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ARTICLE INFO ABSTRACT

Keywords: Combating antimicrobial resistance is one of the biggest health challenges because of the ineffectiveness of
Gated-nanodevice standard biocide treatments. This challenge could be approached using natural products, which have demon-
Cinnamaldehyde

strated powerful therapeutics against multidrug-resistant microbes. In the present work, a nanodevice consisting
of mesoporous silica nanoparticles loaded with an essential oil component (cinnamaldehyde) and functionalized
with the polypeptide e-poly-1-lysine is developed and used as an antimicrobial agent. In the presence of the
corresponding stimuli (i.e., exogenous proteolytic enzymes from bacteria or fungi), the polypeptide is hydro-
lyzed, and the cinnamaldehyde delivery is enhanced. The nanodevice's release mechanism and efficacy are
evaluated in vitro against the pathogenic microorganisms Escherichia coli, Staphylococcus aureus, and Candida
albicans. The results demonstrate that the new device increases the delivery of the cinnamaldehyde via a bio-
controlled uncapping mechanism triggered by proteolytic enzymes. Moreover, the nanodevice notably improves
the antimicrobial efficacy of cinnamaldehyde when compared to the free compound, ca. 52-fold for E. coli, ca. 60-
fold for S. aureus, and ca. 7-fold for C. albicans. The enhancement of the antimicrobial activity of the essential oil
component is attributed to the decrease of its volatility due to its encapsulation in the porous silica matrix and
the increase of its local concentration when released due to the presence of microorganisms.

Pathogenic microorganisms
Antimicrobial resistance

lethality, and the cost of treatment [1]. In this context, it is necessary to
develop new antimicrobial products for their application in medicine

1. Introduction

During the last years, the indiscriminate and inappropriate use of
drugs and phytosanitary products has often produced the inefficacy of
common antimicrobial treatments. One of the biggest challenges in to-
day's health is to prevent and combat the so-called antimicrobial resis-
tance (AMR). AMR occurs when bacteria, fungi, viruses, and parasites do
not respond to antimicrobial therapy, and the treatment of infections
derived from them is complicated, increasing the risk of disease spread,

and the agri-food sector to avoid antimicrobial resistance. In this sce-
nario, naturally occurring antimicrobial compounds are an excellent
proposal as alternative antimicrobial agents [2]. Antimicrobial com-
pounds of natural origin can be obtained from plants, animals, or mi-
croorganisms. Examples of natural antimicrobials are essential oil
components (EOCs), i.e., bioactive compounds from lipophilic plant
extracts [3], that can be extracted from roots, leaves, seeds or flowers.
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EOCs present recognized antioxidant, antibacterial, antifungal, and
insecticidal properties [4] and are considered biodegradable and less
toxic than synthetic antimicrobials. These EOCs are produced as a
defensive mechanism by the plant. When in contact with microorgan-
isms, they create a series of cascade reactions that ultimately disrupt the
bacterial or fungal cell, making them effective for the inactivation or
inhibition of many microorganisms [5,6]. Moreover, the multi-
component nature of EOCs can reduce the potential AMR to essential
oils [7], making EOCs excellent candidates for use as natural antimi-
crobials. Besides, it has been reported that EOCs can avoid AMR thanks
to their action mechanism related to protein biosynthesis and alteration
of cell walls and membranes [8].

Extensive research has been conducted on various medical applica-
tions related to EOCs. These include its anticancer and antitumor
properties, cardioprotective function, anti-inflammatory properties,
thermogenic effects, and antimicrobial properties [9]. However, EOCs
have technological drawbacks such as high volatility, strong sensorial
properties, high reactivity, and poor water solubility, which need to be
addressed before their application in a real scenario [10]. Research in
recent years has focused on developing technologies, such as nano-
encapsulation and nanoparticle incorporation, to solve these disadvan-
tages [11,12]. These nanodevices can have different characteristics,
such as organic or inorganic nature, or different sizes and shapes, which
render them various properties for specific applications [13,14]. These
nanodevices can release the cargo in two different ways: (i) passive,
through a sustained release of the cargo, or (ii) on-command, in which
the nanodevice delivers its cargo in the presence of a given stimulus
[15,16].

Among different nanodevices, mesoporous silica nanoparticles
(MSNs) have been used in recent years as potential drug delivery carriers
for the protection and controlled release of several entrapped cargos
[17-19]. One of the most valuable properties of MSNs is the possibility
of designing innovative delivery systems by incorporating molecular
gates (also known as gatekeepers) into the siliceous carrier. The mo-
lecular gate is usually anchored on the surface of the porous silica
nanoparticles and prevents cargo delivery until a suitable stimulus
triggers cargo release. Recently, controlled release using gated materials
has been an emerging and innovative concept that has been applied in
drug delivery [20,21], sensing [22,23], chemical communication
[24,25], and in antimicrobial applications [11,26], among others. In the
area of biomedicine and agri-food, several molecular gates have recently
been developed, including pH-responsive [27,28], saccharide-
responsive [29,30], and polymeric or protein-containing gates
[11,31]. One example of a protein that can act as a gatekeeper is e-poly-
L-lysine (EPL), a natural hydrophilic cationic linear antimicrobial pep-
tide composed of 25 to 35 identical 1-lysine units (3500-4000 Da) that
has been used as a safe and natural food preservative, and it is approved
by US Food and Drug Administration (FDA), due to its antimicrobial
efficacy [32,33], non-toxic properties, even at high doses, and biode-
gradability by amidases and proteases [34,31,36]. Although previous
studies indicate that the antibacterial capacity of the EPL in solution
does not have any particular behavior in response to pH, it has been
shown that the most suitable pH range for its antimicrobial activity is
close to physiological pH (between 6.0 and 8.0) for free EPL and EPL
composites [37]. All these properties make EPL a desirable option for
preparing new ecological and environmentally friendly antimicrobial
compounds [38].

In this scenario, we report herein the design and application of an
antimicrobial gated nanodevice against pathogenic microorganisms
based on MSNs loaded with the EOC cinnamaldehyde and covalently
functionalized with EPL. The designed nanodevice responds to the
presence of bacterial and yeast protease secretion [39-41], which allows
the improvement of the release of the entrapped EOC that exerts an
inhibitory effect on microorganisms. To the best of the authors' knowl-
edge, no examples of biocidal nanodevices based on natural antimi-
crobials effective at concentrations as low as those presented in this
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work have been developed.
2. Materials and methods
2.1. Chemicals

Tetraethyl orthosilicate (TEOS), n-cetyltrimethylammonium bro-
mide (CTABr), sodium hydroxide (NaOH), trans-cinnamaldehyde (Cin),
pronase from Streptomyces griseus, 3-(triethoxysilyl)propyl isocyanate
(NCO) and triethylamine (TEA) were provided by Sigma-Aldrich
(Madrid, Spain). Mueller Hinton Broth (MHB), Mueller Hinton Agar
(MHA), Ringer ' powder, hexane, and acetonitrile (ACN) were provided
by Scharlab (Barcelona, Spain). Poly-epsilon-i-lysine hydrochloride was
provided by Carbosynth (Bratislava, Slovakia). Buffered peptone water
was purchased from Liofilchem (Roseto degli Abruzzi, Italy). Yeast
extract peptone dextrose (YPD) was supplied by MP Biomedicals
(Eschwege, Germany). Agar powder, SM plate count agar, and tween 80
were purchased from Himedia (Einhausen, Germany). LIVE/DEAD
BacLight Bacterial Viability Kit and LIVE/DEAD Yeast Viability Kit were
provided from Invitrogen, ThermoFisher Scientific (Madrid, Spain).

2.2. Microorganism strains and culture conditions

The following strains were used as model microorganisms to eval-
uate the antimicrobial properties of the nanodevice: the Gram-negative
bacterium Escherichia coli (E. coli), the Gram-positive bacterium Staph-
ylococcus aureus (S. aureus), and the yeast Candida albicans (C. albicans).
The E. coli (CECT 433) strain used in this study was obtained from the
Spanish Type Culture Collection (CECT, Burjassot, Spain). The S. aureus
(ATCC 25923) strain used in this study was obtained from the American
Type Culture Collection (ATCC, Virginia, USA). Standard methods for
bacteria culture and manipulation were used. E. coli was grown in
peptone water broth (PWB) at 37 °C for 24 h and plated in plate count
agar (PCA). S. aureus was grown in Mueller-Hinton broth (MHB) at 37 °C
for 24 h to achieve a stationary phase and plated in Mueller-Hinton agar
(MHA). The C. albicans (CECT 1002T) yeast strain used in this study was
obtained from the Spanish Type Culture Collection (CECT, Burjassot,
Spain). Standard methods for yeast culture and manipulation were used.
C. albicans was grown in yeast peptone dextrose broth (YPD) at 26 °C 24
h to achieve a stationary phase and plated in yeast peptone dextrose agar
(YPDA).

2.3. Synthesis of mesoporous silica nanoparticles (MSNq)

Briefly, 1 g (2.74 mmol) of n-cetyltrimethylammonium bromide
(CTABr) was dissolved in 480 mL of deionized water using magnetic
stirring. Next, 3.5 mL of a 2 mol-L ™! NaOH solution was added, and the
temperature was increased to 80 °C. Then, the silica precursor, tet-
raethyl orthosilicate (TEOS) (5 mL, 22.4 mmol), was added dropwise
into the solution. Magnetic stirring and temperature were kept for 2 h to
obtain a white suspension. Finally, the solid was isolated by filtration,
washed several times with plenty of water until neutral pH, and dried at
80 °C overnight (MSNagmade)- Subsequently, the calcination procedure
was performed at 550 °C in an oxidant atmosphere for 5 h to remove
CTABr and obtain the final mesoporous silica nanoparticles (MSNa).

2.4. Synthesis Of MSNFEpr._cin

Firstly, to obtain the nanodevice MSNgpy. cin, @ cargo loading process
was performed by steam adsorption. For that, 100 mg of MSNs and 100
mg of cinnamaldehyde were mixed in a perfectly closed vial, and the
mixtures were shaken at 40 °C for 24 h to achieve the loading of the
pores. When the loading procedure finished, the solid looked completely
dry because of the complete absorption of the EOC. This gives the solid
MSNcin. Then, to functionalize the surface with isocyanate moieties, an
excess of 3-(triethoxysilyl)propylisocyanate (NCO) (200 mL, 4.25
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mmol-g~! solid) was added to a suspension of 200 mg of MSNiy, in 6 mL
of ACN and the mixture was stirred for 5.5 h. The solid was isolated by
filtration and dried under vacuum (MSNyco-cin)- For coating MSNs, EPL
(200 mg, 0.05 mmol, 0.25 mmol of polymer-g~* solid) was dissolved in
4.5 mL of deionized water. Next, 9 mL of ACN and 200 mg of MSNyco.-
cin Were incorporated into the EPL solution. 300 mL of triethylamine
was added to improve the urea bond formation, and the mixture was
stirred for 3 h. Finally, the nanodevice (MSNgpy.cin) Was isolated by
centrifugation, washed thoroughly with deionized water, dried under
vacuum, and stored at 4 °C until use.

2.5. Synthesis of MSNEgpy,

A solid without loaded cinnamaldehyde but gated with the EPL was
also synthesized, following the procedure described in Section 2.4. In
this case, the functionalization of the surface with isocyanate moieties
was performed using (MSN¢y) as the starting material to obtain
MSNnco, which was further coated with EPL, resulting in the solid
MSNEpL.

2.6. Materials characterization

Transmission electron microscopy (TEM), N, adsorption-desorption
isotherms, powder X-ray diffraction (PXRD), TEM coupled with energy
dispersive X-ray spectroscopy (TEM-EDX), thermogravimetric analysis
(TGA), ¢ potential, dynamic light scattering (DLS), infrared spectroscopy
(FTIR), UV-visible spectrophotometry, and confocal microscopy tech-
niques were employed for materials characterization. TEM images were
acquired using a JEOL JEM 1400F Electron microscope (JEOL Europe
SAS, Croissysur-Seine, France) working at 120 kV. Ny adsorption-
desorption isotherms were obtained using a Micromeritics TriStar II
Plus automated analyzer (Micromeritics Instrument Corporation, Nor-
cross, USA). Samples were previously degassed at 90 °C in vacuum
overnight, and measurements were performed at 77 K. PXRD measure-
ments were recorded on a Bruker D8 Advance diffractometer (Bruker,
Coventry, UK) using CuKa radiation at low angles (1.3 < 20 < 8.3, with
steps of 0.04 degrees and 3 s for step). TEM-EDX was also employed for
element mapping using a JEOL TEM-2100F microscope. TGA de-
terminations were performed in TGA/SDTA 851e Mettler Toledo bal-
ance (Mettler Toledo Inc., Schwarzenbach, Switzerland) in an oxidant
atmosphere (air, 80 mL/min) with a heating program that consisted of a
heating ramp of 10 °C/min from 393 K to 1273 K, and an isothermal
heating step at this temperature for 30 min. { potential studies were
carried out using a ZetaSizer Nano ZS (Malvern Instruments, UK), and
DLS studies were performed using a Nanosight NS300 (Malvern Pan-
alytical, Spain). The corresponding materials were suspended in distilled
water at a concentration of 1 mg mL ! to carry out the experiments. FT-
IR spectra were obtained in a Bruker Tensor 27 FTIR spectrometer
(Bruker, Coventry, UK). UV-visible spectra were recorded with a JASCO
V-630 Spectrophotometer (Jasco Analitica, Spain). Confocal microscopy
imaging was performed employing a Leica TCS SPE (Leica Microsystems
Heidelberg GmbH, Germany) inverted laser scanning confocal micro-
scope using an HC PL APO 100x oil objective and an HC PL APO 63 x oil
objective.

2.7. Cinnamaldehyde payload quantification

An extraction with hexane was performed to determine the payload
content in MSNgpy.cin. For this purpose, 1 mg of MSNEgpL.cin Was sus-
pended in 1 mL of hexane, and the mixture was kept under stirring for
24 h. Then, the sample was centrifuged to remove the solid, and the
released Cin payload was quantified with a calibration curve measuring
the absorbance of the supernatant at 280 nm.
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2.8. Responsive delivery studies of cinnamaldehyde

Release assays confirmed the ability of the EPL protein to regulate
Cin payload delivery from MSNEpy, cin and quantify the cargo release. 3
mg of MSNgpy..cin were suspended in 1 mL in the absence (blank) or the
presence of protease enzyme from Streptomyces griseus (1 mg-rnL’l). The
solutions were kept under stirring at 37 °C. At certain times (0, 1, 3, 5,
24 h), aliquots (1 mL) were taken. Then, 0.5 mL of hexane was added to
each aliquot, and the mixtures were shaken to extract the cinnamalde-
hyde from the aqueous phase. Organic phases were collected for cin-
namaldehyde quantification. The extraction procedure was carried out
three times in each aliquot. The cinnamaldehyde released was quanti-
fied by its absorbance band at 280 nm.

2.9. Antimicrobial susceptibility assays

According to the nanodevice design, the antimicrobial properties of
the nanodevice would be based on the antimicrobial EOC entrapped in
the pores of the support together with the antimicrobial peptide coated
on the surface of the support. To determine the different elements' role in
the nanodevice's antimicrobial properties, the antimicrobial suscepti-
bility assays were performed in parallel with the solids MSNgpy.cin,
MSNgpr, and free EOC. Since bacteria and yeast normally cannot
endocytose nanoparticles [42,43], as occurs in other cell types, the
amount of cinnamaldehyde released from MSNgpy.cin due to degrada-
tion of the molecular gate (EPL) by the presence of proteases in the
medium would be mainly responsible for the antimicrobial properties of
the nanodevice. The amount of cinnamaldehyde released into the me-
dium per mg of solid (see Section 2.9.2) was taken as the free equivalent
for the antimicrobial assays.

2.9.1. Bactericidal and fungicidal activity of the nanodevice

S. aureus, E. coli, and C. albicans strains were grown following the
conditions described in Section 2.2 to obtain the corresponding inoc-
ulum with a cellular density of approximately 1 x 10° CFU-mL™'. The
optical density (OD) of the culture was measured by UV-visible spec-
troscopy to estimate the growth of the cells, and they were diluted in
Ringer solution to obtain inocula of 10% CFU-mL™! for bacterial strains
and 10% CFU-mL ! for the yeast strain.

The antimicrobial activity of the nanodevices was determined by
antimicrobial susceptibility assays. Different concentrations of MSNgpy..
cin were prepared diluting from a suspension of 1250 pg-mL~! of
MSNEgpL-cin in an isotonic diluent, Ringer solution, to obtain a range of
final concentrations of 0, 2.44, 4.88, 9.77, 19.53, 39.06 and 78.13
pg-mL~1.100 pL aliquot of each microorganism inoculum was added to
each 900 pL solid suspension, obtaining a final concentration of mi-
croorganisms of 10° CFU-mL ™" for bacterial strains and 107 CFU mL ™
for yeast strain. Equivalent concentrations of free Cin were prepared to
compare with the antimicrobial properties of free and encapsulated
EOC. The samples were incubated with orbital stirring (280 rpm) at
37 °C for 24 h for the bacterial strains and at 26 °C for 24 h for the yeast
strain.

After incubation, viable cell numbers were determined as colony-
forming units (CFU) by spread plate technique. In triplicate, 20 pL of
each sample was dropped by the Miles and Misra method [44] into a
MHA for S. aureus, PCA for E. coli, and YPDA for C. albicans plates. After
incubation at optimal temperatures for 24 h, the number of grown col-
onies was counted, and these values were logarithmically transformed
and expressed as log;o CFU-mL ™. The same procedure was performed to
evaluate the antimicrobial properties of empty MSNEgpy.. Positive (Ringer
solution, Ringer solution with MSN,) or Ringer solution with MSNnco
inoculated) and negative controls (Ringer solution, Ringer solution with
MSN_, or Ringer solution with MSNyco non-inoculated) were included
in all the assays. All the antimicrobial assays were tested in triplicate.
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2.9.2. Microbial growth inhibition capacity of the nanodevice

The minimum inhibitory concentration (MIC) was obtained using the
resazurin-based 96-well plate microdilution method [45,46]. Resazurin
is a non-fluorescent (blue) dye that is reduced by active microbial cells
to the fluorescent (pink) resorufin, giving a direct quantifiable measure
of microbial metabolic activity [47]. Therefore, the MIC was defined as
the lowest concentration of the nanodevice that inactivated the micro-
bial cells, resulting in no dye reduction. Different MSNgpy.cin nano-
device concentrations were prepared diluting in a proper optimal
nutritive broth medium, within a range of final concentration of 0, 2.44,
4.88,9.77,19.53, 39.06, 78.13, 156.25, 312.5 and 625 pg-mL~" against
the bacterial strains and 0, 19.53, 39.06, 78.13, 156.25, 312.5 625,1250,
2500, 5000 pg-mL’1 against the yeast strain. 100 pL microorganism
inocula were added to each 100 pL solid suspension. Equivalent con-
centrations of free cinnamaldehyde were prepared to compare with the
antimicrobial properties of free and encapsulated EOC within a range of
final concentration of 0, 3.90, 7.81, 15.63, 31.25, 62.5, 125, 250, 500,
and 1000 pg-mL~".

Samples were incubated at 37 °C for 24 h for the bacterial strains and
at 26 °C for 24 h for the yeast strain. After incubation, 30 pL of resazurin
solution (0.015 %) was added to each sample, and the plate was incu-
bated for 2 h at optimal conditions. Then, the microbial metabolic ac-
tivity of the samples was established by visual detection of color change.
The same procedure was performed to evaluate the antimicrobial
properties of MSNEgp. All the antimicrobial assays were tested in trip-
licate, including the same positive and negative controls described in
Section 2.9.1.

The minimum bactericidal or fungicidal concentration (MBC or
MFC) was determined by the microdilution method [45,46]. The MBC/
MFC was defined as the lowest concentration of MSNgpy, cin that could
kill 99.9 % of bacteria and yeast cells. The same concentration range of
MSNEgpL-cin, MSNEpL, and free cinnamaldehyde and procedure were
used as described above for the MIC assays. Following the incubation of
samples, 20 pL of each sample was dropped by the Miles and Misra
method [44] into an MHA for S. aureus, PCA for E. coli, and YPDA for
C. albicans plates. After incubation at optimal temperatures for 24 h, the
number of grown colonies was counted, and these values were loga-
rithmically transformed and expressed as logio CFU-mL .

2.9.3. Determination of microbial viability and agglomeration by
fluorescence assay

In addition to plate count and metabolic activity techniques, the
viability of the treated microorganisms was evaluated in terms of
membrane cell integrity. The studied conditions included positive con-
trols (non-treated microorganisms), microorganisms treated with 1/2
MIC and MIC of MSNgpy.cin, and microorganisms treated with the
equivalent concentration of Cin released by MSNEpy, cin at the MIC dose,
based on the MIC assays results.

The LIVE/DEAD BacLight™ bacterial viability kit (ThermoFisher
Scientific, UK) was used to visualize the viable and dead bacterial cells
according to the membrane cell integrity. This kit is composed of two
fluorescent reagents: SYTO 9 (green-fluorescent nucleic acid stain),
which marks all microbial cells with injured or intact membranes, and
propidium iodide (red-fluorescent nucleic acid stain), which penetrates
exclusively the microorganisms with damaged membranes, reducing
SYTO 9 stain fluorescence when both are coexisting in the same cell.
This results in a green/red labeling of the living/dead cells. The kit
components were mixed at a ratio of 1:1, and 0.3 pL of the mixture was
added to 100 pL of each microbial suspension. The suspension was
mixed and incubated in the dark for 10 min to allow the penetration of
dyes. Then, 10 pL of the stained cells were dropped on poly-L-lysine-
covered slides (ThermoFisher Scientific, UK) and sealed with a coverslip.
Finally, slides were visualized by laser scanning confocal microscopy.

To distinguish live and dead yeast, the LIVE/DEAD yeast viability kit
(ThermoFisher Scientific, UK) was employed. This kit combines a two-
color fluorescent assay, FUN™ 1 (green), with fluorescent fungal
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surface labeling reagent and Calcofluor White M2R (blue) that marks
cell wall chitin with blue fluorescence independent of metabolic state.
Only when the membrane integrity of fungi is maintained can the green
fluorescence intracellular stain of FUN™ 1 be seen. This results in
intracellular green labeling with blue envelope labeling of living cells
and non-labeling when the yeast cells are disrupted. The yeast cells were
stained by adding 1 mL of component A (FUN™ 1 cell stain) and 5 mL of
Component B (Calcofluor White M2R) to 1 mL of yeast suspension. The
mixture was incubated at 30 °C in the dark for 30 min. Finally, 10 pL of
the stained cells were dropped on poly-i-lysine-covered slides and sealed
with a coverslip. Slides were visualized by laser scanning confocal
microscopy.

2.10. Statistical analysis

Data were statistically processed using Statgraphics Centurion XVIII
(Statpoint Technologies, Inc., Warrenton, VA, USA). The differences
observed between the amount of Cin released according to time and the
differences in microbial viability according to treatments were analyzed
by the Student's t-test for paired samples. The influence of the different
treatment formulations (free Cin or the nanodevice MSNgpr.-cin) and
treatment concentrations for MIC, MBC, MFC and microbial viability
determination by fluorescent viability staining assays were analyzed by
an analysis of variance (multifactorial ANOVA). The LSD (least signifi-
cant difference) procedure was used to test differences between averages
at the 5 % significance level.

3. Results and discussion
3.1. Design, synthesis, and characterization of gated nanodevice

The designed smart antimicrobial nanodevice MSNgpy..cin contains
three different elements: (i) MSNs as inorganic support, (ii) cinna-
maldehyde as naturally occurring antimicrobial, and (iii) the poly-
peptide, e-poly-1-lysine (EPL), which acts as a gatekeeper. MSNs were
selected because of their high loading capacity and high surface area,
which allows effective anchoring of organic molecules on the nano-
particle's surface. The EOC cinnamaldehyde was chosen for its antimi-
crobial properties and because it is Generally Recognized as Safe (GRAS)
by the FDA [48]. Despite its excellent antimicrobial properties, cinna-
maldehyde presents several disadvantages, such as high volatility, poor
solubility, strong odor, and easy degradation. On the other hand, the
molecular gate was selected due to the biocompatibility of the poly-
peptide, e-poly-i-lysine (EPL), which can be degraded with proteases. As
a result of the combination of these three elements, the nanodevice
MSNEgpL.cin Was obtained. The preparation of the materials was carried
out in four consecutive stages (Fig. 1): (i) synthesis of mesoporous
support (MSN¢y)), (ii) loading of cinnamaldehyde on the nanoparticles
(MSNcin), (iii) functionalization of MSN with isocyanate groups
(MSNnco-cin) and (iv) coating with EPL (MSNEpL.cin)-

As can be seen in Fig. 1, the synthetic route chosen to anchor the EPL
molecular gate on the surface of the MCM-41-type nanoparticle was
based on a carbamoylation, the formation of a urea bond between the
attached isocyanate and the amine groups of EPL [35,36]. MSNgpy, (a
solid capped with EPL without cinnamaldehyde) was also synthesized
and used as a control.

The synthesized nanomaterials were characterized by standard
techniques, as seen in Fig. 2. TEM images of the MSN,; show the typical
matrix of the MCM-41 material, composed of narrow channels with a
hexagonal arrangement, and in the case of MSNgpy.cin, The presence of
occluded organic matter inside the pores and on the surface of the
nanoparticles confers a significant opacity to the nanoparticles and, due
to the loss of contrast, the channels present in the initial scaffold are no
longer clearly visible. However, it is observed that the loading and
functionalization processes do not produce a considerable variation in
the three-dimensional structure of the nanoparticles (Fig. 2A). The Ng
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Fig. 1. Schematic representation of the synthetic route of MSNgpy cin- Cargo loading was followed by isocyanate groups surface functionalization and lastly, the
anchoring of EPL forming a urea bond between amine groups of EPL and isocyanate groups of the functionalized nanoparticle.

adsorption-desorption isotherms of the MSN¢, and MSNgpy, are shown
in Fig. 2B. The MSN_,) support presents a characteristic adsorption step
at P/Py values between 0.25 and 0.4, corresponding to a type IV
isotherm. The adsorption and desorption curves are coincident, indi-
cating that the adsorption mechanism is fully reversible. Besides, the
absence of a hysteresis loop in this interval and the narrow BJH pore
distribution suggest the existence of uniform cylindrical mesopores. The
N, adsorption-desorption isotherm of MSNgpy, solid shows a significant
decrease in the Ny volume adsorbed, typical of mesoporous systems with
practically filled mesoporous, and the curve is completely flat when
compared (at the same scale) with empty MSNs.

Table S1 displays BET specific values, pore volumes and pore sizes
calculated from Ny adsorption-desorption isotherms for both solids.
Application of the BET model resulted in a value for the total specific
surface of 1118 mz-g_l for MSNa;, whereas this value is 130 m2~g_1 for
MSNgpr. The BJH model was applied at P/Py < 0.6 (associated with
adsorption within pores) to obtain pore size and total pore volume.
Fig. 2C shows powder X-ray diffraction patterns at low angles (1.5 < 26
< 7) of the MSN before and after calcination and the final nanodevice.
The MSNasmade (A) exhibits low-angle reflection peaks characteristic of
MCM-41-type mesoporous nanoparticles. The peaks were indexed from
left to right as (1 0 0), (1 1 0), (2 0 0), and (2 1 0) Bragg reflections,
respectively. For the MSN¢,; (B), a displacement of the peaks to higher
20 values was observed as the interplanar distance decreased due to the
condensation of silanol groups during the calcination procedure. The
low angle reflection (1 0 0) is preserved in the final MSNEpy..cin material,
while other peaks cannot be observed due to loss of contrast because of
the loading and functionalization process. TEM images of MSNgpy..cin at
low magnification show a population of spherical nanoparticles with a
quite monodisperse distribution size at an average value of 84 + 12 nm
(N = 115) (Fig. 2D). As particle size and size distribution are crucial
factors for the application uses, we have also calculated the poly-
dispersity index (PDI) from the standard deviation and the average value
of the size distribution of the nanodevice MSNEgpy.cin [49]. The obtained
value of 0.02 (entirely below the reference value of 0.1) shows a
remarkable monodispertion in the distribution size of the nanoparticles.
TEM-EDX mapping of MSNEgpL.cin Shows the presence of Si and O (from
the silica scaffold) and N (from urea and EPL) (Fig. 2E). Thermogravi-
metric analysis (TGA) and forced cinnamaldehyde extraction with
hexane allowed us to calculate an organic matter content of 92.8 mg
Cin-g ™! solid and 364.0 mg EPL-g~* solid (Table S2).

The hydrodynamic size and zeta potential of different synthesis steps
of nanoparticles were also used to follow the functionalization and
loading process (Table S3). For ¢ potential study (Table S3), MSNca
shows a value of —27.10 mV due to the presence of silanol groups. After
the Cin loading and functionalization with isocyanate trialkoxysilane,
the corresponding solid (MSNyco-cin) displays a less negative surface
potential due to the condensation of silanol groups with isocyanate tri-
alkoxysilane. Finally, MSNgpL cin presents a more negative { potential
value that can be attributed to the condensation between amines from
EPL and the isocyanate groups to form urea bonds, which leaves car-
boxylates of the EPL exposed on the surface. The fact that { potential of

the MSNgpy.cin particles was negative agrees with a reduction of amine
groups on the nanoparticle's surface and can be responsible for the lack
of EPL antimicrobial activity on the solid MSNgpy, (vide infra). Table S3
also shows how the hydrodynamic size changes from 153.50 nm for
MSN¢,) to 242.3 nm for the final MSNgpy,cin, nanoparticles.

Furthermore, infrared spectroscopy was used to ensure the correct
encapsulation of Cin inside the pores and the functionalization and
anchoring processes of the gatekeeper (vide supra). FT-IR spectra of all
the solids within the 4000-400 cm~! wavelength range are shown in
Fig. 2F. Solids present the characteristic bands of the silica matrix; the
stretching of the Si—O—Si bonds above 1060 cm™!, the bending of the
Si—O0 bond around 790 cm ™!, and a rocking signal at 450 cm™?, as well
as bands related to vibrations of water molecules (3420 and 1620 cm ™ 1).
Some additional changes related to the functionalization process can be
observed in smaller bands. Thus, MSNnco-cin Shows the decrease of the
band at 960 cm ™! assignable to the vibration of the silanol group when
the NCO group was anchored to the surface. In addition, the appearance
of bands around 1700 cm ™! in MSNgjy, attributed to the carbonyl group
in Cin, and bands around 770-730 c¢cm™!, corresponding to the
substituted benzene in Cin, are also observed. Finally, as in MSNEpL.-cin,
a broad band was found above 3000 cm !, attributed to water molecules
adsorbed on the EPL gatekeeper.

Finally, release assays were performed to confirm the mechanism of
the polypeptide EPL as gatekeeper. To demonstrate the ability of EPL to
regulate the Cin-payload delivery from MSNgpy.cin, the delivery of Cin
by UV-visible spectroscopy at 280 nm (as specified in Section 2.9) was
studied. The release of the cargo when no protease was present was
lower than in the presence of protease (Fig. 2G). This assay indicated the
modulation of the antimicrobial release according to the presence of
proteolytic enzymes in the medium. In the presence of a microbial
protease, MSNEgpLcin released a maximum amount of Cin of 28.13
mg-mg solid~!. This amount corresponds to around 30 % of the cargo
content (92.83 mg-mg solid™!) according to the results obtained in
Section 3.1 (Table S2). The uncapping mechanism of the molecular gate
allows an improvement in the delivery of the cargo when the target
stimulus is present (i.e., proteases). Exposure of the microorganisms to
the developed nanodevice is expected to lead to a sustained release of
Cin with subsequent microbial inhibition and elimination.

3.2. Antimicrobial properties of the nanodevice

To confirm the biocidal properties of MSNEgpL cin, different assays
with E. coli, S. aureus, and C. albicans were carried out. The bactericidal
and fungicidal activity were evaluated in the first step by incubating the
microorganisms with MSNgpy.cin and free Cin (at equivalent Cin con-
centrations) in a buffered solution. The dose-response results are shown
in Fig. 3. Free Cin could not kill E. coli, S. aureus, and C. albicans after 24
h of incubation in the concentration range tested. In contrast, the in-
cubation of the bacterial or fungal strains with the nanodevice resulted
in the reduction of the viable bacterial count with complete elimination
of the strains.

MSNgpLcin eliminated a bacterial cell concentration of 10°
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Fig. 2. Characterization of nanomaterials. TEM images (A) of the calcined mesoporous silica nanoparticles (MSNca)) and MSNgpy..cin. N2 adsorption-desorption
isotherms (B) for MSNa and MSNgpy.. Normalized powder X-ray diffraction patterns (C) of the nanomaterials MSNasmade; MSNca1, and MSNEgpy.cin. TEM images
(D) of MSNgpy.cin and nanodevice size distribution graph obtained from analyzing the TEM images. TEM-EDX element mapping (E) of MSNgpy.cin showing the
presence of Si and O (from the silica scaffold), and N (from NCO moieties and EPL molecular gate). FT-IR spectra (F) of MSNca1, MSNcin, MSNnco-cin, and MSNEpLcin-
Cinnamaldehyde release profile (G) from MSNgpy.cin in the absence (black curve, blank) and in the presence of protease (garnet curve, stimuli). Error bars correspond
to the s.d. from three independent experiments. Data represent the mean + SEM (n > 3), and statistical significance was assessed by the Student's t-test for paired
samples (*p < 0.05; **p < 0.01; ***p < 0.001).
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Table 1

Minimum inhibitory concentration (MIC) (ug of treatment per mL) and minimum bactericidal or fungicidal concentration (MBC or MFC) (ug of treatment per mL)
values for MSNEpy..cin and free cinnamaldehyde (Cin) against different pathogenic microorganisms. Data represent the mean (n > 9), and statistical significance was

assessed by the Student's t-test for paired samples (*p < 0.05; **p < 0.01; ***p < 0.001).
Microorganism Treatment MIC P value MBC or MFC (ug-mL 1) P value
(pg-mL™")

E. coli Cin 333 ok 500 ok
MSNEgpr-cin (Cilreleased)” 227 (6.32) 556 (15.64)

S. aureus Cin 500 bl 1000
MSNEprcin (Cinlreleased)” 278 (7.82) 590 (16.59)

C. albicans Cin 125 sk 500 sk

MSNgprcin (Cinreleased)” 1250 (35.16)

2500 (70.33)

@ MIC and MBC/MFC values of the nanodevice MSNEpy. cin are presented in pg of nanocarrier per mL. Values in brackets and in bold correspond to the amount of Cin

free or the amount of Cin released by the nanodevice.

CFU-mL™! of E. coli at the dose of 39.06 pg-mL~! (1.099 pg-mL~! of
released Cin) and S. aureus at 9.77 pg-mL™" (0.275 pg-mL ™" of released
Cin). Moreover, the nanodevice was also highly effective in killing the
yeast C. albicans. MSNEgpy.cin Killed a cell density of 107 CFU-mL™?! of
C. albicans at the dose of 19.53 pg-mL~! (0.549 pg-mL~! Cin), whereas
free Cin was able to decrease only one logarithmic cycle using a con-
centration of 2.19 pg-mL ™.

The enhancement of the antimicrobial activity of the essential oil Cin
is attributed to the decrease of its volatility when entrapped in the
porous silica matrix and the increase of its local concentration due to the
enhanced release in the presence of the pathogenic microorganisms. On
the other hand, the antimicrobial activity of the unloaded MSNEgpy, was
also evaluated. Triplicate tests were performed in three independent
assays against bacterial and yeast strains, showing no antibacterial or
antifungal properties (data not shown). These results are consistent with
previous data that reported that EPL loses its antimicrobial properties
when its amine groups are hindered due to chemically functionalization
and/or steric effects that may block the interaction of the EPL's amines
with the microbial cell membrane [50].

As reported, EPL can undergo structural changes at different pH
[51,52]. At pH below the pKa of the a-amino group, EPL was in an
electrostatically extended conformation and, conversely, formed a
B-sheet conformation. The antibacterial activity decreased slightly when
the pH was higher than the isoelectric point (pI = 9). Under very low pH
conditions, the antimicrobial activity of EPL remains at a level similar to
alkaline conditions. The reason for this is the loss of counter-anionic
charge of EPL, and structurally, a transformation from o-helical to
random coil is observed [53]. When the chain amino group is modified
by carbamoylation, it was determined that the conformation of EPL was
affected by the pKa of the side chain amino group, and the secondary
structure also changed to some f-sheet natures [50]. Considering this,
MSNgp;, was tested in triplicate at different pH solutions, but no anti-
microbial effects were found (data not shown).

This indicates that the activity of the nanodevice is due to the

antimicrobial Cin, which is enhanced by its encapsulation inside the
mesoporous silica nanocarrier and its enhanced delivery in the presence
of proteases. Besides, the antibacterial and antifungal properties of
MSNEgpL.cin are remarkable compared to free Cin essential oil.

Once the antimicrobial properties of the nanodevice were estab-
lished, the growth inhibitory activity of MSNEpLcin Was evaluated
against microorganisms incubated in an optimal nutrient medium for
their growth. Table 1 shows the growth inhibition capability in terms of
MIC and MBC/MFC values of the nanodevice against E. coli, S. aureus,
and C. albicans compared to free Cin. E. coli growth was inhibited by 227
pgmL’1 of MSNgprcin (6.32 pgmL’l of released Cin) versus 333
pg-mL ! of free cinnamaldehyde, enhancing the antimicrobial activity
of Cin ca. 52-folds. In terms of MBC, 556 pg~mL_1 of MSNEgpy.-cin, COT-
responding to 15.64 pg-mL~" of released Cin, were used to completely
inhibit E. coli, whereas the MBC of free Cin was established at 500
pg-mL~1, resulting in 32-fold higher antibacterial activity for the
nanodevice. Statistical analysis confirms the significant differences be-
tween the inhibitory potential of antimicrobial treatments, as seen in
Table 1.

In the case of S. aureus, MSNEgpy..cin Showed a MIC of 278 pg-mL_1
(7.82 pg-mL~! of released Cin) versus 500 pg-mL~! for free Cin. The
MBC of the nanodevice was established at 590 pg-mL’1 of MSNEpL-Cin,
corresponding to 16.59 pg-mL ! of released Cin, versus an MBC of 1000
pg-mL ™! for free Cin. Therefore, the inhibitory potential of the MSNgpy.
cin for S. aureus was 60-fold higher than that of free Cin.

C. albicans growth was inhibited by 1250 pg-mL’1 of MSNgpLcin
(35.16 ug-mL’1 of released Cin) versus the MIC of free Cin established at
125 pg-mL~L. In terms of MFC, the total inhibition of the yeast was
achieved with 2500 pg~mL’1 of MSNEgpL-cin, corresponding to 70.33
pg-mL ™! of released Cin, whereas the MBC of free Cin was established at
500 pg-mL . These results showed a lesser but also remarkable extent of
the inhibitory properties of the nanodevice for C. albicans with an
improvement of 7-fold versus free Cin.

Regarding the results obtained for both MIC and MBC/MFC shown in
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Table 1, it is observed that in the case of the free compound, the values
obtained experimentally in our work are similar to those described in the
literature [54-56]. On the other hand, we have also found in the liter-
ature other nanodevices that encapsulate natural bioactive compounds
and are capped with a protein. However, they fall short of the efficacy of
our MSNgpr.cin nanodevice. Specifically, mesoporous silica nano-
particles loaded with Cin and coated with the Zein protein were
described by Poyatos-Rancionero et al. In this case, an MBC of 8
mg-mL~! with a total Cin content of 113 pg-mL ™! against E. coli was
reported [11]. Besides, Zein-capped MSNs and loaded the natural
compounds capsaicin [57] and tea tree oil [58] have also been reported
and tested against bacteria. In these works, the amount of nanoparticles
required to reach the MBC was 1.5 mg-mL ™' against S. aureus and be-
tween 2 and 4 mg-mL ™! against E. coli, in the case of capsaicin and 0.6
mg-mL~! against S. aureus and 1.2 mg-mL ™! against E. coli for tea tree
oil. Comparing the use of these nanodevices with MSNgpy.cin, they are
2-4 times the amount of MSNgp;.cin Needed to achieve similar results.
Other similar systems were described against S. aureus, obtaining good
results that cannot be compared with ours due to the different nature of
the antimicrobial assays [59].

In addition, the viability of the free and encapsulated Cin-treated
bacteria and yeast strains was determined by plate counting using
two-color fluorescent dyes to visualize viable cells in terms of cell
membrane integrity. Fig. 4 shows fluorescence images of the tested
microbial strains treated with 1/2 MIC and MIC of MSNgpy, cin, and the
equivalent concentration of free Cin, and a viable cells quantification for
each treatment. Treatment conditions were selected based on the MIC
results shown in Table 1.

As can be seen in Fig. 4, untreated bacteria strains (both E. coli and
S. aureus) display fluorescence of the SYTO 9 fluorophore indicating that
cells are viable. For untreated C. albicans, cells show intense green
intracellular fluorescence due to the FUN™ 1 fluorophore and blue
outline of Calcofluor White M2R stain that marks the chitin wall of
viable yeast cells. There was a remarkable number of blastoconidia form
cells and some pseudohyphae form cells in the sample due to the
dimorphism of C. albicans. Treatment with free cinnamaldehyde resulted
in no changes when compared with the untreated cells. However, when
the cells were treated with 1/2 MIC of MSNEpL.cin, Significant changes
were already found. A clear decrease in the total cell number was
observed for both bacteria and yeast. In addition, it was also observed an
increase in the percentage of non-viable (marked in red) versus viable
cells (Fig. 4). S. aureus and E. coli show a lower number of cells illumi-
nated in green (viable) and a higher number of cells illuminated in red
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due to the propidium iodide fluorophore (non-viable). In the case of the
yeast strain, fewer cells show an intense blue outline (viable cells) versus
more cells with a light blue outline and green extracellular debris
because of the nanodevice causing wall disruption and cell lysis (non-
viable). Besides, when cells are treated with the amount of MSNgpy._cin
corresponding to the MIC value, an even more drastic decrease in the
number of cells per field, both viable and non-viable, was found. Under
these conditions, many cells have been lysed, and a few red-stained cells
are still detectable. In the C. albicans sample, only green debris due to
cell lysis and the release of the intracellular matrix into the medium is
visible. The ANOVA analysis showed significant differences (p < 0.001)
between treatment with the nanodevice at different doses and the con-
trol (untreated) or treatment with free cinnamaldehyde. However, no
significant differences were shown between these control and free
cinnamaldehyde-treated microorganisms.

4. Conclusions

In this work, we developed mesoporous silica nanoparticles loaded
with cinnamaldehyde and capped with e-poly-i-lysine (MSNgpL.-cin)-
Cargo is delivered through a bio-controlled uncapping mechanism due
to the presence of exogenous proteolytic enzymes of the pathogenic
microorganisms E. coli, S. aureus, and C. albicans. MSNgpL. cin Shows
excellent antimicrobial activity at very low doses, remarkably
enhancing the inhibitory properties of cinnamaldehyde with a reduction
of the biocidal dose of around 98 % in the case of bacterial strains and a
decrease of 72 % for the yeast strain. MSNEpy,cin improves the antimi-
crobial efficacy of cinnamaldehyde when compared to the free com-
pound, ca. 52-fold for E. coli, ca. 60-fold for S. aureus, and ca. 7-fold for
C. albicans. The enhancement of the antimicrobial activity of the
essential oil component is attributed to the decrease of its volatility due
to its encapsulation in the porous silica matrix and the increase of its
local concentration due to the selective and controlled release in the
presence of the microorganisms. We believe that devices containing
natural biocides (such as essential oil components) whose delivery is
controlled by the presence of pathogens might find applications in fields
such as biomedicine, food technology, agriculture, and many others.
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