre-

versibly denature the protein.

Antimicrobial Activity of Ag�lyso Nanoparticles. The silver

nanoparticles exhibited antimicrobial activity against

three representative bacterial strains and one fungal

strain (Table 3). In all assays, Ag�lyso preparations were

comparable, if not superior biostatic agents to silver ac-

etate. Under our conditions, lysozyme alone had no ef-

fect on any of these strains when it was used as the sole

antimicrobial agent. Silver acetate exhibited potency

that approached that of the Ag�lyso nanoparticles,
which suggested that silver plays a determinant role in
the antimicrobial mechanism of the nanoparticles. The
dialysis procedures intended to remove unassociated
lysozyme did not substantially alter the effectiveness of
the Ag�lyso preparations toward the bacterial strains.
Each Ag�lyso suspension was comparable as an antibi-
otic, even though the amount of lysozyme, surface
charge, and their degree of agglomeration varied be-
tween the preparations. Overall, there was no clear cor-
relation between the measured potency of the silver
nanoparticles and the effective size of the particles in
solution or their surface charge. Comparable activity
was unexpected, because previous work by others
showed that particle size and rate of agglomeration af-
fected potency.5,33,34 One possible explanation is that
the size and agglomeration measurements completed
on the Ag�lyso preparations do not reflect the disper-
sity of the nanoparticles in the assay. Once diluted into
assay buffer, physical characteristics of the nanoparti-
cles are influenced by cellular interactions and the cul-
ture media. Alternatively, the dialysis treatment re-
vealed a subtle difference in assays using C. albicans as
the test strain, where removal of lysozyme from the
nanoparticles improved the biostatic properties. The
differences in MIC values between the Ag�lyso prepa-
rations in C. albicans assays may be influenced by a
combination of factors, including structural composi-
tion, adsorption properties, electrostatic forces and/or
enzymatic properties of yeast cell surfaces. One, or a
combination of the differences, may have reduced the
effectiveness of coated silver nanoparticles against C. al-
bicans compared to the bacterial strains.

The effect of Ag�lyso nanoparticles on the B. an-
thracis Sterne strains was visualized using AFM (Figure
3). After a 2.5 h incubation in the presence of nanopar-
ticles, weakened and partially destroyed cell envelopes
were apparent when compared to the intact chains of
cells evident in control samples. Cells exposed to nano-
particles were also noticeably aggregated in the im-
ages, where chains of cells had laterally adsorbed to
each other. This type and degree of aggregation was
abundant with treated cells and rarely seen in AFM and
light microscope images of normal cells. Upon closer in-
spection of the image, treated cell surfaces appear to
be covered in spherical protrusions that correspond to
the sizes of Ag�lyso nanoparticles. Adsorption of silver
nanoparticles to cell membranes was expected and
most likely promoted the lateral adsorption of multiple
cell chains. Cell surfaces of untreated and treated cells
were scanned at a higher resolution and amplitude er-
ror images were obtained to show relative roughness.
Treated cell surfaces were mottled with spherical aggre-
gates that corresponded to the approximate size of
Ag�lyso nanoparticles. In contrast, the surfaces of un-
treated cells were relatively smooth and appeared
structurally intact. Overall, the images are consistent

TABLE 2. Effect of Silver on Hydrolytic Activity of
Lysozyme

solution
componentsa lysozyme

Ag� and
lyso dark

Ag�lyso
light

Ag�

relative activityb 0.115 0.146 0.119 0.001
s.d. �0.006 �0.005 �0.01 �0.001

aPreparations consisted of the following: 5 mg mL�1 lysozyme (lysozyme); 5 mg
mL�1 lysozyme and 0.5 mM silver acetate in 50% methanol incubated at room tem-
perature for 16 h in the absence and presence of light (Ag� and lyso dark and
Ag�lyso light, respectively); 0.5 mM silver acetate in 50% methanol (Ag�); s.d.
� standard deviation. See Materials and Methods for more details. bActivity of
lysozyme was determined colorimetrically by hydrolysis of the synthetic membrane
mimic p-nitrophenyl �-glycoside of N-acetylchitooligosaccharide as previously re-
ported.48 Stock solutions were diluted 1000-fold into assay buffer before analysis.
Activity rates were measured in 	Abs405nm h�1.

TABLE 3. Minimum Inhibitory Concentrations (MIC) of
Ag�lyso Preparations

preparationa Ag�lyso
3k

Ag�lyso
25k

Ag�lyso
SDS

Ag� lysozyme

E. coli, ATCC 25922 3.5b 1.7 2.5 5.6 
1000
s.d. �1.1 �0.7 �0 �2.1 �0

S. aureus, ATCC 25923 3.9 1.9 2.9 20 
1000
s.d. �0.9 �0.6 �1.7 �11 �0

B. anthracis,
Sterne strain 34F2

7.7 3.0 7.5 39 
1000

s.d. �1.7 �1.1 �6.7 �25 �0

C. albicans,
ATCC 10231

25 19 4.1 89 
1000

s.d. �22 �24 �1.2 �35 �0

aAg�lyso preparations are as described in Materials and Methods. Freshly pre-
pared stock solutions of 3.6 mg mL�1 silver acetate in water (Ag�) and 10 mg mL�1

lysozyme in water (lysozyme) were also used in assays; s.d. � standard deviation.
bConcentrations are �g mL�1.
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with nanoparticle adsorption
and destruction to cellular
membranes in the presence
of Ag�lyso25k preparations.

Surprisingly, Ag�lyso25k

nanoparticles demonstrated a
significantly lower minimum
inhibitory concentration over
silver acetate against silver-
resistant strains of P. mirabilis
(LST149 and LST169A) and a
recombinant E. coli strain (J53)
containing the antibiotic- and
heavy metal-resistant plasmid
pMG101 (Table 4). These
strains are normally highly re-
sistant to Ag�, yet, when ex-
posed to Ag�lyso25k prepara-
tions, the composite
nanoparticles inhibited
growth at concentrations
comparable to the silver-
sensitive strains listed in
Tables 3 and 4. In addition,
J53(pMG101) was shown to
be sensitive to lysozyme alone

(MIC � 63 �g mL�1), compared to strain J53 without

the silver-resistance plasmid. This is an interesting re-

sult, as it demonstrated sensitivity to lysozyme when

the plasmid is present in the strain. While these prelimi-

nary results do not unequivocally show that silver resis-

tance confers lysozyme sensitivity, it does raise ques-

tions to whether the antibiotic resistance mechanisms

encoded on pMG101 significantly alter cellular proper-

ties to the extent that pathogens harboring this plasmid

would be vulnerable to other antibiotic treatments. Fur-

ther discussion on this topic is included in the Conclu-

sions section.

Toxicology of Ag�lyso25k Nanoparticles. Results from in

vitro tissue culture assays revealed that the nanoparti-

cle composite material caused no measurable toxico-

logical effect against mammalian cells at concentrations

necessary to inhibit bacterial growth. A human epider-

mal keratinocyte cell line (HaCaT) was chosen based on

its relevance to numerous consumer products that in-

corporate silver as antimicrobial agents and come into

close contact with the skin (e.g., wound dressings, skin

sanitizers, and textiles).1 Ag�lyso25k nanoparticles were

incubated with the cells and mitochondrial function

was measured to determine viability following expo-

sure (Figure 4). The results demonstrated there was no

significant difference in the viability between control

cells and cells treated with up to 25 �g mL�1 nanopar-

ticles. At higher silver concentrations, cell viability

dropped to 30% of the untreated control. The MIC re-

quired to kill most of the microbial strains used in this

study were below concentrations that are toxic to
HaCaT cells (Tables 3 and 4).

The results support the potential therapeutic appli-
cation of the Ag�lyso nanoparticles over conventional
nanoparticle preparations. Previous studies reported
that commercially prepared silver nanoparticles caused
significant effects in mitochondrial function at concen-
trations below 25 �g mL�1.35�37 The comparative de-
crease in toxicity of Ag�lyso25k nanoparticles was simi-

Figure 3. AFM composite images of B. anthracis strain Sterne before and after exposure to Ag�lyso
nanoparticles. Untreated B. anthracis cells are shown in inset (top left) and cells after 2.5 h incubation
with Ag�lyso nanoparticles are shown in the larger image on left. Height from base (black) to top of
cell (white) is approximately 500 nm. AFM amplitude error images showing cell surfaces of untreated
cells (top, cell surface is shown in upper region of image) and after exposure to Ag�lyso nanoparticles
(bottom) are shown on the right.

TABLE 4. Minimum Inhibitory Concentrations of Ag�lyso
Nanoparticles against Silver-Resistant Bacterial Strains

Preparationa Ag�lyso 25k Ag� lysozyme

J53b 0.8c 11 
1000
s.d. �0.6 �5.1 �0

J53(pMG101) 2.6 
1000 63
s.d. �1.0 �0 �0

P. mirabilis, ATCC 29906 1.7 1.8 
1000
s.d. �1.0 �0.8 �0

LST149d 8.4 
1000 
1000
s.d. �2.2 �0 �0

LST169Ad 2.2 
1000 
1000
s.d. �1.4 �0 �0

aAg�lyso25k was prepared as described in Materials and Methods. Freshly pre-
pared stock solutions of 3.6 mg mL�1 silver acetate in water (Ag�) and 10 mg mL�1

lysozyme in water (lysozyme) were also used in assays; s.d. � standard deviation.
bE. coli strain J53, with and without silver resistance plasmid, pMG101. See text for
source and description. cConcentrations are �g mL�1. dP. mirabilis heavy metal re-
sistance strains. See text for source and description.
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lar to that also measured for polysaccharide-coated

silver nanoparticles over commercially prepared silver

nanoparticles.37 In another study, starch-coated silver

nanoparticles also did not affect viability of human lung

fibroblast cells at or below 25 �g mL�1 in a 24 h time

period.38 An increase in reactive oxygen species was

observed at 25 �g mL�1, well as some evidence of DNA

damage, although lower concentrations of silver nano-

particles were not tested for these particular assays.

Overall, the initial results reported here are promising,

but additional toxicological assays are needed to under-

stand the full effect of the composite to human health.

CONCLUSIONS
A comprehensive series of morphological and elec-

trostatic measurements on the Ag�lyso preparations

revealed a set of physical and chemical properties,

which provided insight to the formation of the biocom-

posite material (Figure 5). On the basis of the observa-

tions, we propose that lysozyme takes on a unique am-

phipathic form in methanol that permits silver

reduction and directs nanoparticle formation to yield

stable silver colloids. In methanol, protein conformation

will undoubtedly be different than proteins in aqueous

solvents. Though the specific mechanism by which

lysozyme is able to reduce silver remains a mystery,

one hypothesis is that the altered structure contrib-

utes to the synthesis of stable and monodispersed col-

loids. Silver reduction occurs when the reaction is com-

pleted with lysozyme in water (as shown by the

aggregated, brown-gray product), but the product

readily precipitated from solution and never formed a

colloidal suspension. This is consistent with previous re-

ports that show stable and monodispersed suspen-

sions of metal nanoparticles are difficult to achieve with

aqueous-based synthesis, because water facilitates

strong ionic interactions between forming particles.25

The hydrophobicity of methanol is a major factor in sta-
bilizing silver colloids by reducing nanoparticle adsorp-
tion and agglomeration, but why then is colloidal stabil-
ity retained to such a high degree after dialysis into
water? The unique complex that forms between
lysozyme and silver in methanol must be crucial to col-
loidal stability of the suspension after transfer into wa-
ter. It is known that dissolution of lysozyme in solutions
of �50% methanol causes partial denaturation of the
protein, leading to a unique globular state.31 It is plau-
sible that the rearrangement in tertiary structure ex-
poses additional hydrophobic residues to the solvent
that are normally packed within the protein core un-
der aqueous conditions. Lysozyme is also a highly cat-
ionic protein and, in a globular state, the protein would
take on a new cationic and amphiphilic form. In this
uniquely amphipathic state, the lysozyme coating on
the particle may impose a positive-positive charged-
induced and/or a hydrophobic-induced repulsion be-
tween nanoparticles. Hence, the altered protein confor-
mation may enhance the surfactant properties of
lysozyme in methanol. After solvent exchange with wa-
ter, interactions between the protein and the nanopar-
ticle may be stabilizing the unique form of lysozyme
and the protein continues to act as a surfactant in aque-
ous conditions.

In most cases, perturbation of native protein struc-
ture will lead to inactivation of enzyme activity. Dissolu-
tion into organic solvents and exposure to ionized
heavy metals are certain ways to denature, precipitate,
and inactivate most proteins. Here, lysozyme is an ex-
ception, where the protein retains hydrolytic activity af-
ter exposure to methanol and silver ions and after
nanoparticle synthesis. The anomaly can be explained
by at least two possibilities. First, the altered structure
that allows lysozyme to function as a surfactant may not
affect enzymatic activity. In its native conformation,
lysozyme is highly amphiphilic and contains a patch-
work distribution of cationic and hydrophobic residues
over the solvent accessible surface.39 These characteris-
tics may largely contribute to the surfactant properties
of lysozyme and the altered structure imposed by
methanol may be minimal and not affect the catalytic
active site. Conversely, studies on methanol-induced
lysozyme transitions have demonstrated distinctly dif-
ferent secondary and tertiary conformation in methan-
olic solutions, which likely inactivates activity.31,40 A sec-
ond possibility is more plausible and is based on
refolding characteristics of lysozyme. Used in numer-
ous kinetic folding assays, lysozyme has been shown to
denature and refold under a variety of conditions with
100% retention of activity.41 Solvent-induced transi-
tions will disrupt secondary and tertiary structure, but
the protein rapidly refolds back to it native state after
dissolution in aqueous media. If the methanolic form of
lysozyme is inactive, dilution into the aqueous buffer
may cause lysozyme to partially or completely revert to

Figure 4. Viability of HaCaT cells treated with Ag�lyso25k nanoparticles.
Cell proliferation was determined by measuring metabolic activity of cell
cultures after 24 h incubation with nanoparticles and compared against
non-nanoparticle control cultures. The asterisk (*) denotes significance
compared to control values (p < 0.05).
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its native conformation and act
as a hydrolase (as demonstrated
in our enzymatic activity assays),
yet still remain adsorbed to nano-
particle surfaces and retain effec-
tive surfactant properties. Unfor-
tunately, the hydrolytic assay
requires aqueous buffer and the
activity of the methanolic form of
lysozyme cannot be tested un-
der the experimental conditions.
Determination of lysozyme struc-
ture in Ag�lyso preparations by
NMR would be advantageous to
better elucidate the unique
structure�function relationships
of the enzyme in methanol.

The amount of lysozyme in
the aqueous preparations further
influences colloidal stability.
When excess lysozyme was re-
tained after dialysis (Ag�lyso3k),
soluble protein may have re-
verted back to its native confor-
mation and caused nanoparticles to agglomerate, but
not to a degree that overcame colloidal stability. In the
native form, the free protein acted as a “glue” to form
large clusters of nanoparticles, as shown by the in-
creased size distributions using DLS. Once this glue
was removed from solution after dialysis (Ag�lyso25k),
the lysozyme remaining on nanoparticle surfaces re-
tained surfactant properties and the preparations were
concentrated, stored, and reused at a wide range of
concentrations in water without altering the physical
properties of nanoparticles. Under our conditions,
lysozyme is required for colloidal stability and acted as
a better stabilizer than SDS. Once the majority of
lysozyme was removed from the preparation and re-
placed with SDS, preparations became unstable and
nanoparticles agglomerated and precipitated.

Ag�lyso nanoparticles inhibited growth of the se-
lected microorganisms and were highly effective
against silver-resistant bacterial strains. The findings
are particularly relevant to the rise of antibiotic-resistant
pathogens in health care, because the silver-resistant
strains chosen in our study are representative of bacte-
ria that cause persistent infections in hospitals and have
also acquired antibiotic resistance through natural se-
lection. E. coli and P. mirabilis are frequent etiologic
agents in catheter-associated urinary tract infections,
which are the most common type of nosocomial infec-
tions in hospitals and nursing homes.42 The heavy
metal-resistant strains LST149 and LST169A are mem-
bers of the Primate Amalgam Collection, which is a col-
lection of fecal bacteria isolates that acquired heavy
metal and multiple antibiotic resistance through the se-
lective enrichment of mobile genetic elements in the

oral and intestinal microflora of primates with mercury-

and silver-containing dental amalgam fillings.43,44 The

plasmid pMG101, originally isolated from a Salmonella

typhimurium strain that killed several patients in a hos-

pital burn ward, confers heavy metal resistance as well

as multiple antibiotic resistance to a variety of bacterial

strains.45 These strains represent an emerging threat

where mobile genetic elements that confer antibiotic

resistance are proliferating in the microflora of humans

and in health care environment through natural

selection.1,46 Currently, the biocidal mechanism of

Ag�lyso nanoparticles against the LST strains is un-

known, but a hypothesis can be derived from the

unique sensitivity observed with J53(pMG101), be-

cause the genotype and method of antibiotic resis-

tance is known for this strain. The plasmid encodes for

a system of membrane-bound proteins that function

collectively as heavy metal efflux pumps.47 Production

of these proteins may alter the cellular membrane so

that it is more susceptible to lysozyme activity. Thus, the

combined action of lysozyme and silver may overcome

silver-resistance mechanisms to effectively inhibit

growth of the strain. If this is true, then Ag�lyso prepa-

rations will limit further dissemination of silver resis-

tance among pathogenic microorganisms in the envi-

ronment by blocking the selective enrichment of

resistant organisms. Overall, the results presented here

are preliminary and additional studies are necessary to

further understand the mechanism of silver and

lysozyme susceptibility among antibiotic resistant

strains.

The use of lysozyme in silver nanoparticle forma-

tion offers several advantages over many inorganic syn-

Figure 5. Proposed mechanism of Ag�lyso nanoparticle formation.
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thesis reactions. The process offers a simple, inexpen-
sive, and passive method to generate large amounts of
stable silver colloids. Biological routes of nanoparticle
synthesis are of increasing interest as they tend to be
less energy-intensive and more environmentally
friendly than conventional synthetic methods. Hen
egg white lysozyme is widely used in food processing
and preservation, and its use as the reducing agent
and surfactant for silver nanoparticle preparation is a
new advance for the development and subsequent
transition of Ag�lyso preparations to applications in
these types of industries where either lysozyme or
silver is already prevalent. By and large, the rise of

multiple antibiotic resistant bacterial strains drives
a continuous search for novel antimicrobial agents
and new methods to inhibit bacterial growth. The ul-
timate goal is to develop a potent, safe, cost-
effective, easily synthesized and readily available al-
ternative to conventional antibiotics that are becom-
ing ineffective against multiresistant pathogens at
an alarming pace. The bioinorganic composites pre-
sented here represent an alternative material that
addresses issues in the application of silver nanopar-
ticles for aseptic and therapeutic use and will hope-
fully help reduce the propagation of antibiotic-
resistance pathogens in the future.

MATERIALS AND METHODS
Reagents and Chemicals. Hen egg white lysozyme (�95%,

�50 000 units/mg protein) and silver (I) acetate (99.99%) were
obtained from Sigma-Aldrich (St. Louis, MO). p-Nitrophenyl-
penta-N-acetyl-�-chitopentaoside (PNP-(GlcNAc)5) was synthe-
sized by Seikagaku Corp., (Tokyo, Japan). Silver nanoparticles av-
eraging 55nm diameter were purchased from Nanotechnologies
Inc. (Austin, TX.) All other chemicals and reagents not specifi-
cally listed were obtained from either Sigma-Aldrich or through
Fisher Scientific (Pittsburgh, PA) and were of the highest purity
available.

Synthesis of Ag�lyso Nanoparticles. Lysozyme and silver acetate
were added in excess of their solubility to separate volumes of
100% methanol and stirred for 16 h in the absence of light. Af-
ter mixing, the solutions were centrifuged for 5 min at 5000g to
remove any remaining insoluble material and the supernatants
were mixed together in a series (10:0, 9:1, 8:2,..., 1:9 and 0:10; v:v)
and incubated at room temperature for approximately 4 h on
top of a fluorescent light box (X-ray Film Illuminator, model
1417-1, Spectronics Corp., Westbury, NY). During incubation,
100 �L aliquots of the reaction mixtures were placed in a micro-
titer plate and imaged using a document scanner. After nanopar-
ticles developed, the silver�lysozyme nanoparticle suspensions
were either used immediately or stored at room temperature in
the dark until use. A similar procedure was also completed in wa-
ter using a range of lysozyme and silver acetate concentrations
as described for the methanolic solutions.

For additional physical and chemical analysis, antimicrobial
assays, and toxicological evaluation, a solution of 84 �g mL�1 sil-
ver acetate in methanol was added to a 50 �g mL�1 lysozyme so-
lution in methanol (1:1, v:v) and incubated in the presence of
light for 24 h to induce silver nanoparticle formation (designated
as Ag�lysoas synthesized). Lysozyme was first dissolved in a few
drops of water before mixing with methanol to aid in dissolu-
tion (volume of water was �1% in final preparation). After forma-
tion, the nanoparticle preparations were concentrated approxi-
mately 100-fold in an Amicon stirred cell filtration device
(Millipore Corp., Bedford, MA) using a 30 000 molecular weight
cutoff (MWCO) filter (designated as Ag�lysomethanol). The
silver�lysozyme nanoparticle mixtures were then dialyzed in
the dark against two changes of 4 L deionized water for 24 h in
either 3000 MWCO or 25 000 MWCO dialysis tubing (Spectra/Por
cellulose ester, Spectrum Medical Industries, Houston, TX) and
designated as preparations Ag�lyso3k and Ag�lyso25k, respec-
tively. Dialysis was completed in order to remove the methanol
and impurities from the Ag�lyso suspensions. Dialysis in 25 000
MWCO tubing was also completed to remove protein that was
not associated with the silver nanoparticles. An additional prepa-
ration was synthesized as above and treated with the intention
to strip away any lysozyme that is not tightly associated to the
nanoparticles. Following synthesis, preparations were trans-
ferred to 25 000 MWCO dialysis tubing and then dialyzed against
two changes of 5% sodium dodecyl sulfate (SDS, 4 L) for 48 h
and then in two changes of water (4 L) for 48 h (preparations des-

ignated as Ag�lysoSDS). Final aqueous preparations were main-
tained at room temperature and in the dark until use. The con-
centration of silver in saturated methanol solutions and in each
nanoparticle preparation was determined using inductively
coupled plasma-optical emission spectrometry at the Chemical
Analysis Laboratory, University of Georgia (Athens, GA). Concen-
tration of saturated lysozyme in methanol was determined us-
ing a spectrophotometer to measure absorbance at 280 nm and
comparison to absorbance of known standards in methanol.

Ag�lyso Nanoparticle Characterization. Spectroscopic analysis
was accomplished using a Cary 3E spectrophotometer (Varian
Inc., Palo Alto, CA) with 0.5 mL quartz cuvettes. TEM was com-
pleted using a 100 CX II electron microscope from JEOL Ltd. (To-
kyo, Japan). Nanoparticle diameters calculated from TEM im-
ages were completed using ImageJ processing and analysis
software (version 1.38, National Institutes of Health, USA). Nano-
particle size and surface charge measurements were deter-
mined using a Zetasizer nano CZ90 (Malvern Instruments Ltd.,
Worchestershire, UK). Size was measured by dynamic light scat-
tering (detector angle: 90°) using a 633 nm wavelength laser and
the following refractive index (�i) and viscosity (�, in cP) values:
particle �i � 0.54; methanol, �i � 1.326, � � 0.5476; water, �i �
1.330, � � 0.8872. Surface charge was measured by electro-
phoretic mobility coupled with laser Doppler velocimetry and
calculated as the zeta potential using the Smoluchowski
equation:

zeta ) Uη ⁄ ε

where zeta is the zeta potential, U is the electrophoretic mobility,
� is the medium viscosity, and 
 is the dielectric constant.
Analysis was completed at 25 °C and each reported
measurement is an average of at least six independent samples
and between 12 and 20 measurements of each sample.
Attenuated Total Reflectance Fourier Transform-Infrared
Spectroscopy (ATR FTIR) was performed using a Nicolet FTIR 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, Ag�lyso preparations were
centrifuged at 14000g for 20 min and supernatants were
removed to concentrate the nanoparticles. For ATR FTIR of
lysozyme, 10 �L of a lysozyme stock powder slurry in methanol
was dried on the instrument crystal before measurement.
Hydrolase activity of lysozyme in lyso�Ag preparations was
determined colorimetrically by using the substrate (PNP-
(GlcNAc)5), as previously described.48 For these activity assays,
lysozyme�silver nanoparticles were made using 5 mg mL�1

lysozyme, and the synthesis reaction was completed in 50%
methanol. Methanol interferes with the hydrolytic assay and the
increased lysozyme concentration and lower methanol content
allowed for measurable activity within the limits of the assay after
a necessary 1000-fold dilution into the activity assay buffer.
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Antimicrobial Activity Assays. The following strains used in the an-
timicrobial assays were obtained from American type Culture
Collection (ATCC, Manassas, VA): Escherichia coli (ATCC 25922),
Staphylococcus aureus (ATCC 25923) and Candida albicans (ATCC
10231). Bacillus anthracis Sterne strain 34F2 was isolated from a
veterinary vaccine culture, supplied by Colorado Serum Com-
pany, Denver, CO.49 E. coli strains J53 and J53(pMG101) and P.
mirabilis strains LST149 and LST169A were gifts from Dr. Anne
O. Summers at the Microbiology Department, University of Geor-
gia, Athens, GA. Luria�Bertani and yeast mold media were used
to grow silver-sensitive bacterial strains and C. albicans, respec-
tively, in liquid and on solid media plates (plates contained 1%
agarose) (Difco Laboratories, Sparks, MD). Luria�Bertani media
was also used to grow silver-resistant bacteria strains, except
NaCl was omitted and the media was supplemented with either
100 mg L�1 silver acetate for the LST strains or 100 mg L�1 ampi-
cillin for J53(pMG101) to maintain silver resistance phenotypes.
Antimicrobial assays to determine MIC values were completed
according to the broth microdilution method.50 Actively grow-
ing cultures (log phase growth) were diluted into fresh
Mueller�Hinton media (Difco) to a concentration of 105 cells
mL�1. Initial viable cell counts were confirmed by growing serial
dilutions of cultures on solid growth media. The cell suspensions
were dispensed into a polypropylene 96-well microtiter plate
(50 �L per well). Dilutions of the Ag�lyso preparations were
then added to each well (50 �L) and incubated for 24 h at 37
°C. The microtiter plates were gently agitated during incubation
using a rotary tabletop shaker (100 rpm). The MIC was recorded
as the lowest concentration of silver in which no visible growth
could be observed. Standard deviations in the results section
represent at least three independent assays and each assay was
completed in triplicate.

Atomic force microscopic (AFM) images of B. anthracis cul-
tures incubated with and without Ag�lyso25k nanoparticles
were obtained using a Nanoscope V, equipped with a Multi-
mode V scanning probe microscope and a PicoForce stage
(Veeco Instruments Inc., Woodbury, NY). Cells were grown as de-
scribed above either containing a concentration of Ag�lyso
nanoparticles at the MIC or with no nanoparticles. A few microli-
ters of each cell culture were spread onto 5 mm square silicon
wafers and dried at 37 °C for 5 min before imaging in tapping
mode, using an etched phosphorus (n) doped silicon cantilever
probe (type RTESP, Veeco). For pictures of whole cells, amplitude
images showing topography and amplitude error images, which
enhance cell surface edges, were overlaid to form a composite
image using Photoshop CS2 by Adobe Systems Inc. (San Jose,
CA). The enhanced images are subjective and show topography
while able to outline fine detail simultaneously.

Cytotoxicity Assays. The cytotoxicity of silver nanoparticles was
measured by monitoring the number of viable human kerati-
nocyte cells after incubation in the presence of Ag�lyso25k

preparations. The human epidermal keratinocyte cell line
(HaCaT) was generously donated by the Army Research Labora-
tory.51 Cells were cultured in a flask with RPMI-1640 media
(ATCC) supplemented with 10% fetal bovine serum (ATCC) and
1% penicillin/streptomycin (Sigma) and incubated at 37 °C in a
humidified incubator with 5% CO2. For the cytotoxicity assays,
cells were added to 96 well plates (5 � 103 cells per well) and in-
cubated at 37 °C with 5% CO2 for 48 h until approximately 80%
confluent. The same media was used as described above except
serum was not added to the cultures. After reaching conflu-
ency, cells were treated with various concentrations of
Ag�lyso25k and allowed to incubate an additional 24 h. The ad-
dition of water to cells served as negative controls. After 24 h the
Ag�lyso nanoparticles were removed from the wells and the
cells were washed three times with phosphate-buffered saline
(PBS) to remove residual nanoparticles. To determine the viabil-
ity of cells in each well, metabolic activity was measured using
the CellTiter 96 AQueous One Solution Assay (Promega, Madi-
son, WI) according to the manufacturer’s instructions. Culture
media (100 �L) was added back to each well containing washed
cells, followed by 20 �L of the AQueous One Solution reagent.
After 3 h incubation, the absorbance was measured at 490 nm
with a standard microplate reader (SpectraMAX GeminiXS, Mo-
lecular Devices, Sunnyvale, CA). Each experiment was done in

triplicate. The relative cell viability (%) related to control wells
containing cell culture medium without nanoparticles or PBS as
a vehicle was calculated by [A]test/[A]control multiplied by 100,
where [A]test is the absorbance of the test sample and [A]control is
the absorbance of control sample. All experiments were done in
triplicate and the results from three different batches of
Ag�lyso25k nanoparticles were averaged to give an overall as-
sessment of toxicity. The experimental data were analyzed by
Student’s t test, and statistical significance was defined as p �
0.05.
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