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Silver and Gold-Silver Nanoparticles Can Serve as 
Potential Protease Inhibitors for Staphylococcus 

aureus and Serratia marcescens Hydrolytic Enzymes

Introduction
Bacterial pathogens S. aureus (gram-positive cocci) and S. mar-

cescens (gram-negative rods) are both opportunistic pathogens 
which invoke damage in susceptible and immunocompromised 
hosts [1-5]. These pathogens, and others, produce weapons called 
virulence factors that can cause various physiological complications 
in the host. Such host-damaging virulence factors include proteases 
or hydrolytic enzymes [6-10]. The proteases are enzymes capable 
of degrading or cleaving susceptible substrates present on host tis-
sues and immune components. S. aureus produces many proteases 
including metalloproteases, serine proteases, and cysteine proteas 

 
es. Some specific proteases include staphopain B (SspB), stapho-
pain A (ScpA), aureolysin, and V8 protease (among others) [6-10]. 
The staphopains can modulate the immune system and destroy 
tissues. Aureolysin and V8 protease can also evade the immune 
defenses [4]. Non-protease virulence factors produced by S. aureus 
include hemolysins, toxic shock syndrome toxin 1, enterotoxins, 
exotoxins and coagulase (and others). S. marcescens also produce 
several proteases including serralysin and metalloproteases which 
too can damage host tissues and evade host immune defenses [8-
10]. It is important that we find ways to modulate or regulate the 
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Abstract 
Staphylococcus aureus and Serratia marcescens are bacterial opportunistic pathogens. Their infections can range from mild and local to systemic 

and life-threatening. It is imperative to identify ways of reducing the virulence potential of these pathogens. Proteases of S. aureus and S. marcescens 
can destroy host tissues and evade host immune defenses. Reducing the function of the toxins and/or proteolytic enzymes of these pathogens may be 
a potential strategy of reducing pathogenicity. Silver and other ions have been used as an antimicrobial agent for years, but its effect on S. aureus and 
S. marcescens proteolytic enzyme function has not been evaluated. The hypothesis of this study is that silver-based monometallic and/or bimetallic 
silver-gold nanoparticles can inhibit the proteolytic enzyme function of S. aureus and S. marcescens through interference with enzymatic structure.  
To test the hypothesis, experimental procedures were used including synthesis of silver nanoparticles (AgNP) and gold-silver nanoparticles (Ag-
AuNP), bacterial culture fractionation, spectrometry, and protease/peptidase assays.  Results show that both monometallic AgNP and bimetallic 
Ag-AuNP can reduce bacterial proteolytic activities in S. aureus and S. marcescens. In conclusion, the findings of this study support the hypothesis 
that monometallic AgNP and bimetallic nanoparticles Au-AgNP can inhibit bacterial enzyme function. Silver and silver-gold nanoparticles may be a 
potential protease inhibitor treatment option that can help treat and prevent complications caused by these pathogens.
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activity and damaging impacts of these microbial proteases. In this 
study, we focused on evaluating the potential role of ion-based 
nanoparticles as bacterial protease inhibitors. Ions like silver (Ag+), 
have been evaluated for antimicrobial properties and have been 
found to be effective at killing microbes [11,12]. However, the role 
of silver to regulate virulence factor function has not been studied. 
Silver (Ag) can interact and possibly disrupt the structure enzyme 
catalytic sites. This study evaluated the role of ion-based nanoparti-
cles on modulating protease activity in S. aureus and S. marcescens.

Material and Methods
Bacterial growth conditions and growth assessment

S. aureus and S. marcescens were grown in Brain Heart Infusion 
(BHI) broth at 37°C for 20-24 hours. Bacterial growth was deter-
mined by using a spectrophotometer at visible wavelength of OD600.

Nanoparticle Synthesis

Silver nanoparticles (AgNP) and silver-gold nanoparticles (Ag-
AuNP) were synthesized similarly to that described by Holden et al 
with some modifications. Briefly, for AgNP synthesis, 0.01M AgNO3 
was placed in a round bottom flask and heated (13).  1% trisodi-
um citrate was added and continued heating with stirring until the 
solution was an amber yellow color. The sample was removed from 
the heat immediately with continued stirring until it cooled to room 
temperature. A sample of the solution was evaluated in the UV-vis 
spec to confirm identity. Characteristic absorbance at 410nm was 
recorded and particles had an average diameter of 32nm as deter-
mined by Dynamic Light Scattering (DLS) spectrophotometry. For 
Ag-AuNP synthesis, a maltose solution was prepared. NH4OH was 
added and pH was adjusted to 10-11 using 1M NaOH. 0.02M AgNO3 
was then added followed by HAuCL4 and 0.1M glutathione (GSH). 
Pluronic F127 triblock copolymer was further added and heated 
to dissolution. Samples were cooled, centrifuged and then resus-
pended in a solution containing 0.1% F127 and 0.001M GSH with 
pH adjusted to about 10. UV-Vis spectrophotometry showed char-
acteristic absorbance at 410nm for Ag and 520nm for Au and the 
particles had an average diameter of 58nm.

Bacterial Fraction Preparation and Peptidase/Protease 
Assay

Whole culture samples of S. aureus and S. marcescens grown in 
BHI to stationary phase were prepared for protease activity assess-
ment. Cell-free (extracellular) and cellular fractions were also pre-
pared after centrifugation to separate the secreted and cell-associ-
ated proteases. Harvested cell fractions were treated with lysozyme 
and/or sonication for lysis. The cellular envelope fraction was then 
separated and collected using centrifugation. Extracellular frac-
tions were harvested by using Vivaspin columns or protein salting 
methods. 100µg of extracellular fractions or cellular fractions were 
used for protease activity assessment in the presence or absence 
of AgNP or Ag-AuNP using the EnzChek Protease/Peptidase Assay 
Kit. Protease assays were done according to the EnzChek Protease/

Peptidase Assay manufacturers recommendations (Life Technolo-
gies). All solutions, substrates, and directions were prepared and 
followed as instructed.  The protease levels were determined by us-
ing a microplate reader. For background interference, nanoparticles 
were also assessed to eliminate background values caused by the 
nanoparticle solution itself. All experiments were done in five inde-
pendent trials, with each trial done in triplicate. Data were plotted 
showing standard error.

Results and Discussion
AgNP on protease activities of whole cultures of S. aureus 
and S. marcescens

Synthesized AgNP were incubated with whole bacterial cultures 
grown to stationary phase. Protease assays show that S. aureus has 
32.9% protease activity in the presence of AgNPs compared to the 
untreated cultures control (Figure 1A). S. marcescens show 25% 
protease activity in the presence of AgNPs compared to the untreat-
ed control (Figure 1B). This supports the hypothesis that ions in the 
AgNP may be interacting with the catalytic active site or inducing a 
conformational change in the enzyme resulting in reduction of ac-
tivity. This will have to be further evaluated.

AgNP and Ag-AuNP impact on extracellular and cellular 
fractions of S. aureus

Synthesized AgNP and Ag-AuNP were incubated with extracel-
lular or cellular bacterial fractions from cultures grown to station-
ary phase. Protease assay experiments show that AgNP reduces S. 
aureus extracellular activity to 11.1% and Ag-AuNP to 5.6% in com-
parison to the untreated control (Figure 2A). Regarding S. aureus 
cellular fractions, AgNP decreases protease activity to 9.1% and Ag-
AuNPs to 4% compared to the untreated control (Figure 2B). AgNP 
causes a great reduction in protease activity in the cellular and ex-
tracellular S. aureus fractions, however, the bimetallic Au-AgNP has 
a greater impact on bacterial protease activity suggesting the dual 
pairing of gold and silver ions can act as a more potent protease 
inhibitor of both the cellular and extracellular fractions. The mech-
anism of interactions are currently being evaluated.

AgNP and Ag-AuNP impact on cell-free and cellular 
fractions of S. marcescens

Synthesized AgNP and Ag-AuNP were incubated with extra-
cellular or cellular bacterial fractions from cultures grown to sta-
tionary phase. Protease assay data show that AgNP can reduce S. 
marcescens extracellular activity to 42% and Aug-AuNP decrease 
protease activity to 34% in comparison to the untreated control 
(Figure 3A). Regarding S. marcescens cellular fractions, AgNP de-
creases protease activity to 81% and Ag-AuNP to 18% compared to 
the untreated control (Figure 3B). Similar to S. aureus protease as-
say studies, the bimetallic Au-AgNP has the greatest impact on pro-
tease activities in S. marcescens. It appears that both monometallic 
AgNP and bimetallic Au-AgNP have the greatest inhibitory effects 
on the extracellular/secreted protease compared to the cell-asso-
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ciated proteases. This may be explained by potential differences in 
posttranslational modifications (i.e. glycosylation) of the cell-as-

sociated proteases in S. marcescens in comparison to the secreted 
proteases. This will be further examined by our lab.

Figure 1: AgNP decreases protease activity in whole cultures of S. aureus and S. marcescens.

Figure 2: AgNP and Ag-AuNP decreases protease activity in culture fractions of S. aureus.

Figure 3: AgNP and Ag-AuNP decreases protease activity in culture fractions of S. marcescens.

Conclusion
The findings of the study support the hypothesis that silver ion-

based nanoparticles can inhibit the protease activity of S. aureus 
and S. marcescens hydrolytic enzymes. This can potentially prevent 
the tissue-damaging effects caused by these virulence factors and 
lead to a reduction in the complications associated with S. aureus 

and S. marcescens infection.
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