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Colloidal Gold Nanoclusters Spiked Silica Fillers in Mixed
Matrix Coatings: Simultaneous Detection and Inhibition

of Healthcare-Associated Infections

Shahad K. Alsaiari, Mohammed A. Hammami, Jonas G. Croissant, Haneen W. Omar,
Pradeep Neelakanda, Tahir Yapici, Klaus-Viktor Peinemann, and Niveen M. Khashab*

Healthcare-associated infections (HAIs) are the infections that patients get
while receiving medical treatment in a medical facility with bacterial HAIls
being the most common. Silver and gold nanoparticles (NPs) have been
successfully employed as antibacterial motifs; however, NPs leaching in
addition to poor dispersion and overall reproducibility are major hurdles to
further product development. In this study, the authors design and fabricate
a smart antibacterial mixed-matrix membrane coating comprising colloidal
lysozyme-templated gold nanoclusters as nanofillers in poly(ethylene oxide)/
poly(butylene terephthalate) amphiphilic polymer matrix. Mesoporous

silica nanoparticles—lysozyme functionalized gold nanoclusters disperse
homogenously within the polymer matrix with no phase separation and
zero NPs leaching. This mixed-matrix coating can successfully sense and
inhibit bacterial contamination via a controlled release mechanism that is
only triggered by bacteria. The system is coated on a common radiographic
dental imaging device (photostimulable phosphor plate) that is prone to oral
bacteria contamination. Variation and eventually disappearance of the red
fluorescence surface under UV light signals bacterial infection. Kanamycin,
an antimicrobial agent, is controllably released to instantly inhibit bacterial
growth. Interestingly, the quality of the images obtained with these coated
surfaces is the same as uncoated surfaces and thus the safe application

of such smart coatings can be expanded to include other medical devices
without compromising their utility.

terial properties, such as zinc oxide particles,

1. Introduction

A key challenge in controlling the spread of
healthcare-associated infections (HAIs) is
the ability of microbes to survive, grow, and
colonize on hospital surfaces and patient
care devices. In the past 20 years these
infections have increased by 36%, escalating
the urgency for developing antibacterial
surfaces to prevent bacterial growth and,
hence, biofilm formation.l! Antimicrobial
coating materials have thus been designed
to protect surfaces prone to bacterial con-
tamination. One of the most used antimi-
crobial ingredients in clinical technologies
are nanoscaled silver (Ag) particles due to
their ability to slowly release antimicro-
bial silver ions.>-*! For example, Ag nano-
particles (NPs)-doped polyethyleneimine
constituted an effective antibacterial surface
coating material.l”%) Nonetheless, the exten-
sive exposure of bacteria to Ag-containing
membranes endowed the development of
Ag-resistant microorganisms.['®12l Recent
reports also revealed that the leaching of Ag
NPs from packaging and storage products
remains a major health concern.l3! Other
biocidal agents were incorporated into
coating matrices to enhance their antibac-
4 triclosan,!>-17]
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eugenol,'#1% and antibiotics,?% but again leaching continued to
be a major drawback. These studies were mainly focused on the
optimization of the antibacterial activity of the coating matrices
with no bacterial sensing capabilities.?-24

The simultaneous sensing and inhibition of bacteria; con-
tamination has been investigated in other studies.”>*!! Dam
and co-workers specifically targeted and detected infections
caused by Gram-positive bacteria using fluorescently labeled
vancomycin.[?®?% Jenkins and co-workers described a thin film
functionalized with vesicles to detect and inhibit the bacterial
growth by a selective release of antimicrobial agents only in
the presence of pathogenic bacteria.l’% Lysozyme functional-
ized gold nanoclusters (AuNCs) were used to detect bacteria
through the multivalent interactions between lysozyme and
N-acetylglucosamine on the peptidoglycans on bacterial cell
walls.B133 Nonetheless, the development of a biocompatible
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coating material for medical devices which could simultane-
ously detect and inhibit bacterial growth without leaching of the
antimicrobial agent remains challenging to this day.

Herein, we report the fabrication of a smart antibacterial poly-
mer coating containing gold nanoclusters-lysozyme (AuNC@Lys)
colloids capping kanamycin (Kana)-loaded mesoporous silica
nanoparticles (MSN) as antimicrobial nanofiller, applied on a
medical device for safer X-ray dental imaging. The electrostatic
self-assembly of negatively charged and fluorescent AuNCs
onto positively charged aminated MSN provided bacteria-
responsive nanofillers into the coating for the detection and
inhibition of bacterial contamination. Upon encountering bac-
teria, AuUNC@Lys detached from the MSN surface due to the
interaction of lysozyme with the bacterial cell wall, and the
release of entrapped Kana antibacterial cargos occurred. Con-
currently, the loss of the red fluorescence of AuUNC@Lys was
efficiently detected affording a qualitative bacterial sensing
platform. The MSN-AuNC@ Lys nanofiller was then uniformly
dispersed into poly(ethylene oxide)/poly(butylene terephtha-
late) (PEO-PBT, of commercial name polyactive) coating mate-
rial without particle leaching (Scheme 1). This biocompatible
mixed-matrix membrane was successfully scaled-up with high
uniformity and reproducibility. The novelty of the work could
be summarized as follows: (1) design and application of a novel
bacteria-responsive gold nanoclusters@lysozyme-mesoporous
silica nanocontainer for bacteria sensing and controlled-release
of antibacterial agents; (2) design and application of a bacteria-
responsive smart mixed polymer membrane; (3) a real-life
application of the system via the spin coating of the smart
membrane on dental imaging plates, which are reusable dental
care products suffering from high risk of oral bacteria contami-
nation. This smart coating successfully detected and inhibited
bacterial infection while maintaining the quality of the dental
images obtained with these plates.
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2. Results and Discussion

2.1. Fabrication and Characterization of the
MSN-AuNC@Lys Nanofillers

The gold nanoconjugates were first synthesized according
to a previously published procedurel* and applied for their
well-known red-NIR photostable emission and high quantum
yield.353%] The synthesis of AuNC@Lys involved the reduction
of Au(IIl) ions in the presence of lysozyme at 37 °C upon the
addition of sodium hydroxide. The AuNC@ Lys nanoconjugates
were characterized by transmission electron microscopy (TEM)
which displayed =2 nm nano-objects (Figure Sla, Supporting
Information), and fluorescence spectroscopy showed the typical
broad red emission of the clusters centered at 680 nm (Figure S1b,
Supporting Information). The charged of AuNC@Lys
was negative (-7 mV) in neutral conditions according to Zeta
potential analyses (Figure S1c, Supporting Information).

The MSN-AuNC@Lys nanofillers were then prepared,
starting with the sol-gel synthesis of mesoporous silica nano-
containers®”! which have attracted tremendous attraction for
their biocompatibility®*#% and controllable structure.'#4 In
order to electrostatically bind the negatively charged AuNC@Lys
to MSN, the surface functionalization of the nanocontainers
was carried out with aminopropyltriethoxysilane affording
MSN-NH, (+24 mV). Fast Fourier transform infrared (FTIR)
spectroscopy confirmed the preparation of aminated silica
particles with the vgs;i_o and vy_y stretching vibration modes
at 1089 and 1385 cm™, respectively (Figure S2, Supporting
Information). In order to meet the requirements of a drug
release carrier nanofiller (Figure 1), the designed particles had
to be non-aggregated and porous. The porosity was confirmed
by the type IV N,-adsorption—desorption isotherm typical of
mesoporous materials, the high Brunauer-Emmett-Teller
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Scheme 1. Fabrication of the a) polyactive copolymer doped with Kana-loaded MSN-AuNC@Lys nanofiller b) for the coating of an X-ray dental plate
device. The coating material provides c,d) antimicrobial and d,e) contamination detection features to the device. The contamination can be assessed
by the naked eye simply by the color change of the dental plate exposed to UV light, providing a practical medical device.
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Figure 1. a) Representation of the preparation of Kana-loaded MSN-
AuNC@Lys; TEM micrographs of MSN-NH, b) before and c) after
coating of AuNC@Lys. d) Nitrogen sorption isotherm of MSN-NH, NPs.
(e) XPS of Kana-loaded MSN-AuNC@Lys in the 4f gold region.

surface area of 684 m? g7, and the pore size distribution of
MSN-NH, centered at 2.3 nm according to the Barret—Joyner—
Halenda theory (Figure 1e). The absence of aggregation was
shown by TEM which displayed well-dispersed MSN-NH,
150 nm large carriers with a long-range mesoporous order
(Figure 1b).

The preparation of MSN-NH, containers capped with
AuNC@Lys was then investigated. Note that both AuNPs and
AuNCs have been reported as pore capping agents due to their
strong electrostatic interactions with protonated amino groups
as well as their high biocompatibility.*>~*] The preparation of
MSN-AuNC@Lys was clearly confirmed visually via TEM which
showed a rough particle surface typical of protein-coated MSN
(Figure 1c).®! This successful capping was further supported
by FTIR which depicted the appearance of several vibration
modes of AuNC@Lys on the spectrum of MSN-AuNC@Lys,
such as the Ve—g (1674 cm™), Sy—pi arom (1545 cm™), and Sy—_y
(1230-1380 cm™!) of lysozymes (Figure S2, Supporting Infor-
mation). The presence of gold atoms was also directly con-
firmed by high-resolution X-ray photoelectron spectroscopy
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(XPS) with the presence of the Au 4f;;, and 4f;, peaks respec-
tively centered at 83.9 and 87.6 eV which is associated with Au®
and Au!" typical of gold nanoclusters (Figure 1d).1*8l

The loading of the pores of MSN-NH, with Kana bacte-
riocidal agents followed by their capping with AuNC@Lys
nanoconjugates was then performed (Figure 1a). The size distri-
bution of the pores (=2 nm) of the particles was well-suited for
the loading of the drugs (=1 nm), and the subsequent pore cap-
ping with AuNC@Lys (=2 nm). The Kana loading inside NH,—
MSN was carried out in phosphate buffer saline (PBS) at room
temperature for 24 h followed by the addition of AuNC@Lys.
The amount of loaded Kana was detected by UV-vis and it was
found to be 350 mg g'. It was calculated via analyses of drug
supernatants. The rhodamine B (RhB) violet dye was also used
as a control cargo to verify the proper operation of the system
by monitoring the fluorescence. Photographs of cargo-free and
cargo-loaded particle suspensions before and after centrifuga-
tion supported the stable loading of the cargos in the particles
(Figure S3, Supporting Information).

2.2. Sensing and Antibacterial Properties of
MSN-AuNC@Lys Nanofillers

The sensing and antibacterial properties MSN-AuNC@Lys
associated with the controlled release application of the system
were then tested in the presence Escherichia coli (E. coli) bacteria
(Figure 2a). E. coli was selected as a model bacterium to study
the antibacterial activity of Kana-loaded MSN-AuNC@Lys
as it is a well-characterized and a medically relevant bacterium.
Bacillus safensis was used as a model bacterium for Gram-pos-
itive bacteria. All antibacterial activity tests were performed in
triplicates and were carried out at different times to ensure
the experimental reproducibility. The mechanism of the drug
release system involved the adsorption of the particles in the
bacteria upon bacterial contamination, followed by the degrada-
tion of the bacterial cell wall by lysozyme which would in turn
quench the gold fluorescence (Figure 2a). Experimental obser-
vations showed that the fluorescence of AuNCs did gradually
quench over time (Figure 2b), which revealed that the fluores-
cence depended on the lysozyme catalytic activity. Beginning
with the model dye cargo, RhB-loaded MSN-AuNC@Lys were
then incubated with E. coli (1.6 x 108 CFU mL™) at 37 °C under
gentle shaking to assess the bacteria-responsiveness of the
particle. The particles depicted a controlled release of RhB in
bacteria growing media Luria broth (LB) and no release was
detected in the absence of E. coli (Figure 2c). Similar conclu-
sions were observed for Kana-loaded particles (Figure 2d).
Interestingly, the release of both cargos was delayed for about
20 min. This was consistent a study Li and Wang. which sug-
gested that nanomaterial-bacteria interactions are initiated in
10 min and that the cell wall destruction occurs in 30 min.[3’!

2.3. Biocompatibility of MSN-AuNC@Lys Nanofillers
The Dbiocompatibility of AuNC@Lys-capped Kana-MSN

nanofillers was then tested in two different cell lines
MCF-7 and HCT-116. Their cytotoxicity was assessed by the
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Figure 2. a) Schematic illustration of the bacteria-triggered cargo
release from MSN-AuNC@Lys NPs. b) Fluorescence emission spectra
of AUNC@Lys: as the activity of lysozyme increases, the fluorescence of
AuNCs decreases. Release profiles of ¢) RhB-loaded and d) Kana-loaded
MSN-AuNC@Lys in the presence of E. coli bacteria or in LB. e) Kinetics of
the antibacterial activity of MSN-AuNC@Lys loaded with RhB and Kana
(20 g mL™") in LB broth at initially fixed bacteria concentration.

3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide
(MTT) assay and the results were compared with the controls.
The data obtained proved that the MSN-AuNC@Lys nano-
fillers were biocompatible even at the high concentration of
200 ug mL! in the two different cell lines (Figure S4, Sup-
porting Information).

2.4. MSN-AuNC@Lys Bacterial Inhibition Kinetics

The E. coli inhibition kinetics in response to its interaction
with cargo-loaded MSN-AuNC@Lys at the concentration of
20 ug mL! were studied over 3 h (Figure 2e). The antibacterial
activity was related to the activity of AuNC@Lys. Compared to
the control point (OD600: 0.2 = 1.6 x 108 CFU mL™), the E. coli
viability decreased by 50% in 170 min when the RhB inactive
cargos was used due to the activity of AuNC@Lys (as discussed
later with Figure 3c). Note that, the activity of MSN-AuNC@Lys
was similar to the one of RhB-loaded MSN-AuNC@Lys (data
not shown). Incorporating the antibacterial Kana drugs into
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Figure 3. a) Antibacterial activity of different concentrations of NPs over
time toward E. coli (1.6 x 107 CFU mL™"). b-d) Photographs of Petri
dishes showing the d) antimicrobial activity of Kana MSN-AuNC@Lys
against E. coli compared with b) an E. coli control and c) the activity of
AuNC@Lys. A portion of the LB broth bacterial suspension was streaked
on LB agar. A system free of E. coli was used as a control to compare the
bacterial growth.

the pores of the nanofillers, however, decreased the viability
by 50% in only 50 min, and by about 80% in 170 min (Figure
2e). The efficacy of the antibacterial activity of Kana-loaded
MSN-AuNC@Lys was further investigated at various par-
ticle concentrations (20, 80, 120, and 200 ug mL™) for up to 3
h (Figure 3a).?¥ Kana-loaded MSN-AuNC@Lys were able to
inhibit the growth of E. coli by more than 96% at a concentra-
tion of 200 ug mL™! over a short period of time. A concentra-
tion of 20 ug mL™! resulted in inhibiting 73% of bacteria over
the same period of time. Photographs of Petri dishes containing
E. coli bacteria grown on LB agar also showed that Kana-loaded
MSN-AuNC@Lys were more efficient to inhibit bacterial
growth than cargo-free NPs and the E. coli control (Figure 3b—d).
The nanofiller antibacterial activity toward B. safensis was also
very effective (Figure S5, Supporting Information). Note that,
this design showed a faster response against bacteria and better
antibacterial properties when compared to other reported sys-
tems employing lysozyme.*]

2.5. Detection of E. Coli Bacteria

The loss of AuNC@Lys fluorescence was correlated qualitatively
to E. coli concentration. E. coli 4 x 10% to 4 x 107 CFU mL™" were
mixed with 300 pug mL™ of Kana-loaded MSN-AuNC@Lys
and incubated for 3 h. The fluorescence intensity was detected
at Aya 580 nm. The fluorescence intensity of AuNC@Lys

Adv. Healthcare Mater. 2017, 1601135
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decreased linearly with the increase in E. coli concen-
tration over this range. The calibration function for the
E. coli analysis is I = 0.12848¢ + 64.7947 (with a good linearity
2 = 0.948) where I is the fluorescence intensity and c is the
concentration of E. coli (Figure S6, Supporting Information).

2.6. Fabrication and Characterization of the
Mixed Matrix Coating

The antibacterial MSN-AuNC@Lys nanofillers were then
mixed with the PEO-PBT copolymer (also known as polyac-
tive) which is a promising flexible, environmentally friendly,
biocompatible, and cost-effective polymer for manufacturing
membranes.[**-52 Polyactive is amphiphilic and soluble in tet-
rahydrofuran (THF) which allows a homogenous mixture with
an aqueous dispersion of MSN-AuNC@Lys to avoid phase
separation or precipitation during the membrane prepara-
tion. Mixed membranes of 50 um in thickness were fabricated
employing a THF/H,0 mixture (80:20, v:v) of polyactive with or
without 10 wt% of MSN-AuNC@Lys NPs via a slow evapora-
tion process of the solvent at room temperature (Figure 4a,b).
The presence of the MSN-AuNC@ Lys nanofiller was confirmed
by comparing scanning electron microscope (SEM) images of
the pure and mixed membrane coatings (Figure 4c,d). Atomic
force microscopy (AFM) images correlated these results with
a significant increase of the surface roughness from 17 nm
in the polyactive membrane coating to 116 nm in the polyac-
tive-nanofiller coating (Figure 4ef). In order to visualize the
particles, SEM and TEM of a cross-section of the mixed mem-
brane were then performed and showed the incorporation of

www.advhealthmat.de

the nanofillers (Figure 4g—i). High magnification TEM micro-
graphs also revealed that the hexagonal porosity of MSN was
intact (Figure 4i). Thermogravimetric analysis (TGA) of the
nanofillers, the nanofiller-free membrane, and the membrane-
nanofillers verified the incorporation of about 10 wt% of
nanofillers (Figure S7, Supporting Information). The thermal
decomposition of the polymer matrix started at 400 °C while
the nanofillers decomposed in two steps: a minor fraction from
250 to 500 °C and the major fraction at around 550 °C. This
analysis also demonstrated that the presence of the nanofillers
did not decrease the thermal stability of the polyactive polymer.

2.7. Drug Release and Biocompatibility of the Mixed Membrane

The E. coli bacteria-responsiveness of the mixed membrane
was tested first. The release of Kana drugs was obtained in the
presence of bacteria while the drugs remained loaded in LB
broth (Figure 5a,b). As observed with the cargo-loaded MSN-
AuNC@Lys nanofillers, the release of the Kana cargos from the
mixed membrane was also delayed for approximately 50 min
(Aaps = 255 nm, Figure 5b). The biocompatibility of the mixed
membrane coating was then evaluated by the trypan blue dye
exclusion assay.>’! The number of viable cells was counted
using a hemocytometer and the percentage of viable cells was
correlated to the number of cells in the control. A section of the
membrane with a diameter of 10 mm was soaked in methanol
for 5 min, washed, and then placed into a 24-well plate. A solu-
tion of HCT-116 cells was added to each well containing the
membrane for 2 d and membrane-free wells served as positive
controls. Two days after cell culturing on the membrane, their

R=17nm

Cross Section

Figure 4. Representation of the polymer coating a) without and b) with the antibacterial nanofillers and c,d) the corresponding SEM and e,f) AFM
micrographs. The roughness (R) observed on the membrane by AFM varied and supported the particle doping of the polyactive membrane. g) Repre-
sentation of a cross-section of the membrane on which h) SEM and i) TEM analyses were performed to verify the uniform dispersion of the mesoporous

particles into the membrane.
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Figure 5. a) Representation the bacteria-responsivness of the smart membrane for the release of Kana drugs (represented by cubes). b) Kana release
profiles from the mixed membrane in the presence of E. coli bacteria or in LB broth. c) Cell viability assay of the membrane showing the non-significant
cytotoxicity of the device coating. d) The nanofiller-free and nanofiller-doped membranes was immersed (or not) with E. coli containing broth. The
AuNC fluorescence was quenched upon the E. coli exposure. CLSM images of E. coli stained with a fluorescent cell viability marker (live-dead assay)
for e) the nanofiller-free and f) nanofiller-doped membranes. Viable bacteria appeared as green dots and non-viable as red dots.

viability rate was determined. The viability of the cultured cells
was 86% which is remarkably low despite the high content of
the membrane in this test (Figure 5c).

2.8. Antibacterial Activity of the Mixed Membrane

E. coli bacteria were then poured on the membrane and left
for 8 h (3 mL, OD600: 0.6 = 4.8 x 108). As shown in Figure 5d
which compares the membrane with or without nanofillers, the
fluorescence of AuNC@Lys was sharply quenched in the pres-
ence of E. coli which indicated the lysozyme activity and the
kanamycin release. In order to confirm the antimicrobial prop-
erties associated with the release of the drug, live-dead assay
were performed. In this assay, the viable and dead bacteria were
respectively stained in green by calcein and in red by ethidium
bromide (Figure 5e,f). Using only polyactive membranes, most
of the bacteria remained viable as shown with green calcein
color (Figure 5e). Conversely, employing the MSN-AuNC@Lys
mixed membrane coating, the image was covered with red dots
indicating high bacterial death (Figure 5f). In the absence of
the bacteria the nanofillers remained in the coating after 10 d
in various fluids (H,0 pH 5 and 7, saline) as shown by induc-
tively coupled plasma-mass spectrometry (ICP-MS) analysis
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(see Table S1 in the Supporting Information). Differential scan-
ning calorimetry (DSC) was also carried out as a quality control
verification of the thermal stability of the composite mem-
branes before and after exposure to bacteria (Figure S8, Sup-
porting Information). The DSC data showed minor shifts in the
crystallization temperature peaks with the presence of nano-
fillers and no other peaks were detected, which implied that
there was no phase transition in the composite membrane even
after exposure to bacteria which supported the proper stability
of the membrane for the targeted application.

2.9. Coating X-Ray Dental Imaging Plates

The mixed membrane was then applied as a protective smart
coating of X-ray dental image plates. A photostimulable phos-
phor (PSP) plate was coated with the developed smart mem-
brane. Such imaging plates are usually inserted into a plastic
sleeve or a “barrier envelope” prior to insertion into the mouth
of the patient to acquire X-ray dental images. A major limita-
tion of the PSP plates, however, is the possibility of transfer-
ring contaminated material to patients when the protective
envelope of the plate is damaged. Coating the PSP plate with
MSN-AuNC@Lys mixed membrane coating showed a bright

Adv. Healthcare Mater. 2017, 1601135
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PSP Antibacterial PSP
Dental Plate

Dental Plate

Figure 6. Representation of a PSP dental plate a) without or b) with the
smart bacteria-responsive coating. X-ray radiographic dental images
using the c) uncoated and d) the coated PSP plate. Both coated and
uncoated plates provided high-resolution images.

red color in the absence of bacterial contamination (Figure 6a,
see photograph in Scheme 1d). At low bacterial contamination
(4 x 10®* CFU mL™), the antibacterial nanofillers could quickly
inhibit the bacterial infection and a decrease in red fluores-
cence was observed (Figure 6b, see photograph in Scheme 1le).
However, only a blue color was obtained in the case of high
bacterial contamination (4 x 10’ CFU mL™) as shown in
Figure 6¢. Most importantly, the designed smart coating did not
jeopardize the quality of the dental images obtained with the
PSP (see Figure 6¢,d). The bacteria-responsive MSN-AuNC@
Lys-polyactive coating thus provides a safer practical application
of PSP medical devices with a straightforward optical detection
test to assess their antimicrobial effectiveness.

3. Conclusions

A smart dual-functional membrane with sensing and antibac-
terial properties was developed for the coating of X-ray dental
imaging devices. These two properties were garnered into the
polymer coating material via the incorporation of drug-loaded
mesoporous silica nanoparticles capped with gold nanocul-
sters@lysozyme colloids which have an intense red fluores-
cence in the absence of bacteria. In the presence of E. coli
bacteria, however, the red fluorescence was quenched as the
clusters were detached from the silica particles while releasing
the antimicrobial drugs. The absence of fluorescence on the sur-
face of the plate led to a blue color under UV light and indicated
the bacterial contamination; conversely, a red fluorescent sur-
face signaled a bacteria-free environment. The MSN-AuNC@
Lys-polyactive smart coating was characterized with multiple
techniques including electron microscopies and spectroscopic
methods, and the sensing and bacteria-triggered drug release
features were demonstrated in vitro. The practical utility of this
coating was then showcased on X-ray dental imaging plates
which are prone to oral bacteria contamination. The system
showed reproducible detection and inhibition of the bacterial
growth with high-quality X-ray dental images which proved its
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promising real-life applicability. Moreover, this coating strategy
could be further expanded to include the monitoring and inhi-
bition of bacterial contamination on hospital surfaces, medical
equipment, and other radiographic patient care devices.

4. Experimental Section

Materials: Milli-Q water (18.2 mQ; Millipore Co., USA) was used in
all experiments and to prepare all buffers. Cetyltrimethylammonium
bromide (CTAB), tetraethylorthosilicate (TEOS), sodium hydroxide
(NaOH), (3-aminopropyl)triethoxysilane (APTES), methanol (MeOH),
ethanol (EtOH), lysozyme from chicken egg white (Lys), PBS, THF,
chloroauric acid (HAuCl,-4H,0), RhB, kanamycin (Kana) sulfate and
trypsin were purchased from Sigma-Aldrich. Calcein, ethidium bromide,
and MTT were purchased from Life Technologies. Bacto agar and LB
broth were purchased from Becton and Dickinson (BD). MCF-7 and
HCT-116 cell lines were purchased from ATCC. (PEO-PBT) copolymer
was received from IsoTis Orthobiologics. All the chemicals were used as
received without further purification.

Preparation of Cargo-Loaded MSN-AuNC@ Lys—Preparation of MSNE):
First, CTAB (0.80 g) was stirred in deionized water (384 mL). Then, a
concentrated aqueous solution of NaOH (2.8 mL, 2 m) was added, and the
temperature of the solution was set to 80 °C. After 30 min, TEOS (4 mL)
was added dropwise while stirring and the sol-gel process was conducted
for 2 h. Finally, the MSN-CTAB suspension was cooled down to room
temperature, centrifuged at 14 000 rpm for 15 min, washed with deionized
water and methanol, and dried under vacuum for few hours.

Preparation of Cargo-Loaded MSN-AuNC@ Lys—Preparation  of
MSN-NH J*143): Non-extracted MSN-CTAB (200 mg) were suspended
in anhydrous toluene (30 mL), APTES (100 uL) was added to the
mixture, and the solution was refluxed for 24 h. Then, the solution
was cooled down to room temperature, centrifuged at 14 000 rpm
for 10 min, washed several times with EtOH, and dried at room
temperature overnight. The resulting amino functionalized NPs were
refluxed for 16 h in a mixture of methanol (80 mL) and concentrated HCI
(1 mL, 37%), filtered, and washed extensively with water and ethanol.
Two other extractions were carried out via ammonium nitrated ethanol
solutions (6 g L"), followed by ethanol washings to ensure the complete
CTAB removal. The resulting surfactant-free MSN-NH, were dried under
vacuum for few hours.

Preparation of Cargo-Loaded ~MSN-AuNC@ Lys—Preparation  of
AuNC@Lys: AUNC@Lys were synthesized according to a previously
reported procedure.}4l Briefly, an aqueous solution of HAuCl, solution
(5 mL, 10X 1073 M) was added to a lysozyme solution (5 mL, 50 mg mL™")
under vigorous stirring at 37 °C. After 10 min, an aqueous solution of
NaOH (500 mL, 1 m) was introduced, and the mixture was incubated at
37 °C for 12 h. The final solution was stored at 4 °C.

Preparation of Cargo-Loaded MSN-AuNC@ Lys—Preparation of MSN—
AuNC@Lys: MSN-NH, (20 mg) were dispersed in PBS (20mL, 10x 1073 m, pH
7.4), and the solution was sonicated for 1 min. The as-prepared AuNC@Lys
solution (5 mL) was then added into the MSN-NH, solution and the
mixture was stirred at room temperature for 12 h. Finally, the resulting
MSN-AuNC@Lys product was collected by centrifugation (4000 rpm,
10 min) and washed with PBS (10 x 107 wm) several times.

Preparation of Cargo-Loaded MSN-AuNC@ Lys—Preparation of Cargo-
Loaded MSN-AUNC@Lys: MSN-NH, (100 mg) were dispersed in PBS
(25 mL, 10 x 10 m, pH 7.4), mixed with RhB or Kana cargos (200 mg),
and stirred at room temperature for 24 h. The RhB-loaded or Kana-
loaded MSN-NH, were then collected via centrifugation (4000 rpm,
10 min), washed once with deionized water, and dried under vacuum for
few hours. The AuNC@Lys PBS solution was mixed with cargo-loaded
MSN-NH, and stirred for 6 h, followed by centrifugation and repeated
washings with PBS. The amount of loaded Kana was determined by the
Beer—Lambert law: A = &¢I, where A is the absorbance, ¢ is the Kana
concentration, [ is the path length of the sample cell (1 cm), and € is the
molar extinction coefficient of Kana (143.40 M~' cm™, at 255 nm and pH 7).
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Bacterial Studies—Bacterial Viability Determination: E. coli or B. safensis
were cultured in LB medium at 37 °C on a shaker bed at 200 rpm for
4-6 h. Then the concentration of bacteria, corresponding to an optical
density of 0.2 at 600 nm for 1.6 x 108 CFU mL™" diluted with LB medium,
was measured by using UV-vis spectroscopy (Novaspec Plus Visible
Spectrophotometer). Bacterial suspension (20 puL of 1.6 x 108 CFU mL™)
was added into LB medium for each well. Then, different concentrations
of NPs (20, 80, 120, and 200 ug mL™") were separately added into
24-well plates and shaken at 37 °C on a shaker bed at 200 rpm for 3 h.l
A NPs-free solution was used as a positive control. The bacterial viability
was determined by ODgynm- Each concentration was prepared and
measured in triplicate, and all experiments were repeated at least twice
in parallel. Then, solutions of the control (10 puL), of RhB-loaded MSN—
AuNC@Lys (10 pL, 20 ug mL™"), and of Kana-loaded MSN-AuNC@Lys
(10 pL, 20 ug mL™") were plated on LB agar and incubated at 37 °C
overnight to count the number of bacterial colonies.

Bacterial Studies—Dual Activity of AuNC@ Lys and Kana: Kana release
was monitored the by UV—vis at 255 nm.B¥ Kana-MSN-AuNCs@Lys
(200 ug mL™") were incubated with E. coli (1.6 x 108 CFU mL™) at 37 °C
under gentle shaking. The amount of kanamycin released was calculated
by Beer-Lambert law. The loss of AuNCs fluorescence was detected by
fluorescence spectrophotometer at 580 nm.

Polymer Coating—Pristine Polymer Coating: The PEO-PBT polyactive
copolymer (3 wt%) was dissolved in THF (4 mL) and refluxed overnight.
The resulting polymer solution was transferred into a glass Petri dish
and then dried under air for 24 h at room temperature to ensure a slow
evaporation process. Finally, the composited membrane was placed in a
vacuum oven to evaporate potential water residues.

Polymer Coating—Composite Coating: Kana-loaded MSN-AuNC@Lys
were dispersed in deionized water at a concentration of 20 mg mL™". A
fraction of this solution (1 mL) was then diluted in THF (4 mL) and the
resulting mixture was sonicated for 1 h. Then, the PEO-PBT polyactive
copolymer (3 wt%, 150 mg) was added and the solution was refluxed
overnight. The same evaporation procedure used for the pristine film
was followed to obtain the composite coating.

Polymer Coating—Coating of the Dental Device: The previous composite
solution was spin coated on PSP plates with a controlled thickness. The
coated dental plate was dried under air for 24 h at room temperature to
ensure a slow evaporation process. Finally, the composited membrane
was placed in a vacuum oven to evaporate potential water residues.

Live-Dead Assay: The Kana-loaded MSN-AuNC@Lys—Polyactive
membrane was completely immersed into a bacterial suspension (5 mL)
in a sterile 15 mL conical tube. The membrane was incubated at room
temperature for 8 h. The live-dead assay was performed by immersing
the membrane in the live—dead assay reagent, which was prepared
according to the manufacturer. Then, two washings were performed
with PBS. The membrane was mounted on a slide and imaged by laser
scanning confocal microscopy.

Cell Culture: MCF-7 and HCT-116 cells were seeded at a density of
5 x 10 cells per well. Cells were cultured in an Eagle’s Minimal Essential
Medium (EMEM) containing 10% of Fetal Bovine Serum (FBS) and 0.1%
of penicillin—streptomycin at 37 °C in a humidified 5% CO, atmosphere.
The media of MCF-7 was supplemented with 0.01 mg mL~" insulin.

MTT Assay: The «cell viability was tested by the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide, Life
Technologies, Carlsbad, CA, USA) assay following the instructions
of the manufacturer. Briefly, MCF-7 and HCT-116 cells (5 x 10® cells
per well) were seeded onto a 96-well plate. On the following day, the
culture medium was changed, and cells were incubated with different
concentrations (200, 100, 50, 25, 12.5, and 6.25 ug mL™") of Kana-
loaded MSN-AuNC@Lys in 200 pL of fresh medium at 37 °C for
24 h. After 24 h, the medium was discarded, and a prepared culture
medium containing 12 X 103 m MTT solution was added to each well,
including a negative control of culture media alone. After 3 h incubation,
the medium was removed from the wells. Then 50 uL of DMSO was
added to each well and mixed thoroughly for 10 min. The absorbance
was measured at 540 nm using a microplate spectrophotometer (xMark
Microplate Absorbance Spectrophotometer).
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Trypan Blue Dye Exclusion Assay: The membrane was cut into T cm
pieces. Each piece was placed in a well of the 24-well plate. Membrane-
free wells were used as positive controls. HCT-116 cells were seeded
at a density of 5 x 10% cells per well in an EMEM medium at 37 °C in
a humidified 5% CO, atmosphere for 2 d. The media was changed
every 12 h. At the end of the culture period, the medium was removed
from the culture dish, cells were collecting by adding trypsin and
centrifugation (1000 rpm, 5 min). Cells were washed with PBS twice
and trypan blue staining of the cells was performed by adding 50 mL
trypan blue (4%) to 50 mL cell suspension. A hemocytometer was filled
and the cells were observed under an inverted microscope for total and
viable cell counting. Viable cells were gray and dead cells were blue.

ICP-MS Particle Leaching Experiments: The experiments were performed
on the mixed matrix coating in three media: in deionized water at pH 7,
in deionized water at pH 5, and in a saline solution. The authors studied
the leaching of Au from the coating for 10 d. The resulting solutions were
analyzed every 24 h for 10 d with an inductively coupled plasma mass
spectrometry (Elan DRC Il, PerkinElmer) to quantify the concentration of
gold. The membranes were then digested and the results were presented
in terms of percentage of Au released compared to the total amount of Au
in the membrane. The results revealed the absence of Au release in the
three media, as the Au quantification yielded percentages below the
accuracy limits of the instrument.

Apparatus and Methods: The surface morphologies of the pure and
composite membrane were investigated by field emission scanning
electron microscopy using SEM Quanta 600. Standard TEM images
were collected using a Tecnai G2 Spirit TWIN 20-120 kV/LaB6. The
NPs were dispersed in ethanol and drop cast on a lacy copper grid and
dried for 1 h prior to analysis. The chemical composition of the NPs
was measured by FTIR spectrometer in the range of 500-4000 cm™'. The
decomposition behavior of the composites was studied using a TGA
(TG 209 F1 Iris, Netzsch, Germany) under nitrogen from 30 to 1000 °C
at a ramping rate of 10° min~'. XPS data were collected by an Axis Ultra
instrument (Kratos Analytical) under ultrahigh vacuum (<10-8 Torr) and
by using a monochromatic Al Ko X-ray source operating at 150 W. AFM
images were acquired using an Agilent 5400 SPM instrument (USA).
Porosimetry analyses were performed using a “Micromeritics” (ASAP
2420) instrument at 77 K. ICP-MS data was obtained using a Perkin
Elmer Elan DRC-II instrument.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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