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This research provides new insights into the treatment of E. coli biofilm-related infections through the design
of new antimicrobial nanoformulations based on mesoporous silica nanoparticles (MSNs) for mucolytic and

antibiotic combination therapy against E. coli biofilms. The development of nanosystems with well-defined

compartments to house and sequentially deliver different antimicrobial agents was carried out. A relatively
simple and direct straightforward approach was carried out, consisting of loading MSNs with levofloxacin
(LVX) by an impregnation method followed by external coating with a gelatin shell embedding a mixture of
N-acetylcysteine (AC) plus LVX. Thus, the release of the mucolytic agent, AC, at the earliest stage causes

disaggregation of the outer mucopolysaccharide layer of the mature E. coli biofilm, as confirmed by

confocal laser scanning microscopy studies. This biofilm disruption effect facilitates the antimicrobial
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action of LVX, which is released in a more sustained manner over longer periods of time than AC,

achieving a remarkable reduction (ca. 99.8%) of mature E. coli biofilms. These results are supported by the

DOI: 10.1039/d5na00006h

rsc.li/nanoscale-advances

1 Introduction

Escherichia coli (E. coli) is one of the species most frequently
involved in biofilm-associated diseases, particularly relevant in
urinary tract and intestinal infections. In addition to increasing
the ability to cause recurrent and chronic infections, the E. coli
biofilm is also responsible for infections associated with
indwelling medical devices, such as urethral and intravascular
catheters, as well as prosthetic shunts and grafts."

E. coli biofilms are well-organized three-dimensional
communities of microorganisms embedded in a variety of
self-produced protective matrices that are often found attached
to solid surfaces in moist environments.>* This matrix, which
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combined effect of AC and LVX strategically combined in the same nanocarrier. Preliminary in vitro studies
with preosteoblastic cells point to the good biocompatibility of these nanosystems.

can represent more than 90% of the total biomass of the bio-
film, is mainly composed of a conglomerate of different types of
biopolymers, known as extracellular polymeric substances
(EPS), such as exopolysaccharides, proteins, nucleic acids,
lipids, nutrients and other metabolites.** The EPS causes bio-
film communities to exhibit distinctive characteristics that are
not present in planktonic bacteria. The EPS exerts several
functions, such as adhesion and aggregation of bacterial cells,
acts as a protective barrier against extreme environments (e.g.
pH and temperature variations, ultraviolet irradiation, antimi-
crobial agents, etc.), promotes water retention, facilitates bio-
film cohesion, intervenes in the absorption of organic and
inorganic compounds as nutrients, favors genetic exchange
between biofilm bacteria and is an important source of carbon.*
Besides, the bacterial cells within the biofilm communicate
with each other via quorum sensing that regulates the key
biochemical factors that allow bacteria to proliferate and rein-
force the ensuing infection.”

Biofilms hinder the penetration of conventional antibiotics,
making them highly resistant to conventional antimicrobial
treatments. In fact, compared to their planktonic analogs, bio-
film bacteria show 10 to 1000 times greater resistance to anti-
biotics® and are able to evade the action of the host immune
system,” making treatment and eradication of biofilms
extremely difficult.*>**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In this challenging scenario, it is urgent to explore and
develop alternative therapeutic agents to combat these infec-
tious diseases, especially those caused by the formation of E.
coli biofilms. Therefore, several treatments acting at different
stages of biofilm development have been investigated, based on
anti-adhesion agents,"*™* quorum sensing inhibitors and
biofilm eradication agents, such as phages'>° and antimicro-
bial peptides.”>** In addition, combination therapies based on
the coadministration of antibiotics and matrix-disrupting
agents,” including certain enzymes**?® and mucolytic
agents,”° have been proposed. Among mucolytic agents, N-
acetylcysteine (AC) has experienced a burgeoning boom in
recent years due to its ability to decrease biofilm formation in
a wide variety of bacteria, markedly decreasing the production
of the EPS, prompting the disruption of mature biofilms and
facilitating antibiotic penetration. In medical practice, AC is
extensively used by oral, intravenous and inhalation routes,
showing well-documented safety.** Besides, different in vitro
studies have proposed the coadministration of AC and antibi-
otics to eradicate different bacterial biofilms, such as
methicillin-resistant ~ Staphylococcus  aureus, methicillin-
sensitive Staphylococcus aureus, methicillin-resistant Staphylo-
coccus epidermidis, vancomycin-resistant Enterococcus, Klebsiella
pneumoniae, Acinetobacter baumannii,*>** Enterococcus faecalis
and E. coli,*»** among others.

However, AC displays low bioavailability (below 5%) due to its
high affinity to plasma proteins and high clearance rate, which
significantly reduces its antibiofilm efficacy.***® In this regard,
nanotechnology has emerged as a powerful alternative to over-
come these limitations, providing the opportunity to use nano-
carriers capable of protecting the therapeutic load and improving
drug release at the biofilm site.”” In this context, the great
versatility of mesoporous silica nanoparticles (MSNs) makes
them ideal nanocarriers for various antimicrobial agents.**** In
fact, MSNs have recently been proposed to design sophisticated
combination therapy nanosystems.***® Herein, we designed
a novel, easy-to-synthesize and versatile biocompatible nano-
system to eradicate mature E. coli biofilms by using a unique
nanoplatform based on mesoporous silica nanocarriers to co-
deliver AC and an antibiotic, levofloxacin (LVX), as combina-
tion therapy. We demonstrate that through a relatively simple
synthetic approach, enhanced antibacterial efficacy is achieved
by improving the penetration of the antibiotic LVX into the
biofilm through the mucopolysaccharide matrix disruptive
action of the mucolytic AC. The strengths of this basic research
are based on the precise design and exhaustive characterization
of the developed nanomaterials, together with the in-depth
evaluation of the in vitro disrupting effect on mature E. coli bio-
films. The great versatility of MSNs allows loading the different
antimicrobial agents into well-defined compartments of these
nanocarriers. For this purpose, LVX was loaded into the meso-
pores of MSNs and then coated with a gelatin layer containing AC
alone or a mixture of AC and LVX. The aim was to achieve
a sequential delivery of the different antimicrobial agents placed
in the different compartments. Thus, the mucolytic agent, AC,
would be released in the first stage to disrupt the EPS matrix, and
then LVX would be released in a more sustained manner to
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eradicate the biofilm. A thorough characterization study of the
developed nanosystems was carried out, and the kinetics of
molecular release from the different compartments were deter-
mined. Moreover, the antimicrobial effect of these nanosystems
against mature E. coli biofilms was evaluated in vitro by confocal
laser scanning microscopy and biofilm viability assays. Further-
more, preliminary biocompatibility studies were performed with
preosteoblastic cells.

2 Experimental section

2.1. Reagents and equipment

Tetraethylorthosilicate ~ (TEOS),  cetyltrimethylammonium
bromide (CTAB), gelatin Ph Eur, levofloxacin (LVX), N-ace-
tyleysteine (AC) and fluorescein sodium salt were purchased
from Sigma-Aldrich. Other chemicals (ammonium nitrate,
phosphate buffered saline solution (PBS 10x), absolute EtOH,
NaOH, etc.) were of the highest quality available on the market
and were used as received. All these compounds were used
without further purification. Deionized water was further puri-
fied by passage through a Milli-Q Advantage A-10 purification
system (Millipore Corporation), achieving a final resistivity of
18.2 MQ cm.

The analytical methods used to characterize the synthesized
compounds were as follows: N, adsorption porosimetry, ther-
mogravimetric and differential thermal analysis (TGA-DTA),
chemical microanalysis, Fourier transform infrared spectros-
copy (FTIR), transmission electron microscopy (TEM), zeta ()-
potential, dynamic light scattering (DLS) and fluorescence
spectroscopy. The equipment and conditions used are
described in the ESL

2.2. Materials synthesis

2.2.1 MSN. The cationic surfactant CTAB (1 g) was dis-
solved under slow stirring to avoid foam formation in 480 mL of
water with 3.75 mL of 2 M NaOH, and the solution was heated to
80 °C. Then, TEOS (5 mL) was slowly added using a syringe
dispenser at a constant rate of 0.25 mL min " under vigorous
stirring. The reaction was stirred vigorously for 2 h at 80 °C, and
then the suspension was cooled to room temperature, centri-
fuged at 11 000 rpm for 20 min and the isolated nanoparticles
were washed several times with water, EtOH and finally dried.
Ion exchange was chosen as the method for surfactant removal.
Thus, 1 g of surfactant-containing MSNs was well-dispersed in
350 mL of an extracting solution consisting of 10 g L™ NH,NO;
in EtOH/H,0 (95 : 5, v/v). The suspension was stirred at 80 °C
overnight, and then the solid was thoroughly washed with
water, H,O/EtOH (50 : 50 (v/v)) and absolute EtOH, respectively.
The extraction procedure was repeated for 2 h, and the solid was
washed the same way, yielding surfactant-free MSNGs, referred to
as MSN. TEM characterization of pristine MSNs showed nearly
spherical nanoparticles with a fairly homogeneous diameter
distribution, with 168 nm being the maximum of the statisti-
cally calculated size distribution (see Fig. S1 in the ESIY).

2.2.2 MSN@Gel. Coating of MSNs with gelatin was per-
formed as previously reported with slight modifications.”

Nanoscale Adv., 2025, 7, 3414-3425 | 3415
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Briefly, a 5 mg mL " gelatin solution in PBS 1x (pH = 7.4) was
prepared by stirring the gelatin in PBS at 50 °C until the gelatin
was completely dissolved. Then, 20 mg of MSNs were resus-
pended into the gelatin solution and stirred for 4 h at 50 °C. No
crosslinking of gelatin was performed. The reaction was
stopped by pouring the suspension into 25 mL of cold PBS 1x
(4 °C) and gently shaking the mixture. Then, the nanoparticles
were immediately centrifuged and washed once with cold PBS,
collected and dried under vacuum.

2.3. Drug loading and in vial release assays

2.3.1. MSN-L and MSN-L@Gel. LVX was loaded into the
inner pores of the MSN sample. Briefly, 125 mg of MSN were
soaked in 20 mL of an 8 mM LVX solution in EtOH, and the
suspension was stirred at room temperature overnight in the
absence of light. Then, the materials were filtered, gently
washed with absolute EtOH and dried under vacuum to afford
the MSN-L sample. Gelatin coating of MSN-L was performed as
described for the MSN@Gel sample, affording MSN-L@Gel.

2.3.2. Levofloxacin and N-acetylcysteine loading into the
external gelatin shell of materials. 5 mg of LVX and/or 6.5 mg of
AC were dissolved in 5 mL of the 5 mg mL ™" gelatin solution,
and then the same above described protocol was followed using
20 mg of MSN or MSN-L materials to obtain the different
nanosystems, i.e., MSN@Gelsc; MSN-L@Gel; MSN-L@Gelac;
MSN-L@Gel; ac.

1) Gelatin, PBS,
50 °C, stirring, 4 h

2) Fresh PBS, 5 °C

1) Gelatin, PBS, drug
50 °C, stirring, 4 h

2) Fresh PBS, 5 °C

MSN@Gel-drug

1) Gelatin, PBS,
50 °C, stirring, 4 h

2) Fresh PBS, 5 °C

MSN

LVX,

EtOH o
RT, 16 h, LYY
darkness MSN-L

1) Gelatin, PBS, drug
50 °C, stirring, 4 h

2) Fresh PBS, 5 °C

# Gelatin coating LVX = Levofloxacin

[ 39 = drug = AC, LVX or AC+LVX |

AC = N-Acetylcysteine

Scheme 1 Synthetic strategies used to obtain MSN@Gel nanosystems.
Different materials were prepared, taking into account the presence or
absence of levofloxacin (LVX) inside the MSN mesopores and the
incorporation of LVX, N-acetylcysteine (AC) or the combination of LVX
and AC in the gelatin shell.
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The synthetic strategies used to prepare the different mate-
rials are shown in Scheme 1.

2.3.3. Release of drug molecules. The release of drug
molecules was carried out by measuring the concentration of
drugs released from the different nanosystems in PBS 1x at
a physiological pH of 7.4 and 37 °C. The experiments were
performed using a Transwell© system with two different
compartments (sample and analysis) separated by a membrane
that only allows diffusion of drug molecules to the analysis
compartment, the lower chamber (Transwell© 6-well plate,
Corning, USA). Thus, 680 uL of a suspension of the drug-loaded
MSN@Gel material in PBS (20 mg mL ™) was placed in the
sample compartment (upper chamber), and 3.1 mL of fresh PBS
were added to the analysis compartment. The plate was kept at
37 °C in the absence of light and shaken in an orbital shaker
with constant agitation (100 rpm). At each time point of the
analysis, the solution in the lower chamber was collected for
measurement and replaced with fresh PBS. The amount of drug
molecules released was determined by fluorescence spectros-
copy. To study the release kinetic of molecules embedded in the
shell compartment of these nanosystems, fluorescein was used
as a model molecule. For this purpose, fluorescein was incor-
porated into the gelatin coating using the same protocol fol-
lowed for MSN@Gel-drug. In addition, the LVX released from
the different nanosystems was also monitored. Both molecules,
fluorescein and LVX, were analyzed by fluorescence
spectroscopy.

2.4. Microbiological assays

2.4.1. Bacterial culture. Gram-negative Escherichia coli (E.
coli ATCC 25922 laboratory strain) was used for the assays.
Bacterial culture was carried out by inoculation in Luria-Bertani
(LB, Sigma-Aldrich) broth and incubation for 3 h at 37 °C with
orbital shaking at 200 rpm. Bacterial concentration was deter-
mined by spectrophotometry using a visible spectrophotometer
(Photoanalizer D-105, Dinko instruments). When a 2 x 10°
bacteria per mL concentration was obtained, dilution with LB
was performed to get 10° bacteria per mL.

2.4.2. Biofilm growth. Mature E. coli biofilms were formed
on glass round coverslips by placing them into 24-well plates (P-
24, CULTEK) and adding 1 mL of a bacterial suspension of 10°
bacteria per mL. The plate was maintained at 37 °C for 48 h with
orbital shaking at 100 rpm, and then 0.5 mL of fresh LB sup-
plemented with 0.2% sucrose (Sigma-Aldrich) was added. After
48 h, each well was gently washed twice with 1 mL of PBS 1x
buffer solution under aseptic conditions to eliminate medium
and unbound bacteria. The generated biofilms could be visually
observed at the bottom of the wells.

2.4.3. Antimicrobial effect of MSN@Gel nanosystems
against mature E. coli biofilms. The antimicrobial activity of the
different nanosystems on the biofilm was evaluated through
two experiments: (i) the percentage of the protective muco-
polysaccharide matrix, living cells and dead cells of each biofilm
was calculated through a study by confocal laser scanning
microscopy; and (ii) the reduction of the colony forming units
per milliliter (CFU mL ') was quantified to assess biofilm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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viability. The antimicrobial effect of the different MSN@Gel
nanosystems was evaluated by adding 1 mL of a suspension
of MSN@Gel nanosystems in LB at concentrations of 10 or
50 ug mL ™', Exposure of mature E. coli biofilms to the nano-
systems was performed for 24 h at 37 °C under orbital shaking
at 100 rpm.

2.4.3.1 Confocal laser scanning microscopy assay. After 24 h
of incubation with the nanosystems, the glass coverslips were
washed once with sterile PBS 1 x and then 0.5 mL of LB medium
was added. Then, 1.5 pL (1:1 propidium iodide/SYTO) of the
Live/Dead® Bacterial Viability Kit (Backlight™) was added and,
after 5 min, 5 puL of Calcofluor White Stain (Sigma Aldrich)
solution was added to stain the protective mucopolysaccharide
matrix of the biofilm (extracellular matrix) in blue. Both reac-
tants were incubated for 10 min at room temperature. Controls
containing untreated bacterial biofilms were also stained. Bio-
films were examined using an Olympus FV1200 confocal
microscope, and eight photographs (60x magnification) were
taken for each sample. Confocal images were evaluated and
quantified using the Image] Fiji software (National Institute of
Health, Bethesda, MD). All images are representative of three
independent experiments.

2.4.3.2 Biofilm viability assay. After 24 h of incubation with
the nanosystems, the wells were washed once with sterile PBS
1x and sonication was carried out for 10 min in a low-power
bath sonicator (Selecta, Spain) to break and disperse the bio-
film in a total volume of 1 mL of PBS 1x.***® Serial dilutions of
the disaggregated biofilms were made in PBS 1x for the quan-
tification of bacteria using the drop plate method.* Five drops
of each solution were inoculated onto Tryptic Soy Agar (TSA,
Sigma Aldrich) plates, which were incubated for 24 h at 37 °C.
The mean count of the 5 drops of each dilution was calculated,
and then the average counting for all dilutions was calculated
following the procedure described elsewhere.* The percentage
of biofilm growth relative to untreated controls was determined
after 24 h. Data are presented as mean + SD from three inde-
pendent experiments.

2.5. In vitro biocompatibility tests

2.5.1. Cell culture. A murine pre-osteoblastic cell line
(MC3T3-E1, Cytion, Germany) was cultured in alpha modified
Eagle's medium (o-MEM, Sigma-Aldrich). The culture media
was supplemented with 2 mM glutamine, 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37 °C under
atmosphere conditions of 95% humidity and 5% CO,. To
perform cellular assays, cells were seeded and incubated for
24 h, allowing cells to attach before exposure to the
nanosystems.

2.5.2. Cytotoxicity assay. For the cell viability assay,
MC3T3-E1 cells were seeded on 96-well plates (5000 cells per
well) and incubated for 24 h at 37 °C in 5% CO, prior to the
experiment. After cell attachment, they were exposed to 10, 25,
50, 75 pug mL ™" of the different MSN@Gel nanosystems for 24 h.
Cells were then washed with PBS three times, fresh media were
added to the plates, and cells were maintained for up to 24 h or
72 h. Cell viability was measured at 24 and 72 h using thiazolyl
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blue tetrazolium bromide. The method is based on the fact that
only living cells can reduce XTT tetrazolium by an active mito-
chondrial dehydrogenase enzyme, producing blue crystals that
can be quantified colorimetrically. To do this, 20 pL of 3-(4,5-
dimethyl-thiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT,
5 mg mL ") was added to each well after the selected time and
incubated for 4 h at 37 °C. Then, the MTT solution was
removed, and 100 pL of dimethyl sulfoxide (DMSO) was added
to dissolve the insoluble purple formazan crystals. Finally,
absorbance was measured at 570 nm using a microplate reader
(Sinergy 4, BioTek, USA). Cell viability was expressed using
untreated cells as a control. Data are reported as mean + SD
from three independent experiments.

2.5.3. Cell cycle analysis. Potential changes in the cell
cycle pattern were evaluated on MC3T3-E1 treated with
MSN-L@Gel;.ac using flow cytometry. MC3T3-E1 cells were
seeded in 6-well plates (10° cells per well) 24 h before the
experiment and then treated with MSN-L@Gel; ,c nanosystem
for 24 h (10, 25, 50, 75 ug mL ). After the 24 h exposure time,
cells were trypsinized and resuspended in PBS. Then, ice-cold
absolute EtOH was added dropwise while gently vortexing and
incubated for 20 min at room temperature. After this time, the
samples were centrifuged at 100 x g for 5 min and resuspended
in PBS 1x containing 50 mg mL™" propidium iodide and
100 mg mL ™' RNase A. After this step, the samples were incu-
bated for 20 min at room temperature, protected from light. The
DNA content was analyzed by measuring the propidium iodide
fluorescence on a flow cytometer (FACSCalibur, Becton Dick-
inson, USA). Data are represented as the mean + SD from three
independent cell culture experiments.

2.6. Statistical analysis

In vitro data are expressed as mean + SD from three or four
independent experiments. One-way ANOVA followed by Dun-
nett's post hoc tests was used to determine statistical signifi-
cance. In all the statistical evaluations, P < 0.05 was considered
as statistically significant. Statistical analyses of drug molecule
release, microbiological and cellular results were performed
using the Graphpad Prism program (Graphpad software, USA).

3 Results and discussion

3.1. Synthesis of the MSN@Gel nanosystems containing
levofloxacin or N-acetylcysteine plus levofloxacin

The MSN@Gel nanosystems were prepared using the different
synthetic approaches, as displayed in Scheme 1. The samples
were fully characterized by using different techniques such as
TEM, (- potential, DLS, FTIR, chemical microanalysis and TGA-
DTA, as described above. Fig. 1 shows the TEM study of these
nanosystems in the absence and presence of the two drugs (AC
and LVX). To observe the external gelatin coating of the nano-
particles, staining with 1% phosphotungstic acid (PTA) was
carried out, which allowed the organic part of these nano-
systems to be detected with greater contrast. TEM images cor-
responding to the unstained material (Fig. 1A and C) showed
quasi-spherical nanoparticles of approximately 150 nm in size

Nanoscale Adv., 2025, 7, 3414-3425 | 3417
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D) MSN-L@Gel, 5 (PTA)

/

Fig.1 TEM images of MSN@Gel and MSN-L@Gel, -pc. Micrographs of
the unstained (A and C) and PTA-stained (B and D) nanosystems were
recorded to detect the organic coating. The gelatin coating is
observed as a darker area around the nanoparticle (pointed with red
arrows). Interparticle voids (empty or gelatin-filled) are marked with
white arrows.

with a mesoporous arrangement typical of a MCM-41 struc-
ture.”® These results evidenced that MSN@Gel nanosystems
retained their morphology and mesoporous structure after
external coating with gelatin. The presence of this outer coating
became evident after staining with PTA (Fig. 1B and D), where
the gelatin coating was observed as a darker area around the
nanoparticle. In this regard, the sample without AC (MSN@Gel)
presented a thinner coating, allowing the visualization of the
mesoporous arrangement of MSN’s even after staining with PTA
(Fig. 1B). However, in the presence of AC (MSN-L@Gel;, oc),
a thicker organic coating was observed, which even occupied
the interparticle gaps, and did not allow the mesoporous
arrangement to be clearly seen after staining with PTA (Fig. 1D).

For the purpose of obtaining information about the surface
charge and hydrodynamic size of the different MSN@Gel
nanosystems, {-potential and DLS measurements were per-
formed on suspensions of these materials in water (Table 1 and
Fig. S2 in the ESIY).

The MSN sample showed a potential value of —22.8 mvV.
However, this value slightly shifted towards less negative values
in the MSN@Gel nanosystems, which was due to the ionizable
groups present in the gelatin (eqn (1) and (2)), corroborating the
efficiency of the coating process.

Table 1 Values of {-potential and hydrodynamic diameter (Dy) in
water, and organic matter content determined by TGA-DTA analysis of
the different MSN@Gel nanosystems

Nanosystem {-potential (mV) Dy (nm)  Organic matter (%)
MSN —22.8 £ 0.3 190 £ 15 4.4
MSN-LVX —21.6 £ 0.2 220 + 18 6.3
MSN-L@Gel —15.2 £ 0.4 250 £19 32.8
MSN-L@Gel;, —15.7 £ 0.3 258 + 23 33.9
MSN-L@Gel,c ~ —16.2 + 0.3 2554+20 292
MSN-L@Gel; ¢~ —16.1 % 0.6 259 + 17 30.1

3418 | Nanoscale Adv, 2025, 7, 3414-3425

View Article Online

Paper

R-NH, + H,0 = R-NH;* + OH™ pK, = 6.5 (1)
R-COOH + H,0 = R-COO™ + H;0" pK, = 47  (2)

The DLS measurements were carried out to determine
hydrodynamic diameter (Dy) distributions with a maximum of
ca. 200 nm for the samples without gelatin and ca. 260 nm for
the samples with gelatin (Table 1). The increase in the Dy of
MSN@Gel nanosystems compared to the pristine MSN sample
confirmed the presence of the organic shell around the nano-
particles, as it has been demonstrated by TEM.

FTIR characterization of the nanoparticles before and after
gelatin coating was performed. The FTIR spectra obtained from
the different MSN@Gel materials evidenced the presence of
gelatin by the appearance of new bands in the region between
1200 and 1700 cm ™" (Fig. S3, ESI{). More specifically, the bands
at 1633 and 1559 cm ™' could be attributed to the vibrations of
amide I (v¢o strain) and amide II (6xy bending and vcy strain),
respectively. The amide III band (in-phase combination of vcx
strain and dyy bending) was represented by a set of three weak
signals centered at 1240 cm ™", characteristic of gelatin.™

The amount of organic matter present in the different
MSN@Gel nanosystems was determined by TGA-DTA analysis
(Table 1). The results show a percentage by weight of organic
matter of approximately 30% in the materials with gelatin, more
than five times higher than the organic content of the gelatin-
free materials, which also confirmed the success of the
coating process.

The amount of drug (LVX or AC) loaded into the different
compartments of the nanosystems was determined by chemical
microanalysis using the percentages of C and N. The obtained
results showed that the LVX amount loaded inside the meso-
pores was 3.0 £ 0.2%, the amount of LVX embedded in the
gelatin compartment was 3.5 + 0.9%, and the amount of AC
incorporated in the gelatin shell was 2.9 + 0.8%. In addition,
the successful incorporation of the drug into the mesopores of
the nanoparticles was confirmed by FTIR and N, adsorption
porosimetry (Fig. S4 in the ESI{).

Since these MSN@Gel nanomaterials were designed as
antimicrobial co-delivery nanosystems for potential biomedical
applications, the in vitro stability was evaluated in physiological
media. The nanoparticles were suspended in PBS 1x (pH = 7.4)
at 37 °C for 96 h, and then the changes produced in the nano-
systems were evaluated by TEM. Fig. 2 shows a summary of
these results, where although the quasi-spherical morphology
of the nanosystems remained constant after 96 h of incubation,
a partial loss of the mesostructural order was observed in all
materials analyzed (Fig. 2C and G).* Partial dissolution of silica
is consistent with the leaching of silicon into the medium as
determined by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES), yielding values of 31.4 + 0.1 pg mg™*
and 31.8 + 0.1 ug mgf1 for MSN-L@Gel;, and MSN-L@Gel,¢
samples, respectively. These results indicate that the hydrogel
gelatin coating allows the penetration of the aqueous medium
into the inorganic core matrix, which is essential for the diffu-
sional release of LVX.*® In the case of the gelatin hydrogel
coating, TEM images after staining with PTA reveal that it

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Left: TEM images of the MSN@Gel nanosystems before (t = 0 h) and after (t = 96 h) incubation under physiological conditions (PBS 1x,
pH = 7.4 at 37 °C). The study was performed to verify the mesoporous structure of the unstained and 1% PTA-stained nanoparticles, as well as to
observe the external gelatin coating due to the presence of organic matter. The gelatin coating is observed as a darker area around the
nanoparticle (pointed with red arrows). Interparticle voids (empty or gelatin-filled) are marked with white arrows. Right: Hydrodynamic size
distributions by number measured by DLS and {-potential distributions of MSN@Gel nanosystems before (t = 0 h) and after (t = 96 h) incubation

under physiological conditions (PBS 1x, pH = 7.4 at 37 °C).

remained after 96 h (Fig. 2D and H). These findings are in line
with the use of a non-acidic pH (pH = 7.4) and with the absence
of proteolytic enzymes in the incubation medium, which would
cause the gelatin degradation.**>* The colloidal stability in PBS
1x was verified by DLS measurements, indicating similar
hydrodynamic size distributions centered at ca. 250 nm, as
displayed in Fig. 2. Additionally, {-potential measurements
were carried out in PBS 0.1x, and the results show a reduction
towards less negative values after 96 h of incubation, which
could be attributed to the adsorption of phosphate anions from
PBS on the nanoparticle surface, as it has been previously re-
ported for diverse nanomaterials.*® The colloidal stability of the
nanoparticles was also evaluated in cell culture medium,
namely, Dulbecco's Modified Eagle Medium (DMEM) supple-
mented with 10% Fetal Bovine Serum (FBS) (DMEM + 10% FBS).
Hydrodynamic size distributions by intensity were measured by
DLS of the MSN-L@Gel;, and MSN-L@Gel,c nanosystems at
different time periods in DMEM + 10% FCS medium (Fig. S5, in
the ESIt). Initially, nanoparticles showed a hydrodynamic size
centred at 245 nm, which barely differed from those obtained in

© 2025 The Author(s). Published by the Royal Society of Chemistry

water. However, after 96 h in the cell culture medium, the mean
size of the particles suspended in DMEM + 10% FCS experi-
enced a noticeable decrease, reaching values of 192 nm and
170 nm for MSN-L@Gel;, and MSN-L@Gel,c samples, respec-
tively. These results suggest a specific interaction between the
FCS constituents and the nanoparticles. Several serum proteins,
such as albumin, immunoglobulin, and fibrinogen, could be
adsorbed on nanoparticles, enhancing the colloidal stability via
a steric mechanism, as reported in the literature.>”

3.2. Drug release assays

To investigate the release mechanism of the drug molecules
incorporated in the gelatin coating, fluorescein was used as
a model molecule (sample MSN@Gelg), and in vitro release
assays were performed as described above. The use of this
fluorescent molecule allowed elucidation of the release mech-
anism of the hydrogel coating. The amount of fluorescein
loaded into the external gelatin shell was 4.3 £+ 0.9%, as deter-
mined by chemical microanalysis. Fig. 3A shows the fraction of
fluorescein released versus time. The amount of fluorescein

Nanoscale Adv, 2025, 7, 3414-3425 | 3419
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released at each time was normalized to the total concentration
released at infinite time (W,). The experimental data were fitted
to the Korsmeyer-Peppas or “Power Law” equation (eqn (3)):*®

WIWy = Kx_pt" 3)

where W,/W, is the fraction of drug released at time ¢; Ki_p is
the rate constant, which incorporates structural and
geometric features of the dosing system; and 7 is the release
exponent, which is determined using the portion of the curve
where W,/W, < 0.6.
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This kinetic model was chosen because it is the most widely
used to study drug release from hydrogels,**® since eqn (3)
provides a lot of information with the value of n being related to
the release mechanism involved.’®* In the case of matrices with
spherical geometry, n < 0.43 indicates a quasi-Fickian diffusion
mechanism and n = 0.43 indicates a Fickian diffusion. This
means that the drug can diffuse through the hydrogel matrix
because it is much smaller than the mesh size and diffuses
rapidly. If n > 0.85, this is called Case II transport (zero-order
kinetics), and the release is due to the swelling of the system.
The values of 0.43 < n < 0.85 correspond to anomalous (non-
Fickian) transport, and the release is due to a combination of
diffusion and swelling of the hydrogel.

As shown in Fig. 3A, the value of n = 0.22 corresponds to
a quasi-Fickian diffusion mechanism, indicating that the fluo-
rescein model molecule can diffuse through the gelatin hydro-
gel matrix in which it is embedded to the release medium, with
a rate constant of 0.06 h™". The release profiles of LVX from the
different nanosystems are shown in Fig. 3B, and the results
derived from fitting the experimental data to eqn (3) are dis-
played in Table 2.

It can be observed that LVX release from the MSN-L sample
obeys a Fickian diffusion mechanism, with a value of n close to
0.43 and a kinetic constant Kx_p = 0.06 h™". However, MSN@Gel
samples show n values in the range of 0.13 to 0.16, which would
support a quasi-Fickian diffusion mechanism, which is in good
agreement with the results derived from the fluorescein release
from the hydrogel gelatin coating. In addition, the maximum
amount of LVX released (ca. 11 pg mg™ ') was achieved for the
gelatin-free nanosystem. This fact could be ascribed to a higher
drug retention degree due to the gelatin hydrogel coating in
MSN@Gel samples, which would be acting as a diffusion barrier
for the LVX loaded into the mesopores of the inorganic matrix.
Finally, the samples incorporating LVX in the gelatin coating
show the highest maximum amount of drug release due to the
easy penetration of the aqueous medium into the polymeric
compartment, in good agreement with the results derived from
fluorescein model release assays. Finally, it should be noted
that there is a sustained LVX release over time from all nano-
systems, a consequence of the well-established strong attractive
interactions between the LVX molecules and the silanol (-SiOH)
groups present in the silica matrix.®**

3.3. Antibiofilm efficacy tests

Antimicrobial efficacy tests were performed by placing different
concentrations of nanosystems in mature E. coli biofilms. To

Table 2 Kinetic parameters of LVX release from the different nanosystems

Maximum released Kinetic constant Release Diffusion
Nanosystem LVX (ug mg™) R? Kyp x 10* (h™") exponent 7 mechanism
MSN-L 10.6 £+ 0.6 0.97 6+1 0.41 £+ 0.04 Fickian
MSN-L@Gel 5.1 + 0.3 0.89 10+1 0.14 £+ 0.03 Quasi-Fickian
MSN-L@Gely, 8.5+ 0.1 0.87 14+3 0.14 £+ 0.02 Quasi-Fickian
MSN-L@Gelxc 0.1 + 0.01 0.83 0.3 £ 0.1 0.13 £+ 0.04 Quasi-Fickian
MSN-L@Gely, s¢ 2.3 + 0.07 0.87 1.9 £ 0.3 0.16 £+ 0.04 Quasi-Fickian
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evaluate the biofilm matrix-disruptive effect of AC, confocal
laser scanning microscopy studies were performed by staining
the protective mucopolysaccharide biofilm matrix with calco-
fluorine (blue) and the live/dead bacteria with the LIVE/DEAD®
BacLight™ reagent, which stains dead (red) and live (green)
bacteria. Moreover, quantitative studies of the antimicrobial

MSN-L@Gel

c 10 pgimL. D

100

Intensity
Intensity

BN Matrix @ Live bacteria B Dead bacteria

Fig. 4 Confocal laser scanning microscopy images of E. coli biofilms
after treatment with (A) 10 ug mL~*and (B) 50 ng mL~* of the MSN@Gel
materials and their respective fluorescence intensity quantifications of
eight images (C and D). Two columns are shown for each sample. On
the left, the mucopolysaccharide matrix (blue), live bacteria (green)
and dead bacteria (red) can be observed. On the right, only the matrix
(blue) is shown to highlight the disaggregating effect on the biofilm
matrix. Data are represented as mean + ¢ (*P < 0.05, compared to
control, **P < 0.01, compared to control, ***P < 0.001, compared to
control). The experiment was performed in triplicate.
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efficacy of the nanosystems were performed by counting CFU
mL ™", following the procedure described above.

3.3.1. Antibiofilm effect of MSN@Gel nanosystems by
confocal laser scanning microscopy. The confocal images
shown in Fig. 4A and B, demonstrate the antimicrobial effect of
the different nanosystems at different doses. Briefly, the images
of the control samples show the characteristic structure of
a biofilm, consisting entirely of a high number of live cells
(green) with a small proportion of dead bacteria located in the
deeper areas of the biofilm (red) and an outer layer of muco-
polysaccharides (blue) that form a protective layer. Particular
attention was paid to the action of AC by showing the blue-
stained areas (right column), which refer to the mucopolysac-
charide of the E. coli biofilm. A significant reduction of the blue-
stained regions of the biofilm can be observed after treatment
with AC-containing nanosystems (MSN@Gel,c, MSN-L@Gelsc
and MSN-L@Gel;, o) (see also Fig. S6, ESIt). Quantitative
analysis of these images reveals a dose-dependent effect (Fig. 4C
and D and S6, ESIT). Thus, the reduction of more than 80% of
the mucopolysaccharide matrix for AC-containing nanosystems
at a concentration of 10 pg mL™' increases to 90% at
a concentration of 50 ug mL ™. These results could be explained
based on the mucolytic action of AC present in these samples.
In this case, AC, when released from the MSN®@Gel nano-
systems in the early stages (see Fig. 3A), was able to disaggregate
the mucopolysaccharide protective matrix of the bacterial bio-
film as a consequence of breaking the disulfide bonds between
the glycoproteins present in the biofilm.** In the case of AC-free
LVX-containing samples (MSN-L@Gel and MSN-L@Gel, ), there
is a decrease in the number of live cells. However, the matrix-
disruptive effect is not so pronounced and remains dose-
dependent, since the blue regions attributed to the
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Fig. 5 Relative percentage of bacterial growth obtained from in vitro
antibiofilm activity of the different MSN@Gel materials on mature E.
coli biofilms, at concentrations of 10 and 50 pg mL™. The upper chart
is an extension of the percentages up to 1%. Data are represented as
mean + ¢ (¥***P < 0.001, compared to control). The experiment was
performed in quadruplicate.
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Fig. 6 Cell biocompatibility assays in the MC3T3-E1 cell line with different concentrations of the MSN-L@Gel .oc sample. MC3T3-E1 cells were
treated with different concentrations of the MSN-L@Gel, _ac sample (10, 25, 50 and 75 pg mL™?Y) and analyzed for (A) cell viability at 24 h and 72 h,
and (B) cell cycle was measured after 24 h of treatment by flow cytometry. The panel shows representative cell cycle distributions. The cell cycle
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experiments (*P < 0.05, compared to control; ***P < 0.001, compared to control).
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mucopolysaccharide layer only slightly decrease compared to
the control. Meanwhile, the antimicrobial effect is more evident
in the samples containing both LVX and AC components, being
more pronounced when the amount of LVX released is higher
(MSN-L@Gelyc).

3.3.2. Antibiofilm effect of MSN@Gel nanosystems by
counting the colony forming units. A quantitative study of the
antibiofilm efficacy was performed by counting CFU mL™" to
determine the reduction of E. coli biofilms after treatment with
concentrations of 10 and 50 pg mL " of the MSN@Gel samples.
Fig. 5 shows the relative growth of bacteria present in the E. coli
biofilm treated with the different MSN@Gel materials. The
results are in good agreement with those obtained by confocal
laser scanning microscopy, supporting that the samples con-
taining both AC and LVX in their composition have a significant
antimicrobial effect. Thus, the samples containing only LVX
(MSN-L@Gel and MSN-L@Gel;) showed a biofilm reduction
effect of 80% and 99%, respectively, despite releasing the
highest amounts of LVX (Fig. 3B and Table 2). On the other
hand, when AC is also incorporated in the gelatin shell
compartment (MSN-L@Gel; 5c), the biofilm reduction increases
above 99.8%. This can be attributed to the combined effect
between AC and LVX, where the early action of AC would disrupt
the biofilm matrix, facilitating the antimicrobial effect of the
released LVX. Furthermore, the biofilm reduction percentage of
the MSN-L@Gel; ¢ nanosystem was similar at both concen-
trations, which would allow the use of a lower dose of material
to obtain the same antimicrobial effect.

3.4. Invitro cell biocompatibility tests

Since the whole nanosystem (MSN-L@Gel-L-AC) provided the
best antimicrobial effect against E. coli biofilm, its in vitro
biocompatibility was evaluated, which is an essential study
before any in vivo testing. Therefore, preliminary in vitro cellular
cytotoxicity and cell cycle assays were performed in MC3T3-E1
preosteoblastic cells, using the MSN@Gel nanosystems at
different concentrations (10, 25, 50 and 75 pug mL™'). Overall,
the results indicate good biocompatibility, showing a small
dose-dependent decrease in cell viability at 24 h, which is
recovered after 72 h of testing. The decrease in cellular viability
when cells are treated with LVX has already been described in
the literature.® In fact, previous results from our research group
reported a notable reduction in cell viability upon exposure to
similar doses of pure silica MSNs carrying LVX.*® In contrast, in
the present work, the reduction in cell viability is noticeably less
pronounced, which could be attributed to the dual effect of the
gelatin coating, which hinders the initial LVX burst release
effect and produces a more sustained release of the antibiotic
(Fig. 3B), and the AC, which may protect cells from oxidative
damage.**

To reinforce the biocompatibility tests, a cell cycle study was
performed to evaluate possible changes in the different phases
of the cell cycle after treatment with the nanosystem. The
results indicated that the process of duplication of the genetic
material (G1 and S phases), the preparatory phase to division
(G2 phase) and cell division (M phase) were not affected after

© 2025 The Author(s). Published by the Royal Society of Chemistry
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contact with the MSN-L@Gel;.o»c nanomaterial, since no
changes were observed at any of the concentrations used
compared to the control (Fig. 6B). These results confirm the
high biocompatibility of this gelatin-containing nanosystem,
which exhibits high efficacy against mature E. coli biofilms.

4 Conclusions

Biocompatible nanosystems with combined mucolytic and
antibiotic activity based on mesoporous silica-based nano-
particles were developed, which showed high efficiency against
mature Escherichia coli biofilms. The appropriate design of the
nanocarrier allows loading the antimicrobial agents into
different well-defined compartments. In this way, the antibiotic
levofloxacin was loaded into the mesoporous silica structure,
while N-acetylcysteine, as a mucolytic agent, was embedded in
the outer gelatin layer. The sequential co-delivery of antimi-
crobial agents from the compartmented nanocarrier allows the
release of N-acetylcysteine at the earliest stage, followed by the
sustained release of levofloxacin. This release behavior
produces an enhanced antimicrobial effect, allowing for
approximately 99.8% reduction of mature E. coli biofilms. Fine-
tuning the co-delivery of drugs from silica-based mesoporous
nanocarriers could lead to the development of efficient thera-
pies to treat infections associated with mature E. coli biofilms
while reducing the risk of antimicrobial resistance
development.
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