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Background: Considering the timeline required for the development of novel antimicrobial

drugs, increased attention should be given to repurposing old drugs and improving anti-

microbial efficacy, particularly for chronic infections associated with biofilms. Methicillin-

susceptible Staphylococcus aureus (MSSA) and methicillin-resistant S. aureus (MRSA) are

common causes of biofilm-associated infections but produce different biofilm matrices.

MSSA biofilm cells are typically embedded in an extracellular polysaccharide matrix,

whereas MRSA biofilms comprise predominantly of surface proteins and extracellular

DNA (eDNA). Nanoparticles (NPs) have the potential to enhance the delivery of antimicro-

bial agents into biofilms. However, the mechanisms which influence the interactions between

NPs and the biofilm matrix are not yet fully understood.

Methods: To investigate the influence of NPs surface chemistry on vancomycin (VAN)

encapsulation and NP entrapment in MRSA and MSSA biofilms, mesoporous silica nano-

particles (MSNs) with different surface functionalization (bare-B, amine-D, carboxyl-C,

aromatic-A) were synthesised using an adapted Stöber method. The antibacterial efficacy

of VAN-loaded MSNs was assessed against MRSA and MSSA biofilms.

Results: The two negatively charged MSNs (MSN-B and MSN-C) showed a higher VAN

loading in comparison to the positively charged MSNs (MSN-D and MSN-A). Cellular binding

with MSN suspensions (0.25 mg mL−1) correlated with the reduced viability of both MSSA and

MRSA biofilm cells. This allowed the administration of low MSNs concentrations while

maintaining a high local concentration of the antibiotic surrounding the bacterial cells.

Conclusion: Our data suggest that by tailoring the surface functionalization of MSNs,

enhanced bacterial cell targeting can be achieved, leading to a novel treatment strategy for

biofilm infections.

Keywords: Staphylococcus aureus, mesoporous silica nanoparticles, EPS matrix,

antimicrobial, vancomycin, nanoparticle-biofilm interactions

Introduction
Antibiotic resistance coupled with biofilm formation is a serious health problem causing

a huge economic burden to the healthcare system.1 Currently, drug-resistant bacteria

cause 700,000 deaths per year and, according to theWorld Health Organization, by 2050,

this number will reach 10million deaths per year.2,3 Bacterial biofilms are themain cause

of chronic and persistent infections and healthcare-associated infections,4,5 accounting

for approximately 80% of all chronic and recurrent infections6 such as endocarditis,

osteomyelitis and pneumonia.7 They pose a serious health threat owing mainly to the
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ability to withstand the host immune response, antibiotics and

environmental stressors.8,9 The cells embedded in the biofilm

are up to 1000 times less susceptible to antibiotics than their

planktonic counterparts.10 This reduction in antibiotic suscept-

ibility is associated with the altered physiology of biofilm

cells, which are embedded in an extracellular matrix, consist-

ing of extracellular polymeric substances (EPS) produced by

the bacterial cells.11,12 The major components of the EPS are

polysaccharides, proteins and eDNA. This highly hydrated

matrix offers chemical andmechanical support to the bacterial

community.11,12 The complex interlink of the EPS

components leads to poor antibiotic penetration due to diffu-

sion limitation.13 The EPS components and acidic

microenvironments14 within the matrix can also interact with

and inactivate drugmolecules reducing the local concentration

around the bacterial cells.15

Among all drug-resistant infections, methicillin-

resistant Staphylococcus aureus (MRSA) is the most fre-

quent, with a high incidence worldwide.16,18 In the USA

alone, MRSA accounts for 11,285 deaths per year. The

treatment of MRSA infections is mainly based on vanco-

mycin and daptomycin, with emerging susceptibility

issues to each.19 MRSA and Methicillin- sensitive

S. aureus (MSSA) clinical isolates have been shown to

use different mechanisms to form biofilms. It has pre-

viously been identified that the attainment or loss of methi-

cillin resistance impacts the biofilm phenotype formed,20

with MSSA more likely to form biofilms consisting

of icaADBC-encoded PIA (polysaccharide intercellular

adhesion) or PNAG (Poly-N-acetylglucosamine)

polysaccharide,21,22 whilst the ica operon appears to be

redundant for MRSA biofilm formation, which is instead

dependent on surface proteins (such as the fibronectin-

binding proteins) and extracellular DNA (eDNA) released

from cells that have undergone autolysis.22

Considering that the development of new drugs is a very

long and costly process,23,24 the repurposing of existing

drugs is gaining traction.25 On the other hand, strategies

aimed to increase antimicrobial efficacy can help reduce the

development of drug resistance, mainly by leading to

a decrease in the drug concentration needed for the treatment

and clearance of biofilm infections. Nanoparticles have been

investigated as potential drug-carriers, as they have the abil-

ity to enhance the penetration of antimicrobial agents into the

deeper regions of the biofilm.26 A promising approach is the

use of nanoparticles to improve therapeutic profiles of exist-

ing antibiotics.27 Nanoparticles can improve antibiotic effi-

cacy, avoiding antimicrobial detection and deactivation in the

biofilm matrix, providing targeted delivery to the cells and

increasing the local concentration around the bacterial cells.

In this framework, a noteworthy model system is based on

the use of porous inorganic nanoparticles, for instance, meso-

porous silica nanoparticles (MSNs). They are considered

a promising delivery system for antimicrobial agents owing

to their stable structure, flexible surface chemistry, good

biocompatibility and high drug loading capacity.28,30 It has

also been shown that the MSNs can protect the loaded anti-

microbial agent from deactivation within the biofilm matrix

and also allows for a better distribution through the biofilm

when compared to free antibiotics.31,32 Previous studies,

which have followed similar experimental designs involving

the loading of an antimicrobial agent (antibiotic, enzyme,

etc.) to the nanoparticles, have demonstrated some

success.33,37 However, there is a lack of investigations into

the fundamental interactions which govern the fate of nano-

particles when they come into contact with a biofilm. This

information is vital when trying to identify specific physico-

chemical properties which influences nanoparticle – biofilm

interactions.38

An essential part in the development of biofilm eradi-

cation systems is the investigation of the biofilm matrix

and the influence of the EPS components on nanoparticle

entrapment and penetration into the biofilm along with the

interaction of the nanoparticles with bacterial cells.

Biofilm diffusion resistance mechanisms towards antimi-

crobial agents are based in steric hindrance and repulsive

electrostatic interactions, since bacterial cell walls and

EPS components are (typically) negatively charged. The

co-administration of penetration enhancers, such as elec-

trolytes could be employed to improve the penetration of

nanoparticles. For instance, the EPS resistance towards

negatively charged nanoparticles could be reduced through

electrostatic repulsion by the co-administration of cationic

electrolytes.39

Herein, engineered MSNs with different surface chem-

istry were evaluated with regards to their entrapment in the

biofilm of two S. aureus isolates, whose biofilm matrices

differ significantly in composition. The role of the EPS

components in nanoparticle-biofilm interactions was

examined. Considering the importance of charge in these

interactions, electrolyte screening using anionic (PBS) and

a cationic (Tris) buffers were investigated as a tool for the

enhanced administration of MSNs to bacterial biofilms.

The impact of changing MSN surface functionalization

with regards to vancomycin encapsulation, and the effect

on cell viability was investigated. This systematic study
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aims to shine a light on the important parameters regarding

nanoparticle-biofilm interactions and offer guidance to the

design of biofilm eradication strategies, in order to

improve antimicrobial efficacy and fight growing antimi-

crobial resistance trends.

Materials and Methods
Materials
Hexadecyltrimethylammonium bromide (CTAB, 98%), tet-

raethyl orthosilicate (TEOS, 99%), (3-aminopropyl)triethox-

ysilane (APTES, 99%), rhodamine B isothiocyanate (RITC,

mixed isomers), triethanolamine (TEA, 99%), acetic acid,

N1-(3-trimethoxysilylpropyl) diethylenetriamine (DETA),

dimethylformamide (DMF), N-hydroxysuccinimide (NHS,

98%), N-(3-Dimethylaminopropyl)-N′-ethyl carbodiimide

hydrochloride (EDC, 98%), glycerol, tryptic soy agar and

tryptic soy broth (TSB), cell proliferation kit 1 (MTT), NaCl,

glucose, tris(hydroxymethyl)aminomethane (Tris), PBS,

dimethyl sulfoxide (DMSO) and sodium deuteroxide

(NaOD) were purchased from Sigma-Aldrich. Ethanol

(99.5%) and hydrochloric acid (HCl, 37%) were obtained

from Merck. Succinic anhydride was acquired from Santa

Cruz Biotechnology. Benzoic acid was purchased from

Analar (BDH Chemicals Ltd). Crystal Violet (CV) was pur-

chased from Honeywell Riedel-de-Haën™. All reagents

were used as received without further purification. Clear 96-

well plates were purchased from SARSTEDT, Germany.

Costar® Black 96-well plates were purchased from

Corning, UK. Grade 1 pure water, referred to as MilliQ

water was obtained from an Elga Process Water System

(Biopure 15 and Pureflex 2, Veolia, Ireland).

Synthesis and Functionalization of MSNs
The synthesis of MSNs was performed using an adapted

Stöber method as previously described.14 The functionaliza-

tion of MSNs was adapted from Gounani et al (2018);40

50 mg of bare-MSNs (MSN-B) were dispersed in 4.6 mL

of absolute ethanol in an ultrasonic bath, then 200 µL of

deionized water, 100 µL of acetic acid and 100 µL of DETA

were added, and the reaction mixture stirred at room tem-

perature for 1 h. The obtained aminated product (MSN-D)

was washed three times with ethanol by centrifugation

(9,000 rpm, 15 min). In order to obtain the carboxyl functio-

nalized MSNs, a suspension of dried MSN-D in DMF (6 mL

of 2 mg mL−1) was added to a solution of succinic anhydride

in DMF (50 mL of 10 mg mL−1). The mixture was vigor-

ously stirred overnight at room temperature. The carboxyl

product (MSN-C) was washed three times with ethanol by

centrifugation (9,000 rpm, 15 min). For the aromatic nano-

particles, a suspension of MSN-D in water (9 mL of 3.34 mg

mL−1) was mixed with the aqueous solutions of benzoic acid

(20 mL of 4.71 mg mL−1), NHS (2 mL of 114.7 mg mL−1)

and EDC (2 mL of 150.8 mg mL−1). The mixture was kept

stirring at room temperature overnight. The product MSN-A

was recovered by extensive washing with ethanol by centri-

fugation (9,000 rpm, 15 min).

MSNs Characterization
Zeta potential of nanoparticles suspension in water

(1 mg mL−1) was measured in a folded capillary zeta cell

using a Zetasizer Nano-ZS apparatus (Malvern Instruments).

All measurements were done in triplicates with 10 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 nanoparti-

cles were analyzed by Fiji software41 using TEM images,

analyzing a minimum of 50 nanoparticles per sample. FT-IR

was performed in a Bruker Vertex 70 spectrophotometer.

Samples in ethanol dispersion were deposited onto NaCl FT-

IR cards and dried at 70 °C. Spectra were obtained using

a resolution of 4 cm−1, 64 scans and a spectral window from

4000 to 400 cm−1. Dissolution 1H NMR was used to dissolve

the MSNs and obtain a clear spectrum of the surface groups,

based on a previously reported method.42 Approximately

10–15 mg of MSNs were dissolved in 662 µL of D2O and 38

µL of NaOD. The mixture was incubated overnight at 37 °C

under stirring. The spectra were obtained in a Varian Inova 300

MHz Spectrometer using 128 scans per sample.

Vancomycin Loading in MSNs
For vancomycin loading into nanoparticles, 8 mg of antibio-

tic was added to 1 mL ofMSNs suspensions (25 mgmL−1) in

deionized water. The mixture was stirred at room tempera-

ture for 48 h and dried at 50 °C to facilitate drug encapsula-

tion. The vancomycin loaded MSNs were washed twice with

water by centrifugation (12000 rpm, 15 min) to remove

unloaded antibiotic. The washing solutions were collected

and evaluated regarding vancomycin concentration. The UV-

visible spectrum was recorded in a Plate reader (SpectraMax

iD3, Molecular devices). The loading content was calculated

using a calibration curve (R2 = 0.99).43 To confirm vanco-

mycin loading intoMSNs, the carbon content of dried loaded

and unloaded MSNs was measured (Exeter Analytical CE

440 elemental analyzer).
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Bacterial Culture
The bacterial strains used in this study were methicillin-

resistant S. aureus BH1CC (MRSA) and methicillin-

sensitive S. aureus 8325–4 (MSSA). Bacterial stock cultures

were stored in 25% (v/v) glycerol at −80°C. Aliquots 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 TSB in an Erlenmeyer flask and incubated at 37°C

with shaking at 200 rpm overnight. For biofilm formation,

the overnight culture was diluted to a final optical density

(OD600) of 0.001.

Biofilm Formation
Biofilm formation on the bottom of a multiwell well plate

may hinder the assessment of nanoparticle entrapment, as

nanoparticle sedimentation may influence fluorescent

intensity measurements used to quantify biofilm entrap-

ment. To overcome this, metallic pegs (3mm x 10mm,

nickel-plated neodymium magnet, Supermagnete) were

utilized in a method similar to the Calgary device

(Figure S1). The pegs were suspended in a liquid culture

medium which allowed for biofilm formation on the sur-

face of the peg. The peg was then removed and used for

the MSN entrapment assay. The MRSA strain BH1CC was

cultured in TSB supplemented with 2% glucose to pro-

mote the formation of biofilm mediated by the fibronectin-

binding proteins, and eDNA.44 MSSA biofilm culture

media was supplemented with 4% NaCl, which activates

expression of the ica operon-encoded enzymes used to

synthesize PIA/PNAG, a major polysaccharide component

of the MSSA EPS matrix.45 Biofilms were grown at 37 °C

for 48 h under static conditions, before being washed three

times in water to remove planktonic cells.

MSN Entrapment
To assess MSN entrapment, S. aureus biofilms were first

incubated with buffers (Tris or PBS) or water (control) for

30 min. The pegs were then transferred into a sterile black

96-well plate, and each magnet was secured into position

against the upper wall of the well using a small magnet (5mm

x 5mm, nickel-plated neodymium magnet, Supermagnete).

The biofilms were then exposed to various nanoparticles

(MSN-B, MSN-D, MSN-C and MSN-A) at a concentration

of 1 mg mL−1 for 3 h with fluorescent intensity readings

taken every 10 mins to assess entrapment in a method similar

to Fulaz et al, 201914 and Devlin et al.46 Briefly, the reduction

in fluorescent intensity from MSNs exposed to biofilm

coated pegs compared to that of a control was used to

calculate the entrapment of MSNs. Assays were carried out

in triplicate, with a minimum of 12 individual replicates

per run.

MSN Binding Assay
To evaluate the adhesion of the MSNs to the bacteria,

planktonic cells of MSSA and MRSA were incubated

with nanoparticles (1 mg mL−1) for 1 h at 37°C, before

being washed 5 times with water to remove unbound

MSNs. The cells were then fixed with 5% glutaraldehyde

in PBS (pH 7.4) for 30 min, washed twice with PBS,

incubated with 1% osmium tetroxide prepared in PBS for

1 h, washed twice with PBS and dehydrated through the

ethanol and hexamethyldisilazane (HMDS) sequence

(ethanol: 30%, 50%, 75%, 95%, 100% and HMDS: etha-

nol 1:2, 2:1 and 100% HMDS). The samples were dried in

the fume-hood overnight, deposited on carbon conductive

adhesive tape and analyzed by scanning electron micro-

scopy (SEM, Quanta 3D FEG Dual Beam, FEI).

Exposure of S. aureus Biofilms to Loaded

MSNs
Before examining the activity of the vancomycin loaded

MSNs against biofilm samples, the minimum inhibitory

concentration (MIC) and minimum biofilm inhibitory con-

centration (MBIC) were identified for planktonic bacteria.

Overnight cultures of MRSA and MSSA were exposed to

free vancomycin (0.5–248 µg mL−1) and to the vancomy-

cin loaded MSNs. The bacteria were incubated for 24 h at

37 °C under static conditions. Bacterial growth was

assessed with absorbance readings at 600 nm to identify

the MIC of the free vancomycin and the loaded MSNs

against MRSA and MSSA cells. Following MIC identifi-

cation, the spent culture media was removed, and crystal

violet staining was used to identify the MBIC. To assess

the antibiofilm effects of the loaded MSNs, biofilms were

cultured for 24 h at 37 °C under static conditions.

Following formation, biofilms were washed three times

with MilliQ water to remove planktonic cells, before

being treated for 24 h with vancomycin-loaded MSNs

(0.25 and 1 mg mL−1), or free vancomycin (control).

Following exposure, the nanoparticles solution was

removed, and the biofilms were washed three times with

MilliQ water to remove residual MSNs. An MTT assay

was utilized to assess the bacterial cell viability following

MSN exposure. Briefly, following the removal of
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planktonic cells and unbound MSNs, 150 µL of PBS and

50 µL of the MTT solution was added to each well and the

plate was incubated for 2 h at 37 °C with shaking at

100 rpm. Following incubation, the MTT solution was

removed, and 200 µL of dimethyl sulfoxide was added

to solubilize the MTT solution, which was metabolized by

live cells into an insoluble purple compound (formazan).

The plate was incubated for 15 min at 37 °C with shaking

at 100 rpm before absorbance readings were taken at 550

nm, using a plate reader (SpectraMax iD3, Molecular

devices) to determine cell viability within the biofilm

samples.47,48 Experiments were carried out in triplicate,

with a minimum of 20 independent replicates per run.

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. Error bars were identified

using standard error of the mean. All statistical analyses

were performed on Excel (Microsoft Office).

Results and Discussion
Preparation and Characterization of

Engineered Mesoporous Silica

Nanoparticles (MSNs)
Different surface engineered mesoporous silica nanoparticles

(MSNs) were prepared to investigate the role of MSNs sur-

face composition in their diffusion and penetration into the

biofilm matrix and cell targeting capability. Four families of

nanoparticles were prepared: as-synthesized bare particles

MSN-B, amino-functionalized and positively charged

MSN-D, carboxy-functionalized and negatively charged

MSN-C, benzene-functionalized (aromatic) and positively

charged MSN-A. Representative TEM images of the synthe-

sized nanoparticles (MSN-B, MSN-D, MSN-C andMSN-A)

are represented in Figure 1, whereas the measured size,

hydrodynamic diameter and surface charge are reported in

Table 1.

The obtained nanoparticles are spherical with a clear

porous structure and a diameter of approximately 30 nm.

As expected, the surface functionalization did not signifi-

cantly impact the nanoparticle size. The hydrodynamic

size of the nanoparticles obtained by DLS, as expected,

shows a significant overestimation of their size when

compared to TEM measurements, owing mainly to the

influence of surface coating and hydration layer on the

diffusion of the nanoparticles.49,50

In the FT-IR spectra (Figure S2) it is possible to observe

the main bands related to the Si-O symmetrical (812 cm−1)

and asymmetrical (1092 cm−1) stretching.51 With the addi-

tion of amine-containing silane (red) new bands arise, such as

C-N stretching (1232 cm−1) and N-H bending (1403 cm−1) of

primary amines, N-H stretching (3671 cm−1) of secondary

amines or amide and alkane stretching bands (2979,

2902 cm−1).51,52 After the carboxyl functionalization (blue)

we can observe the rise of carbonyl stretching mode

(1698 cm−1). For the aromatic nanoparticles (green), the

C=C stretching band at 1638 cm−153 can be observed.

To further confirm the surface functionalization disso-

lution 1H NMR was carried out (Figure 2). Instead of

using a suspension of the MSNs, they were dissolved

with NaOD, leaving in solution only the surface groups

previously grafted onto the nanoparticle surface. The sig-

nals related to DETA functionalization (red) could be

assigned to the protons in the molecule. These peaks are

still present after the carboxyl functionalization (blue)

followed by the emergence of α-carbonyl protons. With

the addition of the aromatic group (green), new signals for

the protons in the aromatic ring were observed.

MSN Interaction with S. aureus Biofilms
The four families of nanoparticles were used to system-

atically study the effect of MSN surface chemistry on their

interaction with S. aureus biofilms, especially in terms of

entrapment in the biofilm, which was evaluated as

a function of MSN charge and surface composition.

It has been previously reported that specific nanoparticle

surface functionalization has a significant effect on interac-

tions with bacterial biofilms.54 An important consideration

when investigating NP-biofilm interactions is the role of the

biofilm EPS matrix.33 EPS composition and charge can

influence the interactions which occur when NPs come

into contact with a biofilm. Here we used two S. aureus

strains, one MRSA and one MSSA, which form biofilms

with protein/eDNA or polysaccharide matrices, respectively

(Table S1), in order to investigate the role which these

components have on nanoparticle entrapment (Figure 3).

The entrapment results show that both the overall

charge and specific surface functionalization have

a crucial role in determining the interaction between nano-

particles and bacterial biofilms. Regardless of the biofilm

matrix, the MSN-D shows the highest entrapment. Given

that many of the components which make up the biofilm

matrix (proteins, polysaccharides and eDNA) along with

the bacterial cell envelope have an overall negative charge
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(Table S1), strong electrostatic attractive forces with the

amine group on the NP surface are expected and explain

the higher entrapment of MSN-D. The entrapment was

seen to be lower for MSN-A despite having a similar

overall positive charge. This could be due to the aromatic

ring, which confers a more hydrophobic behavior com-

pared to the free amine group; therefore, weaker interac-

tions are expected to occur, leading to a lower entrapment.

Significant differences between the entrapment of nega-

tively charged MSNs in MRSA and MSSA biofilms can be

observed. It is clear from Figure 3 that a significantly higher

number of negatively charged MSNs (MSN-B and MSN-C)

were entrapped in MSSA biofilms when compared to

MRSA biofilms. More information on the cause of this

higher entrapment can be found when looking at the differ-

ent components which make up the matrix of each biofilm.

MSSA biofilms are made up primarily of polysaccharides,

in this specific case PNAG.55 PNAG has an overall net

positive charge,56 and so electrostatic attractive forces are

expected to occur between the OH and COOH groups on the

surface of the MSN-B and MSN-C particles. These interac-

tions are hypothesized to be influencing the differences in

nanoparticle entrapment between MRSA and MSSA bio-

films and highlights the complicated situation in predicting

the interaction between nanoparticles and biofilms. It indi-

cates that not only are there a range of nanoparticle char-

acteristics (size, charge, surface functionalization, etc.)

Figure 1 Representative TEM images of A) bare (MSN-B), B) amine (MSN-D), C) carboxyl (MSN-C) and D) aromatic (MSN-A) functionalized MSNs. Bars represent 20 nm.

Table 1 Physicochemical Characterization of Functionalized

MSNs (Bare (B), Amine (D), Carboxyl (C) and Aromatic (A))

Sample Sizea/nm Sizeb/nm Zeta Potential/mV

MSN-B 30 ± 3 232 ± 125 −32 ± 6

MSN-D 34 ± 5 206 ± 42 +33 ± 6

MSN-C 37 ± 3 202 ± 83 −22 ± 7

MSN-A 34 ± 4 152 ± 61 +34 ± 5

Notes: aFrom TEM measurements based on at least 50 particles; bFrom DLS

measurements.
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which can affect these interactions, but also the components

of the EPS matrix need to be considered.

Another important aspect is the fact that bacterial biofilms

are known to hinder the penetration of antimicrobial agents

via different mechanisms, such as electrostatic interactions

and steric hindrance.57 The administration of penetration

enhancers can be used to modify the interactions between

biofilm and nanomaterial.39 Given that the bacterial cell sur-

face and EPS components are negatively charged (Table S1),

cationic penetration enhancers could potentially shield the

biofilm charge and as a consequence, increase nanoparticles

penetration. Furthermore, the addition of an electrolyte would

decrease the Debye length of the EPS functional groups,58

thus increasing the matrix effective pore size.59 Previous

studies suggested the electrolyte screening interactions are

relevant for nanoparticles larger than 10 nm.57,60 For the

reasons mentioned above, the entrapment of different surface-

functionalized nanoparticles was investigated in the presence

of a negatively charged PBS buffer and a positively charged

Tris buffer (Figure 4).

It can be noted that in the case of MSNs, the adminis-

tration of PBS (negatively charged) or Tris (positively

charged) buffers did not significantly alter the entrapment

of nanoparticles in MRSA and MSSA biofilms. It is worth

mentioning that in the case of MSN-B, the use of Tris buffer
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Figure 2 1H NMR spectra of functionalized MSNs aromatic (MSN-A)-green, carboxyl (MSN-C)-blue, and amine (MSN-D)-red.

Figure 3 Biofilm entrapment by MRSA (Black) and MSSA (Grey) of bare (MSN-B),

amine (MSN-D), carboxyl (MSN-C) and aromatic (MSN-A) nanoparticles after 180

min exposure in water. Error bars represent standard error of the mean (n = 3).
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significantly increased the capture of nanoparticles in

MRSA biofilms and increased slightly for MSSA biofilms,

while the addition of PBS is seen to reduce the entrapment

of MSN-B in MSSA biofilms. The larger entrapment of

MSN-B in MRSA biofilm samples exposed to the positively

charged buffer compared to the control could be a result of

the composition of the EPS matrix. As the matrix of MRSA

biofilms is primarily composed of negatively charged pro-

teins, with the addition of a cationic penetration enhancer

(Tris), the overall negative charge could be shielded, allow-

ing for a higher entrapment. Such an increase in entrapment

is not observed in the MSSA biofilm samples as the matrix is

primarily composed of PNAG, a polysaccharide with an

overall positive charge and so the effects of the buffer are

not as significant while by adding an anionic penetration

enhancer (PBS) hinders the entrapment of MSN-B. For the

MSN-A, positively charged and with a more hydrophobic

surface, the administration of PBS buffer led to a slight

increase in their penetration in both biofilms.

The myriad of factors influencing nanoparticle-biofilm

interactions contributes to the difficulty in finding novel

treatment strategies to overcome the rising trend of antimi-

crobial resistance. For novel treatments involving NPs as

carriers of antimicrobial agents to be effective against biofilm

forming bacteria, it is vital to ensure that the NPs are loca-

lized close to the bacterial cells to deliver a high local con-

centration of the antimicrobial agent. As such, methods need

to be identified, which will lead to an increased local con-

centration of the antimicrobial agent not only within the EPS

matrix but also around the bacterial cells. Tailoring the

surface functionalization of the nanoparticle carriers could

lead to promising results. To investigate if the MSNs used

would interact and bind to the cell wall of the bacteria,

binding assays were carried out with planktonic S. aureus

cells and MSNs. Planktonic cells were incubated with MSNs

for one hour, following which the unbound MSNs were

removed through washing steps, and the cells were imaged

using SEM (Figure 5).

It was found that positively charged MSNs (MSN-D and

MSN-A) primarily localized around the bacterial cells of both

S. aureus strains. This localization is believed to be a result of

strong electrostatic attraction forces between the negatively

charged peptidoglycan in the cell wall61 and the positively

charged functional groups on the MSNs surface. On the other

hand, negatively chargedMSNs (MSN-B andMSN-C) seems

to interact more with the EPS surrounding the cells, than

attaching to the bacterial cells, particularly in the case for

MSSA.

Increased interaction with the cell wall can, in princi-

ple, allow for the delivery of a higher local concentration

of an antimicrobial agent directly to the bacterial cells. To

test this hypothesis, vancomycin was loaded onto the

MSNs, to assess if enhanced bacterial cell-binding could

increase the antibacterial effect of the antimicrobial agent.

The loading (Table 2) showed that twice the concentration

of vancomycin was loaded onto negatively charged MSNs

(MSN-B and MSN-C). Planktonic bacteria were cultured

in the presence of the loaded MSNs and free vancomycin

to identify the minimum inhibitory concentration (MIC)

and the minimum biofilm inhibitory concentration

A B

Figure 4 MSNs entrapment in S. aureus biofilms A) MRSA and B) MSSA in the presence of water (Black), PBS (Red) and Tris (Blue) after 180 min exposure. Error bars

represent standard error of the mean (n = 3). *represents a significant difference in MSN entrapment between test conditions, p < 0.05; ns represents no significant

difference in MSN entrapment between test conditions, p > 0.05.
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(MBIC). The loading of vancomycin did not significantly

affect the MIC or the MBIC compared to free vancomycin

(Table S2). As the planktonic cells do not have the protec-

tion of the EPS matrix against antimicrobial agents the

free vancomycin can easily access the bacterial cell, and so

the specific binding of MSNs to the bacterial cell does not

produce a significant decrease in the MIC or MBIC. To

observe the effects of vancomycin loading against bio-

films, samples were treated with the loaded MSNs for 24

hours, which was followed by cell viability (MTT assay of

metabolic activity) as shown in Figures 6 and 7.

When 1 mg mL−1 of nanoparticles solution was used in

the biofilm treatment, all vancomycin loaded MSNs had

similar effects on MRSA and MSSA biofilm cell viability,

although positively charged MSNs had a lower overall

antimicrobial loading. The increased activity of positively

charged MSNs is attributed to the higher binding of the

MSNs to the cell wall of the bacteria (Figure 5) increasing

the delivery directly to the cells. Furthermore, it was

identified that the loaded MSNs had a much more signifi-

cant effect on cell viability as compared to free

vancomycin administered at the same concentration. For

the MRSA, a 3-6-fold decrease in cell viability was

observed when vancomycin was loaded inside MSNs,

compared to the same concentration of free vancomycin.

In the case of MSSA, a reduction of 10–42% in the cell

viability was observed when loaded nanoparticles were

used. This is a result of MSSA bacteria being more sus-

ceptible to vancomycin compared to MRSA (Table S2),

and therefore treatment with free vancomycin produces

a more significant reduction in cell viability in MSSA

biofilm samples as compared with MRSA biofilms. The

loading of the antimicrobial agent inside the structure of

the nanoparticles offers protection to the drug from inter-

actions in the EPS matrix which can inhibit its penetration,

while also increasing its concentration into the deepest

regions of the biofilm.62

To assess if the preferential binding of the positively

charged MSNs to the bacterial cell membrane would

improve treatment of S. aureus infections, a lower nano-

particle concentration solution was used (0.25 mg mL−1).

The positively charged MSNs significantly outperformed

Figure 5 Representative SEM images of S. aureus planktonic cells incubated with MSNs.

Table 2 Vancomycin Loading on the Different MSNs

Nanoparticles [Vanc]/

mg mL−1

Encapsulation

Efficiency (%)

[Vanc]ain 1 mg of

NPs/ mg

Increase in MSN Carbon

Contentb/%

[Vanc]bin 1 mg of

NPs/ mg

MSN-B 11.31 47.23 0.236 6.21 0.114

MSN-D 5.31 15.87 0.104 3.23 0.059

MSN-C 9.27 37.91 0.189 2.60 0.048

MSN-A 4.95 12.82 0.097 3.19 0.058

Notes: aMeasured by UV-visible spectroscopy; bMeasured by elemental analysis.
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the negatively charged MSNs with a 5-8-fold decrease in

viable cells despite having a lower antimicrobial loading

(P < 0.005), indicating that specific binding to the bacterial

cell membrane is critical in improving the delivery of

antimicrobial agents into biofilms. When compared to

free vancomycin at the same concentration, it is clear

both positively and negatively charged MSNs show con-

siderably higher bacterial cell killing activity (Figure 7).

Another critical factor to take into account for future

research when considering the treatment of biofilm

infections is the dispersal of the EPS matrix, which repre-

sents an ideal environment for future bacterial colonization63

and so must be removed to ensure total elimination of the

infection. Coupling EPS targeting agents with antibiotic-

loaded MSNs could lead to promising new techniques to

target biofilm infections. The results presented show that by

tailoring the nanoparticle surface chemistry, lower concen-

trations of antimicrobial agents can be used to target bacter-

ial biofilms helping the development of novel treatment

strategies.

A B

Figure 6 Viability of A) MRSA and B) MSSA biofilm cells after exposure to unloaded MSNs (1 mg mL-1), vancomycin-loaded MSNs (1 mg mL-1), free vancomycin or water

for 24 h, as determined by MTT assay. Error bars represent standard error of the mean (n = 3). Letters (a, b, c, d) represent a significant difference in antibacterial activity

between test conditions, p < 0.05.

A B

Figure 7 Viability of A) MRSA and B) MSSA biofilm cells after exposure to vancomycin-loaded MSNs (0.25 mg mL-1), free vancomycin or water for 24 h as determined by MTT

assay. Error bars represent standard error of the mean (n = 3). Letters (a, b, c, d) represent a significant difference in antibacterial activity between test conditions, p < 0.05.
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Conclusions
Infections caused by the formation of antimicrobial tolerant

biofilms constitute a significant healthcare issue. New

approaches are needed to develop in order to overcome this

problem. Enhancing antimicrobial efficacy through encapsu-

lation in nanomaterials is a promising area of research.

However, the complex interactions which govern nanoparti-

cle-biofilm phenomena are not yet fully understood. This

systematic study has investigated how NP characteristics

and biofilm matrix composition impact entrapment and bind-

ing to bacterial cells in order to enhance dispersal and eradi-

cation of biofilms. Positively charged MSNs had a higher

entrapment in both protein/eDNA and polysaccharide

S. aureus biofilm matrices and were shown to be localized

near the bacterial cell surface. Although, negatively charged

MSNs were more efficiently loaded with vancomycin, posi-

tively charged vancomycin-loaded MSNs more efficiently

localized to the surface of biofilm cells and were more active

in reducing biofilm cell viability. These results demonstrate

that tailoring nanoparticle surface chemistry offers the poten-

tial to improve the treatment options for chronic infections

involving bacterial biofilms. These technologies can increase

the delivery of antimicrobial agents directly to the bacterial

cells within a biofilm while also protecting the loaded anti-

microbial from deactivation in the biofilm matrix. Future

studies will need to investigate how nanocarriers are affected

by physiological fluids, and a deeper understand regarding

the implication of ECM proteins and how theywould interact

with different nanoparticles is essential. Furthermore, how

the improved dispersal of the biofilm matrix could enhance

the treatment of biofilm infections needs further investiga-

tion. Combining NP-encapsulated therapeutic agents to tar-

get both the bacterial cells and remove the protein/

polysaccharides within the biofilm matrix may represent an

alternative strategy for the treatment of S. aureus biofilm-

associated infections.
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