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Background: Staphylococcus aureus biofilms pose a unique challenge in healthcare due to
their tolerance to a wide range of antimicrobial agents. The high cost and lengthy timeline to
develop novel therapeutic agents have pushed researchers to investigate the use of nanoma-
terials to deliver antibiofilm agents and target biofilm infections more efficiently. Previous
studies have concentrated on improving the efficacy of antibiotics by deploying nanoparticles
as nanocarriers. However, the dispersal of the extracellular polymeric substance (EPS) matrix
in biofilm-associated infections is also critical to the development of novel nanoparticle-
based therapies.

Methods: This study evaluated the efficacy of enzyme-functionalized mesoporous silica
nanoparticles (MSNs) against methicillin-resistant S. aureus (MRSA) and methicillin-
sensitive S. aureus (MSSA) biofilms. MSNs were functionalized with the enzyme lysosta-
phin, which causes cell lysis of S. aureus bacteria. This was combined with two other
enzyme functionalized MSNs, serrapeptase and DNase I which will degrade protein and
eDNA in the EPS matrix, to enhance eradication of the biofilm. Cell viability after treatment
with enzyme-functionalized MSNs was assessed using a MTT assay and CLSM, while
crystal violet staining was used to assess EPS removal.

Results: The efficacy of all three enzymes against S. aureus cells and biofilms was
significantly improved when they were immobilized onto MSNs. Treatment efficacy was
further enhanced when the three enzymes were used in combination against both MRSA and
MSSA. Regardless of biofilm maturity (24 or 48 h), near-complete dispersal and killing of
MRSA biofilms were observed after treatment with the enzyme-functionalized MSNs.
Disruption of mature MSSA biofilms with a polysaccharide EPS was less efficient, but cell
viability was significantly reduced.

Conclusion: The combination of these three enzymes and their functionalization onto
nanoparticles might extend the therapeutic options for the treatment of S. aureus infections,
particularly those with a biofilm component.
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Introduction

Staphylococcus aureus is a Gram-positive opportunistic pathogen carried by about
20-50% of the human population.' > It is one of the leading causes of both hospital,
and community-acquired infections, ranging from mild skin irritations to life-
threatening diseases such as endocarditis, pneumonia and sepsis.*> Management
of S. aureus infections often involves prolonged therapy with antibiotics such as
beta-lactams, vancomycin, clindamycin or doxycycline. Treatment options are
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complicated by antibiotic resistance,’° as well as biofilms
and subpopulations of persister cells,'®'? both of which
exhibit high tolerance towards conventional antibiotics and
are associated with antibiotic treatment failures and relap-
sing infections. In order to overcome this issue, novel anti-
staphylococcal therapies are required.

The use of enzymes as a treatment for S. aureus biofilm
eradication is an area of research which holds much poten-
tial. Previous studies have used a range of enzymes to treat
biofilms formed by both methicillin-resistant S. aureus
(MRSA) and methicillin-sensitive S. aureus (MSSA)
biofilms;"**'* however, a major issue which has hindered
the development of novel antibiofilm treatments is the
complex composition of the self-produced, extracellular
polymeric substance (EPS) matrix.'> The matrix formed
by MRSA biofilms is primarily composed of proteins and
eDNA, while MSSA biofilm matrices are mainly com-
posed of polysaccharides.'>™'” Therefore, identifying an
enzyme treatment regime that would be effective against
these different biofilm matrices could enable a more rapid
response following the onset of an infection. The use of
nanoparticles (NPs) as carriers of antimicrobial/antibiofilm
agents is an area which has gained much interest over the
last two decades.'”® ' NPs can penetrate the deepest
regions of the biofilm to specifically target cells, proteins
or polysaccharides, thus increasing the local concentration
and shielding the antimicrobial agent from deactivation
within the matrix.>' >

One such agent with significant potential is the lytic
enzyme, lysostaphin, which is derived from
Staphylococcus simulans. This enzyme cleaves the penta-
glycine interbridges of S. aureus peptidoglycan cell wall
undermining cell integrity.?* Lysostaphin is active against
both metabolically inactive and active cells, thus ensuring
its effectiveness against persister cells and biofilm cells
which are often unaffected by antibiotic treatment.®> In
previous tests, lysostaphin was demonstrated to have higher
antimicrobial activity than commonly used antibiotics such
as vancomycin.”® Hogan et al 2017,"* compared the effec-
tiveness of several enzymatic agents against MRSA and
MSSA biofilms and reported that lysostaphin was the
most effective antibacterial agent. Combining this enzyme
with positively charged nanocarriers (such as amine-
functionalized mesoporous silica nanoparticles (MSN5s)),
which have been reported to localize preferentially around
the bacterial cell wall,”! will help to increase the local
concentration of the enzyme and improve the treatment of
S. aureus biofilm infections.>’?° MSNs have been

extensively researched and are one of the most important
porous materials, widely investigated as a drug-carrier,
mainly due to their stable structure, easily functionalisable
surface chemistry, including enzyme immobilization, as
well as increased biocompatibility and safety.?’*°>*
Furthermore, MSNs have also been shown to penetrate to
the deepest regions of biofilm samples and so provide an
attractive candidate for biofilm targeting.>> Lysostaphin has
been shown to target S. aureus bacteria and biofilms effec-
tively; however, their widespread use has been limited due
to the high production cost.*® The biofilm can also inhibit
enzyme treatments through reduced penetration or deacti-
vation in the EPS matrix.? It is hypothesized that loading
the enzyme onto nanoparticles, which are known to localize
and surround bacterial cells?' will increase the enzyme’s
efficacy against biofilm samples. Through immobilization
onto NPs, lysostaphin’s effectiveness may be enhanced
further with targeted delivery to the bacterial cells within
biofilms, thus expanding its therapeutic potential for
S. aureus infections.

The removal of the biofilm EPS matrix is a crucial step
when considering novel antibiofilm treatments. If the matrix
is not removed, it provides an ideal environment for future
bacterial growth and biofilm formation.”*>” The enzymes
DNase I, a-amylase, proteinase K, serrapeptase, plasmin and
dispersin B have all been shown to degrade the biofilm
matrix in different bacteria.'>'**** These enzymes can
act by breaking up the EPS components such as proteins,
polysaccharides, fibrin or eDNA. Targeting eDNA and pro-
tein adhesins present in MRSA biofilms, and to a lesser
extent, MSSA biofilms could have broad activity in different
types of S. aureus infections. eDNA is critical in the devel-
opment of MRSA biofilms and is also known to interact
with poly-N-acetylglucosamine in MSSA biofilms,*’ thus
providing a common target.

Similarly, production of fibrin in S. aureus biofilms via the
activity of coagulase on the abundant host extracellular matrix
glycoprotein fibrinogen represents an important target for
antibiofilm enzymes.'*?'**3? Serrapeptase is a proteolytic

4143 and has

enzyme with the potential to degrade fibrin,
been shown to increase the efficacy of antibiotic agents
when used for the eradication of biofilm-associated
infections.** Artini, 2011, showed that serrapeptase did not
affect the viability of planktonic S. aureus cells, despite being
able to prevent biofilm formation.

In this study, three different enzymes, lysostaphin, serra-
peptase and DNase I, were individually immobilized on the

surface of MSNs, and enzyme-functionalized MSNs were
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combined to develop a novel treatment strategy for MSSA
and MRSA biofilms. Amine-functionalized MSNs were used
as enzyme-carriers, to improve enzyme stability and increase
enzyme penetration in the biofilm and to investigate the
antibacterial and EPS matrix dispersal efficacy of enzyme-
loaded MSNs against MRSA and MSSA biofilms as shown
in Figure 1. The activity of the enzyme-functionalized MSNs
was compared to the free enzymes. The data presented pro-
vides new insights into the development of broad-spectrum
antibiofilm treatments using enzyme functionalized MSNs.

Materials and Methods

Materials

Hexadecyltrimethylammonium bromide (CTAB, 98%), tet-
racthyl orthosilicate (TEOS, 99%), triethanolamine (TEA,
99%), acetic acid,N'-(3-trimethoxysilylpropyl) diethylene-
triamine (DETA), glycerol, tryptic soy agar and tryptic soy
broth (TSB), cell proliferation kit 1 (MTT), NaCl, glucose,
PBS and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich. Ethanol (99.5%) and hydrochloric acid
(HCl, 37%) were obtained from Merck. Crystal Violet
(CV) was purchased from Honeywell Riedel-de-Haén™.
LIVE/DEAD®™ BacLight™ Bacterial Viability Kit was pur-
chased from Life Technologies Carlsbad, California. All

o]
O DETA
0" %

TEOS MSNs
Cell death
Biofilm removal
= S [~

GA* = glutaraldehyde

reagents were used as received without further purification.
Clear 96-well plates were purchased from SARSTEDT,
Germany. Costar” Black 96-well optically clear plates
were purchased from Corning, UK.

Synthesis, Functionalization and Enzyme

Immobilization on MSNs

The synthesis of MSNs was performed using an adapted
Stéber method as previously described.*> The amine-
functionalization of MSNs was carried out using DETA
as the aminated silane precursor as previously
described.?! For the enzyme immobilization, 150 mg of
amine-functionalized MSNs was dispersed in 30 mL of
water using an ultrasonic bath. To this suspension, 1 mL
of glutaraldehyde 50% (v/v) was added, and the mixture
was stirred at room temperature for 3 hours. The
obtained product was washed three times with water
and once with appropriate buffer (sodium acetate, pH
4.5 for lysostaphin and PBS for serrapeptase and
DNase I) using centrifugation (9,000 rpm, 15 min). The
nanoparticles were suspended in the appropriate buffer,
and the enzyme was added; 5 mg of lysostaphin (from
Staphylococcus  simulans,  Sigma  Aldrich)  for

Lys@MSNs, 380 mg of serrapeptase (250 000 SPU per

R GA*
ﬁ/\/N\/\NH >
P
. Enzyme
Amine-MSNs Enzyme@MSNs

Figure | Schematic representing a simplified reaction of MSNs synthesis, surface functionalization with amino groups and enzyme immobilization. It also includes
a representation of the proposed mechanism of action, indicating the biofilm treatment with enzyme-functionalized MSNs led to the cell death and biofilm dispersal.

International Journal of Nanomedicine 2021:16

submit your manuscript

1931

Dove


http://www.dovepress.com
http://www.dovepress.com

Devlin et al

Dove

dose, Arthur Andrew Medical) for Ser@MSNs and
16 mg of DNase I (from bovine pancreas grade II,
Roche) for DN@MSNs. The suspensions were stirred
overnight at room temperature, and then, washed with
corresponding buffers.

MSNs Characterization

Zeta potential of nanoparticles suspension in water (1 mg
mL™") was measured in a folded capillary zeta cell using
a Zetasizer Nano-ZS apparatus (Malvern Instruments). All
measurements were done in triplicates with 15 scans each.
TEM analysis was performed using a FEI Tecnai G2 on
samples dispersed in ethanol and deposited on carbon-
coated copper grids. Average size and size distribution of
nanoparticles were analyzed by Fiji software*® using TEM
images, analyzing a minimum of 150 nanoparticles per
sample. N, adsorption-desorption isotherms were recorded
in a BET Nova 2400e (Quantachrome, UK) apparatus at
77 K under continuous adsorption conditions. Samples
were outgassed at 110 °C for 16 h prior to experiments.
The surface area was obtained by the BET (Brunauer-
Emmett-Teller) analysis. The pore volume and pore size
were obtained using the BJH (Barrett-Joyner-Halenda)
model on adsorption. FT-IR was performed in a Bruker
Vertex 70 Spectrophotometer. Samples in ethanol disper-
sion were deposited onto NaCl FT-IR cards and dried at 70

°C. Spectrum was obtained using a resolution of 4 cm™ ',

64 scans and a spectral window from 4000 to 400 cm .
Dissolution '"H NMR was used to dissolve the MSNs and
obtain a clear spectrum of the surface groups.
Approximately 10-15 mg of MSNs were dissolved in
662 pL of deuterium oxide (D,0O) and 38 pL sodium
deuteroxide (NaOD). The mixture was incubated over-
night at 37 °C under stirring. The spectrum was obtained
in a Varian Inova 300 MHz Spectrometer using 128 scans.
In order to evaluate enzyme immobilization on MSNs, the
enzyme-MSNs suspensions, the supernatant and the wash-
ing solutions were collected and analyzed using the Lowry
assay. To further estimate enzyme immobilization onto
MSNs, thermogravimetric analysis (TGA) was performed
on powder specimen using a Rheometric Scientific STA
1500

Scientific Ltd., Piscataway, New Jersey, USA). Samples

simultaneous  thermal analyzer (Rheometric
were tested in matched platinum/rhodium crucibles in
a flowing nitrogen atmosphere with a flow rate of 50 cm®
min—'. A sample mass of 15 mg= 10 mg and a heating

rate of 10 °C min~' was used for all experiments.

Bacterial Culture

The bacterial strains which were selected for this study
were Methicillin-resistant S. aureus BHICC (MRSA) and
Methicillin-sensitive S. aureus 8325-4 (MSSA). Bacterial
stock cultures were stored in 25% (v/v) glycerol at -80 °C.
These cultures were streaked on Tryptic soy agar plates
and incubated at 37 °C for 24 h. A single bacterial colony
was used to inoculate 50 mL of sterile Tryptic soy broth in
a 250 mL. Erlenmeyer flask and incubated overnight at 37
°C with shaking at 200 rpm. For biofilm formation, the
overnight culture was diluted to a final optical density
(ODgqg) of 0.001.

MIC (Minimum Inhibitory Concentration)
and MBIC (Minimum Biofilm Inhibitory

Concentration) Determination

The antimicrobial and antibiofilm properties of the MSNss,
the enzyme-functionalized MSNs and the free enzymes
were tested against both MRSA and MSSA strains.
Overnight cultures were prepared as described and incu-
bated in a 96-well plate. The enzymes’ antimicrobial and
antibiofilm activity were tested over various concentra-
tions (0.05-500 pg mL™"). The unloaded MSNs were
tested over a concentration range of 0-1000 pg mL .
After incubation for 24 h at 37 °C under static conditions,
the absorbance values (600 nm) of the suspensions were
recorded to determine the MIC using a plate reader
(SpectraMax iD3, Molecular devices). To determine the
MBIC value, the spent culture media was removed, and
the wells were washed three times with sterile water to
remove planktonic cells. Crystal violet (0.1%) was used to
determine biofilm formation. The MBIC was determined
as the lowest concentration where no biofilm formation
was observed.

Biofilm Formation

Biofilms were formed in clear 96-well plates
(SARSTEDT). The MRSA strain BHICC was cultured
in TSB supplemented with 2% glucose to promote biofilm
formation.'” For MSSA biofilm formation, the culture
media was supplemented with 4% NaCl.'® Biofilms were
cultured at 37 °C for 24 and 48 h under static conditions to
assess the difference in activity against early-stage bio-
films and more mature biofilm samples. For 48 h biofilm
formation, the media was changed after 24 h to ensure
optimal culture conditions were maintained.
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Exposure of S. aureus Biofilms to Enzyme
Loaded MSNs and Free Enzymes

To assess the antibiofilm effects of the MSNs, the
enzyme-functionalized MSNs, and free enzymes,
S. aureus biofilms were cultured for 24 h and 48
h under static conditions. Following biofilm formation,
the spent media was removed, and the biofilms were
washed three times with sterile water to remove plank-
tonic cells before being treated with either the enzyme-
loaded MSNs or the free enzymes for 24 h. Following
exposure, the solution was removed, and the biofilms
were washed three times with sterile water to remove
residual nanoparticles or enzymes. To assess bacterial
cell viability after exposure to either the MSNs, the
enzyme-functionalized MSNs, or the free enzymes,
a MTT assay was utilized. Briefly, following the
removal of planktonic cells and residual MSNs, 150
pL of PBS and 50 pL of the MTT solution was added
to each well, and the plate was incubated for 2 h at 37 °
C under static conditions. Following this incubation, the
MTT — PBS solution was removed, and 200 pL of
dimethyl sulfoxide was added to solubilize the MTT
solution, which was metabolized by the live bacterial
cells into an insoluble purple compound (formazan). The
plate was incubated for 15 min at 37 °C under static
conditions before an absorbance reading was taken at
550 nm, iD3,
Molecular Devices) to determine cell viability within

using a plate reader (SpectraMax

the biofilm samples.*”** To assess the EPS matrix
removal activity, biofilms were cultured and exposed
as described above. Following treatment, the biofilms
were washed three times with sterile water to remove
planktonic cells and residual MSNs and enzymes.
Following this, 200 pL of crystal violet (0.1%) was
added to each well, and the plate was incubated at 37
°C for 25 min in the dark under static conditions.
Following this, the crystal violet solution was removed,
and the biofilms were washed at least five times to
remove unbound dye. Acetic acid solution (200 pL at
33%, v/v) was added to each well, and the plate was
once again incubated at 37 °C for 20 mins under static
conditions. Finally, the solubilized dye was transferred
to a new 96-well plate, and absorbance readings (600
nm) were recorded using a plate reader (SpectraMax
iD3, Molecular Devices) to assess EPS matrix removal.
All experiments were carried out in triplicate, with
a minimum of 24 independent replicates per run.

Confocal Laser Scanning Microscopy

To further assess the antibacterial activity of the enzyme-
loaded MSNs, biofilms of MRSA and MSSA were cul-
tured in optically clear bottom 96-well plates (Costar™) for
24 or 48 h under static conditions at 37 °C. Following
biofilm formation, the spent culture solution was removed,
and the biofilms washed three times with sterile water to
remove planktonic cells and spent media. The biofilms
were then exposed to the enzyme-loaded MSNs (0.25,
0.33 and 0.5 mg mL™") and incubated. After 24 h the
MSN solution was removed, and the biofilms were washed
three times with sterile water to remove unbound MSNs.
The biofilms were then stained for 30 min in the dark by
adding a mixture of SYTO 9 (6.0 uM) and propidium
iodide (30 uM) (LIVE/DEAD®™ BacLight™ Bacterial
Viability Kit, Life Technologies, Carlsbad, California,
USA). Biofilm images were acquired with an Olympus
FluoView FV1000 Confocal Laser Scanning Microscope.
SYTO 9 signals were detected using a multi-wavelength
argon laser (excitation wavelength 488 nm and an emis-
sion wavelength range of 500-550 nm). Propidium iodide
signals were detected with a laser wavelength of 561 nm
and an emission range of 675-750 nm.

Statistical Analysis

Statistical significance was determined using a Student’s
t-test (two-tailed) for all experiments. A value of p < 0.05
was considered significant. All experiments were carried
out in triplicate (n = 3). Error bars were identified using
standard error of the mean. All statistical analyses were
performed using Excel (Microsoft Office).

Results and Discussion
Synthesis and Characterization of

Enzyme-Functionalized MSNs

MSNs were prepared using an adapted Stober method.*' The
characteristic porosity was evaluated using the Brunauer-
Emmett-Teller (BET) method (Figure S1(a)) and a typical
type 1V adsorption-desorption isotherm was observed with
a high surface area (1308 m? g'). The capillary condensa-
tion was observed at a relative pressure (P/Py) between 0.4
and 0.5, indicating the presence of mesoporous channels.
The pore size was determined by the Barret-Joyner-Halenda
(BJH) method (Figure S1(b)), with an average pore size of
2.5 nm, and a pore volume of 0.930 cc g . Following MSNs
functionalization with amine groups, FT-IR (Figure S2) and
'"H NMR (Figure S3) characterization was performed to
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confirm the surface functionalization. In the FT-IR spectrum
is possible to observe the Si-O symmetrical (800 cm ') and
asymmetrical (1070 cm ') stretching, characteristic from the
silica core. The C-N stretching (1235 cm') and
N-H bending (1417 cm ') from primary amines and
N-H stretching (3685 cm ') from secondary amines as
well as the alkane stretching bands (2910 and 2987 cm )
indicate that surface functionalization was successful.*’
Dissolution "H NMR helped to confirm surface functionali-
zation further, allowing the assignment of the peaks to the
protons found in the aminated silane DETA, used for the
amine-functionalization.

Herein, four families of MSNs were investigated:

amine-functionalized (amine-MSNSs), lysostaphin-
functionalized @ MSNs  (Lys@MSN),  serrapeptase-
functionalized @ MSNs  (Ser@MSN) and DNase

I-functionalized MSNs (DN@MSN). Representative TEM
images of all synthesized nanoparticles are represented in

A Amine-MSN

C Ser@MSN

Figure 2, whereas the size and surface charge are summar-
ized in Table 1. The synthesized nanoparticles are spherical
with a diameter of approximately 36 nm and have a clear
porous structure. The enzyme functionalization significantly
altered the nanoparticles’ charge and had no significant
impact on nanoparticles size and morphology as seen in
TEM further enzyme-
immobilization onto the MSNs, the protein quantification

images. To evaluate the
by Lowry assay and TGA analysis were both used, and the
results are shown in Table 1. From the TGA data, it was
possible to estimate the number of enzymes immobilized
per MSN. Each enzyme-immobilized nanoparticle had
a different number of enzyme chains immobilized on its
surface, as it would be expected, considering the differences
in the steric hindrance of the enzymes, the number of
amine-groups available for the formation of the covalent
bond with the MSNss surface, and also the initial concentra-
tion of enzymes in the reaction.

B Lys@MSN

Figure 2 Representative TEM images of (A) amine-MSN, (B) Lys@MSN, (C) Ser@MSN and (D) DN@MSN. Scale bars represent 100 nm.
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Table | Physicochemical Characterization of Functionalized MSNs (Amine-MSN, Lys@MSN, Ser@MSN and DN@MSN) and Protein

Quantification
Sample Size*/nm Zeta [Enzyme]®/ [Enzyme]® [Enzyme]“/ Surface Density/Enzyme
PotentiallmV mg mL™! IMgenzyme mngf' Mass % Chain NP™'
Amine-MSN 38+ +31 £ 4 - - - -
Lys@MSN 38+ +12 5 1.53 £ 0.06 0.081 2.95 28.6
Ser@MSN 31 -22+5 2.05 £ 0.01 0.119 6.43 56.8
DN@MSN 35+ +24 5 1.27 £ 0.03 0.061 5.33 71.3

Notes: *From TEM measurements based on at least 150 particles. ®From Lowry assay. “From TGA analysis.

Biofilm Dispersal and Inactivation

New approaches to the treatment of biofilm infections
should aim to both kill cells and disperse the EPS. Here
we investigated the enzyme lysostaphin (Lys), an excellent
2031 that

S. aureus®* by cleaving a region between the third and

anti-staphylococcal agent can rapidly lyse
fourth glycine residues of the pentaglycine cross bridges of
the peptidoglycan in the cell wall regardless of metabolic
activity.”> To disperse the biofilm EPS, we investigated
serrapeptase and DNase I to target protein and eDNA
adhesins present in MRSA biofilms.'”?!3%>* MSSA bio-
films, in which polysaccharide intercellular adhesin is the
major EPS component, were also investigated for control
purposes.

For antimicrobial and biofilm eradication experiments,
MSNs were functionalized separately with lysostaphin,
serrapeptase and DNase I. MSNs nanoparticles were
used as carriers for the enzymes to improve enzyme sta-
bility and increase enzyme penetration into the biofilm.
have

Amine-functionalized MSNs been previously

reported to localize around the S. aureus cells, enabling

2! When used in

an increase in antimicrobial efficacy.
combination, the Lys@MSNs would target the bacterial
cells causing cell lysis while the DN@MSNs and
Ser@MSNs would disrupt the MRSA EPS matrix by
targeting two main components, eDNA and proteins. The
MICs and MBICs the MSNs, the enzyme-functionalized
MSNs and free enzymes were measured against MRSA
and MSSA and are shown in Table S1. It was found that
the unloaded MSNs had no inherent antibacterial activity
over the tested range. From the MIC results, it was evident
that the Lys@MSNs showed improved efficacy against
S. aureus bacterial cells when compared to the free
enzyme. There was a 7.5-fold decrease in the MIC for
MRSA bacteria treated with Lys-functionalized MSNs
compared to free Lys, while a 5-fold decrease in MBIC

was measured. Similar results were observed for MSSA
bacteria with a 5-fold decrease in the MIC and a 3.75-fold
decrease in the MBIC values with Lys-functionalized
MSNs compared to free Lys. It is hypothesized that the
overall positive charge of these functionalized MSNs
leads to a preferential interaction with the negatively
charged bacterial cell wall, thus reducing the overall con-
centration of enzyme required to inactivate the bacteria.
Inhibition of biofilm formation was improved when serra-
peptase and DNase I were functionalized to the surface of
the MSNs. These results once again confirm that the use of
nanoparticles can improve the efficacy of antimicrobial
agents, consistent with previous reports.”'>>® Recent
studies have shown that through nanoparticle immobiliza-
tion, enzymatic stability, specificity, pH and temperature

responses can be free

enzymes.5 9

improved compared to

Biofilms previously grown for 24 h and 48 h were
treated with MSNs, the enzyme-functionalized MSNs and
the free enzymes for 24 h to observe the impact on biofilm
structure and dispersal. Cell viability (Figure S4) and
biomass removal (Figure S5) were evaluated. A slight
reduction in cell viability and biomass of both S. aureus
biofilms was observed when biofilms were treated with
MSNs. Although statistical analysis indicates this differ-
ence is non-significant (p>0.05), this may result from
changes in the metabolic activity (ie a shift of the bacteria
to a dormant state) in response to the presence of the
MSNs.°® When free Lys and Lys@MSNs are used to
treat pre-formed biofilms, it is possible to note
a significant reduction in cell viability (Figure S4) when
the enzyme is immobilized on the MSNs. For the other
two enzymes, the immobilization onto MSNs did not sig-
nificantly affect their role in reducing bacterial cell viabi-
lity. Additionally, when biomass reduction (Figure S5) is
considered, the enzyme immobilization onto MSNs did not
significantly impact their activity.
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Since novel studies for biofilm eradication need to
focus on killing bacterial cells and dispersing the EPS
matrix, to avoid future recolonization, the enzymes and
enzyme-functionalized MSNs were, henceforward, used in
combination. Lys@MSNs and Ser@MSNs were tested in
combination (0.25 and 0.5 mg mL™") along with
Lys@MSNs and DN@MSNs (0.25 and 0.5 mg mL™").
Finally, Lys@MSNs, Ser@MSNs and DN@MSNs were
assessed in combination (0.33 mg mL™"). Ser@MSNs and
DN@MSNs were not used as a combination as neither
showed antibacterial activity throughout the MIC identifi-
cation assays, and this study aimed to target both the EPS

MRSA 24 h
A

Cell viability (%)

C MRSA 48 h
100 ns
§§ 80—
>
- . a
= 60
8
> 40+ a a
)
© 20 ab Lp

matrix and the bacterial cells. Biofilm samples were also
treated with the free enzymes at the concentration they are
found in the nanoparticles to observe the role of the
immobilization onto MSNs. These concentrations were
chosen to ensure that the lysostaphin’s final concentration
was above or equal to the MIC for all treatment combina-
tions. Following the 24 h exposure, the antibacterial sus-
pensions were removed from the wells, and the biofilms
were washed three times with sterile water to remove
unbound MSNs. Cell viability and biomass removal were
assessed using a MTT assay (Figure 3) and CV staining
(Figure 4). Biofilms were also grown, for 24 or 48 h in
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Figure 3 Cell viability of (A) 24 h MRSA, (B) 24 h MSSA, (C) 48 h MRSA and (D) 48 h MSSA biofilms after exposure to enzyme-loaded MSNs (all concentrations in mg mLf'), as
determined by MTT assay. Error bars represent standard error of the mean (n = 3). Letters (a, b, ¢, d) represent a significant difference in antibacterial activity between test

conditions, ns represents no significant difference between test conditions, p < 0.05.
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Figure 4 Biomass removal of (A) 24 h MRSA, (B) 24 h MSSA (C) 48 h MRSA and (D) 48 h MSSA biofilm cells after exposure enzyme-loaded MSN's (all concentrations in mg
mL™"), as determined by CV staining. Error bars represent standard error of the mean (n = 3). Letters (a, b, ¢, d) represent a significant difference in antibacterial activity
between test conditions, ns represents no significant difference between test conditions, p < 0.05.

glass-bottom 96-well plates treated with the enzyme func-
tionalized MSNs for 24 h and imaged using confocal
microscopy (Figures 5, 6, S6 and S7) to confirm the
antibacterial activity of the enzyme-functionalized MSNs.

The enzyme functionalized MSNs demonstrated
a significant ability to reduce the viability of the bacterial
cells within both the MRSA and MSSA biofilms (p < 0.05)
(Figure 3). Bacterial cell viability decreased with increas-
ing concentrations of Lys@MSNs. The most significant
reduction in cell viability was measured when all three
enzyme-functionalized MSNs were combined (Lys + Ser +
DNase I at 0.33 mg mL™") (p < 0.05), indicating that EPS
matrix dispersal improved Lys-mediated killing of biofilm

cells. Consistent with this, confocal imaging of biofilms
after MSN treatment also revealed a visible decrease in
viable cells as the concentration of Lys@MSNs increased,
with the combination of all three enzymes showing the
most potent activity (Figures 5 and 6). For MRSA, near-
complete removal of the EPS matrix was observed in both
24 and 48 h biofilms, with few remaining viable cells
(Figure 5 and S6). When compared to the activity of the
free enzymes, a stark difference is observed. It is clear that
when the S. aureus biofilms are treated with the free
enzymes, either alone or in combination, the reduction in
cellular viability is not as pronounced as when the
enzyme-loaded MSNs are utilized (Figure 3 and S4).
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Figure 5 CLSM images of 24 h MRSA biofilms after exposure to enzyme-loaded MSNs (all concentrations in mg mL™'), for 24 h. (A) Control, (B) 0.25 (Lys + DNase 1)
MSNSs, (C) 0.5 (Lys + DNase I) MSNs, (D) 0.25 (Lys + Ser) MSNs, (E) 0.5 (Lys + Ser) MSNs and (F) 0.33 (Lys + Ser + DNase I)) MSNis. Live bacterial cells (green) are stained
using SYTO 9 while dead cells (red) are stained with Propidium iodide. Scale bars represent 20 um.

This may be a result of reduced penetration or inactivation
° It has been

previously reported that positively charged MSNs will
1

of the enzymes within the EPS matrix.
preferentially localize around the bacterial cells,' so by
covalently binding the lysostaphin enzyme to the amine-
MSNs a high local concentration around the bacterial cell
was ensured, leading to a higher cell eradication rate.
Comparison of MRSA and MSSA biofilm biomass
reduction, as measured by CV staining, revealed signifi-
cant differences between the two strains (Figure 4).
Regardless of biofilm maturity (24 vs 48 h), combining
the three enzyme-functionalized MSNs led to an almost
complete removal of the MRSA biofilm EPS matrix. In
contrast, EPS dispersal in MSSA biofilms was signifi-
cantly less effective. This was particularly evident when
looking at more mature MSSA biofilms (48 h), where
there was no significant reduction in EPS biomass com-
pared to the control biofilm (Figure S7). These data are

consistent with the different EPS components present in
MRSA and MSSA biofilms. Because the MSSA EPS
matrix is mainly composed of polysaccharides,?' targeting
of eDNA and protein molecules should be less effective
than in MRSA biofilms in which the matrix is composed
of protein and eDNA adhesins.

Nevertheless, the combination of all three enzyme-
functionalized MSNs led to the dispersal of approxi-
mately 50% of 24 h MSSA biofilms (p < 0.05) and
a 25% reduction in 48 h MSSA biofilms (Figure 4B
and D). Furthermore, Lys@MSNs maintained their
effectiveness in reducing cellular viability as measured
with both the MTT assay (Figure 3A and C) and parti-
cularly the CLSM microscopy (Figure 5 and S6). When
observing the free enzymes’ results, it is evident that the
activity is reduced compared to the loaded MSNs. This
is particularly apparent when looking at the EPS
removal of MRSA biofilms. In both 24 and 48
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Figure 6 CLSM images of 24 h MSSA biofilms after exposure to enzyme-loaded MSNs (all concentrations in mg mL™'"), for 24 h. (A) Control, (B) 0.25 (Lys + DNase I)
MSNss, (C) 0.5 (Lys + DNase I) MSNs, (D) 0.25 (Lys + Ser) MSNs, (E) 0.5 (Lys + Ser) MSNs and (F) 0.33 (Lys + Ser + DNase I) MSN's. Live bacterial cells (green) are stained
using SYTO 9 while dead cells (red) are stained with Propidium iodide. Scale bars represent 20 pum.).

h samples a near-complete removal of the EPS matrix is
achieved when treated with all three enzyme-loaded
MSNs in combination; however, when the biofilms are
treated with free enzymes in combination over 30% of
the bacterial biomass remains compared to the untreated
control (Figure 4). This indicated the vital role of nano-
particle functionalization in improving enzymes’ activity
concerning bacterial cell eradication and EPS matrix
removal.

S. aureus has been shown to readily enter into
a nongrowing, dormant state to evade antibiotic
treatment,'>%* during which biosynthetic processes will
halt, and common antibiotic agents will not affect.
Unlike many conventional antibiotic agents that target
biosynthetic processes such as DNA, protein or cell wall
synthesis,®*®* lysostaphin can target active cells and lyse

12,62

dormant or persister cells, especially those within the

biofilm. The removal of the biofilm EPS matrix may

further help reduce the occurrence of reinfection or the
formation of new infections by opportunistic pathogenic
bacteria.®*®> A significant concern when utilizing enzyme-
based biofilm treatments is the risk of dispersal of the
pathogenic bacteria, spreading the pathogen and causing
secondary infections.®® To counteract this issue, enzymatic
treatments could be used in combination with systemic
antibiotic agents to ensure secondary infections do not
occur after biofilm dispersal.'?

Conclusions

Infections caused by biofilm-forming S. aureus bacteria
constitute a significant burden on health systems world-
wide. As resistance to antimicrobial agents grows, there is
an urgent requirement for developing novel therapeutic
approaches. The use of enzymatic agents that can target
both the bacterial cells, leading to cell death and causing
the biofilm matrix’s dispersal is a promising solution. By
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functionalizing the enzymatic agents onto nanoparticles,
their efficiency against both strains of S. aureus was sig-
nificantly improved compared to the free enzymes, with
a considerable reduction in MIC and MBIC values. This
study showed that the combination of Lys@MSNs,
Ser@MSNs and DN@MSNss led to near-complete eradica-
tion of the MRSA biofilm, EPS dispersal and a significant
The
enzymes also exhibited significant activity against 24

cell wviability reduction. enzyme-functionalized
h MSSA biofilms but were less effective in dispersing 48
h MSSA biofilms. Future studies will need to focus on
improving the MSSA polysaccharide EPS matrix’s disper-
sal, which is not susceptible to serrapeptase or DNase
I. This research has shown that the use of enzymatic
agents functionalized on nanoparticles holds great poten-
tial to enhance current therapeutic approaches for the
treatment of S. aureus biofilm-associated infections by
increasing the efficacy of the enzymatic agent. Future
work will need to examine the efficacy and safety in

animal models.
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