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KEYWORDS Abstract  Staphylococcus aureus is a common bacterial agent of biofilm formation in medical envi-
Biofilm inhibition; ronments. The formed biofilm of this bacterium in bone tissue is one of the main causes of
Mesoporous silica nanopar- osteomyelitis, which is a serious health issue. Due to the importance of this infection after traumatic
ticles; injuries or surgical intervention, it is necessary to develop a system that could release the antibiotics
G-quadreplex DNA apta- at the site of injury, specifically and gradually. The current study aimed to develop a nanosystem
mers; composed of single-stranded G-quadreplex DNA aptamer as the bio-recognition element, meso-
Drug delivery porous silica nanoparticles (MSNs) as the carrier for gradual drug release, and Ampicillin as the

cargo to be delivered to the site of infection. In silico methods were used to select an optimum bind-
ing aptamer against protein A of S. aureus. The binding of aptamer was confirmed via gel retarda-
tion assay, DLS, and Zeta potential analyses. The loading of the drug was confirmed by the FTIR
method, and the drug release investigation showed almost 30 % of drug release via 48 h dialysis
assay. The acquired results from the biofilm suppression assay indicated that this system provides
a significant inhibitory effect against the S. aureus biofilm and has a high potential for the desired
drug release to prevent the formation of biofilm, and could destroy the biofilm on the mice bone.
The results of the MTT assay proved that this system does not pose a significant toxicity thread for
MCEF-7 cell viability, as a model for eukaryotic cells. In vivo studies are required to further confirm
the efficacy of this system against S. aureus biofilm on bone.
© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
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1. Introduction

Staphylococcus aureus is an opportunist pathogen that is available on
the surface of the human body skin, and inside of cavities such as the
mouth or throat. This microorganism usually does not cause any seri-
ous problem, as long as the human body and immune system are in
normal condition. Although, when this pathogen finds any opportu-
nity, for example at the time of surgeries or in open fractures, it exac-
erbates the damage conditions (Raineri et al., 2021; Gonzalez-Garcia
et al., 2021; Zhang, 2021). The biofilm of this bacteria is one of the
most common causes of morbidity in various infections that could
be formed alone or along with other pathogens, such as Streptococal
and Staphylococcal ones (Gupta, 2021; Barraza and Whiteley, 2021).

One of the most serious infections related to the biofilm of S. aur-
eus is osteomyelitis (Gao, 2021). Osteomyelitis is defined as the infec-
tion in bone tissue that mostly happens after an open fracture
caused by trauma or surgical interventions (Van Vugt, 2021). This con-
dition is one of the disorders requiring immediate medical care. Other-
wise, it could end up in dramatic consequences, such as long-term
morbidity, and amputation requirement, and in some cases, it could
even cause septicemia that may result in losing the patient’s life (Wu,
2020; Bessesen, 2020; Nasser, 2020).

As mentioned above, surgical intervention is one of the risk factors
for causing surgical site infection (SSI) and perhaps osteomyelitis
(Watanabe, 2010). Orthopedic surgeries are categorized as intensive
operations, and sometimes the bone fixation might require extra time,
which elevates the risk for infection with opportunist pathogens such
as S. aureus. For this reason, in some orthopedic surgeries, such as
those involving the installation of implants, surgeons use local antibi-
otic therapy and surgical pads for the gradual drug release at the site of
infection (Masters, 2019).

Nanotechnology has revolutionized the modern medical and bio-
logical studies by providing tools such as drug delivery and regenerative
techniques Kazemi et al., 2018. Targeted drug delivery is one of the
novel phenomena in modern medicine that has the potential for increas-
ing the efficacy of regular therapeutics (Manzari, 2021). In this regard,
the science of nanotechnology is helpful for researchers in this area by
providing various nanoparticles that could be acting as therapeutics
themselves, or provide carriers for the drugs; such as anticancer agents
(Gharbavi, 2021) or antibiotics (Baranyai, 2021). The emergence of
core-shell nanoparticles, noisosomes, and theranostic nanoparticles
have shown their efficacy in specific targeted delivery of medical agents
against various disorders (Gharbavi, 2020; Nosrati, 2022).

One of the novel systems for drug delivery is the application of a
three-component system, which is firstly has of a bio-recognition ele-
ment that could be either a molecular aptamer or a monoclonal anti-
body. The second component is a carrier, which acts as a storage for
the selected therapeutic agent. In this regard, mesoporous silica
nanoparticles (MSNs) are one of the popular carriers. Due to the high
ratio of surface area to volume, MSNs could absorb a high load of the
drug as cargo, and release it gradually into the desired site. The third
part of this three-component system is the selected therapeutic agent
that is loaded inside of the carrier and released into the target environ-
ment (Ozalp et al., 2011; Xie, 2016).

Nucleic acid aptamers are single-stranded sequences of oligonu-
cleotides that form a unique tertiary structure, which is capable of speci-
fic binding to a molecular target (Ni, 2011). These structures have
attracted scientific attention toward themselves as bio-recognition ele-
ments, due to their specificity, easy synthesis, and lower production
price, compared to monoclonal antibodies (Liu, 2021). The base struc-
ture for such sequences is usually provided through an in vitro selection
of the most specific sequences to bind a target, followed by an increase
and selection of the ones with higher affinity, which is called SELEX
(Systematic Evolution of Ligands by Exponential Enrichment) method
(Lyu and Khan, 2021). However, many studies have reported that it is
possible to make mutations in the sequences of DNA aptamers and pre-
sent new aptamers with higher efficacy and specificity (Navien, 2021).

One of the recent advancements that has revolutionized modern
medicine is the emergence of bioinformatics (Behbahani, 2020). The
application of in silico tools has reduced the pressure of using the lab-
oratory workforce and has diminished the waste of laboratory materi-
als by providing predictions about biological systems (Mohabatkar
et al., 2021). These tools come helpful for a variety of applications;
such as designing vaccines (Gharbavi, 2021) or predicting the structure
of unknown structures; including novel single-stranded DNA aptamers
(Navien, 2021). Moreover, the advent of techniques; such as molecular
docking for the prediction of the potential receptor and ligands inter-
actions has shown to be presenting accurate predictions (Haghighi and
Moradi, 2020). Previously, these in silico techniques have been
reported to provide high-quality predictions for potential interactions
between oligonucleotide ligands and protein receptors (Gharbavi,
2020; Johari, 2020).

At the current study, it was aimed to develop a three-component
system, composed of a novel G-quadreplex ssDNA aptamer to target
protein A of S. aureus as the bio-recognition element to specifically tar-
get the biofilm, MSNs as carriers for the selected anti-bacterial agent,
and Ampicillin as the cargo to suppress the bacterial biofilm. Mice
were used as the animal model, and bone tissues from the skull were
used for biofilm formation. Fig. | provides a brief outlook on the pro-
cedure and outcome of using such a system on bone biofilm induced by
S. aureus.

2. Materials and methods

2.1. Data collection

The required information about the protein A of S. aureus was
collected from the protein data bank (PDB). Since protein A is
a homo-domain, domain C of this protein (PDB ID: 4NPE)
was used as the receptor for the aptamer candidates.

In the case of aptamers, the initial sequence of a specific
G-quadruplex aptamer (that was selected by the SELEX assay)
was fetched from the literature. The original sequences of the
aptamer were reported by Stoltenburg et al. (Stoltenburg
et al., 2015) as (PA 76): 3’ATACCAGCTTATTCAATTAG
CAACATGAGGGGGATAGAGGGGGTGGGTTCTCTC
GGCTACAATCGTAATCAGTTAG 5. Another study by
the same authors reported that the truncated form of these
aptamers could effectively bind to protein A, and did not react
with related proteins such as Protein G and Protein L. They
reported that 5 site bases are necessary for the formation of
the G-quadreplex form, and no base change was allowed in
the 3I’ATACCAGCTTATTCAATT 5 nucleotides
(Stoltenburg, 2016).

2.2. In silico selection of the most sensitive aptamer and aptamer
synthesis

Molecular docking between various DNA constructs and the
target protein receptors has shown to be an effective method
(Behbahani et al., 2021). To select the most effective G-
quadreplex aptamer to target protein A, which is a main com-
ponent in the S. aureus biofilm, the first step was to provide a
3D conformation of the proposed aptamers. To provide these
structures, the in silico method proposed by Heiat et al. (2016)
was followed, which has been reported efficient by other stud-
ies (Yarizadeh, 2019; Jia, 2020; Presnell and Alper, 2018;
Wang, 2019).

The secondary structure of the single-stranded DNA
aptamers was predicted using the Mfold web server (version
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Fig. 1

Schematic workflow of using nanosystem of MSNs- Aptamer-Ampicillin to suppress S. aureus biofilm formation in bone: 1.

Conjugation of aptamer and MSNs via disulfide binding, 2. Loading of Ampicillin antibiotic inside of the MSN-aptamer conjugates, 3.
Introducing nanosystem to the bone biofilm, 4. Gradual drug release from the system suppresses the formation of S. aureus biofilm.

3.1, online: http://unafold.rna.albany.edu) (Zuker, 2003).
Vienna output format sequences (dot-bracket notation) were
used for the construction of 3-D structure models of the
aptamer.

Molecular docking analysis was carried out using the
HADDOCK tool (De Vries et al., 2010) (Version 2.4 available
at https://wenmr.science.uu.nl/haddock2.4/), which is appro-
priate for analyzing the molecular interactions between pro-
teins and DNAs. The optimized structures of the proteins
and the aptamers were used as the receptor and ligands in
the PDB format.

The initially predicted models, which presented the highest
socking scores, were selected for analyzing the interactions.
Protein-Ligand Interaction Profiler (PLIP) tool (https://pro-
jects.biotec.tu-dresden.de/plip-web/plip) (Salentin, 2015) was
used to analyze the type of interactions between protein recep-
tors and ssDNA aptamer molecules. The discovery studio visu-
alizer was used for preparing the 3D-interaction surfaces
between the receptors and ligands.

To conjugate the DNA aptamer with the MSNs, the disul-
fide binding which is one of the strongest chemical bindings,
was selected. To bind the DNA aptamer to MSNs, the oligo
synthesis order was prepared by a 3’-thiol group modifica-
tion. Previously, it has been indicated that 3’ chemical mod-
ification does not affect the structure of these G-quadreplex
aptamers against protein A of S. aureus (Stoltenburg,
2016). Synthesis of these modified oligonucleotide sequences
was performed by the Generay Biotechnology Company
(China), and HPLC was seclected as the method of
purification.

2.3. Synthesis and characterization of the MSNs

In order to synthesize the MSNs, a method for rapid synthesis
of well-ordered MSNs with a narrow pore size distribution
introduced by Yun-yu et al. was used (Zhou et al., 2012), with
some modifications. In this method, sodium silicate was used
as the silica source and cetyltrimethyl ammonium bromide
(CTAB) was used as the template for the pore formation of
nanoparticles. First, 100 mL of sodium silicate solution (5
wt.%) was prepared and then CTAB was dissolved in 40 mL
of 2 M HCI solutions, where the weight ratio of sodium sili-
cate/CTAB was 5 to 1.5. Then, both solutions were added to
100 mL of distilled water under vigorous stirring. In order to
adjust the pH value at 3, 1 M HCI was added in a dropwise
manner. After stirring for 10 min, the mixture was placed in
an oven at 40 °C for 24 h. Then, the precipitate was centrifuged
and washed several times until the pH value reached the pH of
distilled water, and dried at 80 °C. Finally, the product was
calcined at 600 °C in an electric furnace for 3 h under air atmo-
sphere. To characterize the synthesized nanoparticles, X-ray
diffraction (XRD), and field-emission scanning electron micro-
scopy (FE-SEM) analyses were performed. The Brunauer-
Emmett-Teller (BET) method was used to investigate the avail-
able surface area of the synthesized nanoparticles.

2.4. Conjugation of the aptamers with MSN

To conjugate MSNss with the selected anti-protein A aptamers,
first, 50 mg of the MSNs was dispersed in 10 mL of distilled
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water and sonicated at room temperature for 20 min. Then,
70 uL of 3-MPTMS as a linker agent was added to the suspen-
sion, and pH was adjusted to 4 and stirred at 25 °C for 3 h to
prepare SH-MS nanoparticles.

After the preparation of SH-MS nanoparticles, the G-
quadreplex ssDNA aptamers were conjugated to the SH-MS
nanoparticles by applying 2 mM CaT in 10 mM MES buffer
for 1 min, according to the method used by Zhu et al. (Zhu,
2009).

2.5. Nanoparticle conjugates characterization

To initially inspect the conjugation between the selected apta-
mer and the MSN, first, the agarose gel retardation assay was
carried out on 1.5 % agarose gel. By this assay, it was aimed to
investigate if the DNA content of aptamer conjugated with
MSNs shows any change in the movement pattern compared
to the free aptamers.

Dynamics light scattering (DLS) was used to investigate the
hydrodynamic size of nanoparticle components in the suspen-
sion, and Zeta potential was used to study the electrical
changes on the surface of the nanoparticles by a Horiba SZ-
100 series analyzer.

2.6. Loading and release of Ampicillin in M SN-aptamers
conjugate

Initially, 100 mg of the MSNs-Aptamer system and 100 mg of
Ampicillin were dissolved in 100 mL of deionized water and
stirred at room temperature for 24 h. After that, the suspen-
sion was centrifuged at 9000g for 15 min to sediment the
nanoparticles containing ampicillin in their pores. The optical
density (OD) of the supernatant was investigated to evaluate
the drug absorption by nanoparticles. In order to assure the
loading of the ampicillin in MSNs, FTIR, DLS, and zeta
potential analyses were carried out. After confirming the pres-
ence of Ampicillin in MSN-aptamers, the drug release assay
was performed using a 12 KDa molecular cut-off dialysis
bag in phosphate-buffered saline (PBS) at a pH of 6.5 (similar
to that of S. aureus biofilm) for 48 h. Samples were taken every
2 h during the first 12 h, then they were collected every 6 h until
48 h. The OD of the collected samples was compared to the
standard calibration curve of Ampicillin to assay the release
of the drug by MSNs.

2.7. Biofilm suppression assay

2.7.1. Biofilm inhibition microtiter plate (MTP) assay

Investigating the biofilm inhibition effect of the three-
component system on the biofilm of S.aureus (ATCC 6538)
was carried out on the 96-wells culture plates. For this pur-
pose, S.aureus was cultured at 37 °C overnight, then cultures
were diluted at a ratio of 1:100 in a fresh nutrient broth med-
ium. 200 pL of the fresh culture was inoculated into every three
wells of sterile 96-well flat-bottomed polystyrene plate (SPL,
South Korea).

To suppress the S.aureus biofilm formation, different doses
of MSN, MSN-Aptamer, and MSN-Aptamer-Ampicillin (10,
25, 50, 75, and 100 pg/mL) were added to each well. Control
wells contained fresh nutrient broth media. The plates were
placed into a shaker incubator for 48 h at 37 °C.

After 48 h, the media was discharged and each well was
washed three times with 300 uL of PBS. The wells were
dried at temperature. The attached biofilm was fixed using
300 mL of 99 % methanol, and after 15 min, the plates were
emptied and left to be dried. The plates were stained with
250 puL of 1 % ecrystal violet for 10 min. The stain was
poured out and the wells were washed with distilled water
to remove the extra dye. Finally, 200 pL of acetic acid
(33 %) was added to each well and the OD value of each
well was inspected at 630 nm, using a microplate reader
(E1x808, BioTek, USA).

2.7.2. Anti-Biofilm activity of nanosystem on mice bone

S. aureus biofilm formation on mice bone

To investigate the degradative effects of the composed
nanosystem to suppress the biofilm formation of S. aureus
on mice bone, initially, the flat bones of mice (skull) were har-
vested by sacrificing six weeks old male Balb/c mice and were
cleaned from extra tissues using a sharp scalpel. The bones
were cut at the 5 mm x 5 mm sizes and were autoclaved for
15 min at 121 °C to completely sterile them from any bacteria.
Sterile bones were stored at 4 °C before performing the biofilm
suppression assay.

In order to form the biofilm on the surface of mice bones,
first, an overnight culture was prepared by culturing S. aureus
in a nutrient broth medium. Afterward, bones were placed in a
24-wells culture plate containing 400 pL of fresh media and
100 pL of overnight culture. After 24 h, the bones were moved
to a new well containing 500 pL of fresh medium to only cul-
tivate the ones attached to the surface of the bone. The process
was performed for 72 h, until the clear biofilm on the sample
was witnessed on the bone surface by light microscopy.

Bone biofilm degradation by composed nanosystem

To suppress the S.aureus biofilm on the surface of bone tis-
sue, different doses of MSN, MSN-Aptamer, and MSN-
Aptamer-Ampicillin (10, 25, 50, 75, and 100 pg/mL) were
added to bones with 72 h biofilm and placed in 37 °C shaker
incubator for 48 h. Then, the bones were washed with fresh
media and placed into a new plate, so that only the microbes
on the bone biofilm be presented in the plate. In the next step,
the bones were washed with PBS (pH 7.2) three times, then
they were dried at room temperature. Afterward, 300 pL of
the 1 % crystal violet for 10 min, and were washed with deion-
ized water three times. In the next step, the bones were exposed
to 300 puL of 98 % ethanol to remove all the biofilm from the
bone surface. The bones were removed from the plate and the
results were investigated using an ELISA microplate reader at
630 nm. The results were provided by comparing the mean OD
of the test groups with that of the control group.

Light microscopy

To study the S. aureus presence by light microscopy, the
bones were dyed using Gram methods and investigated with
a x 100 lens. The presence of biofilm was expected to be seen
as some dark blue microbial populations on the bone samples.

SEM analysis

Bone samples with 72 h biofilm and treated ones with
100 pg/mL of the nanosystem were subjected to SEM investi-
gation. In order to prepare the samples for SEM analysis, first,
the bones (containing biofilm and treated with nanosystem)
were placed into a 2.5 % glutaraldehyde solution for 4 h, then
the samples were passed through a graded solution of ethanol
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(10, 20, 30, 40, 50, 60, 70, 80, 90, and 98 %) for 10 min, then
they were dried at room temperature overnight, before SEM
studies.

2.8. Cell viability assay

To study the potential toxicity of the nanosystem for human
cells, the cell viability assay was carried out using the MTT
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
reagent on MCF7 cell line. To do this, first, MCF7 cells were
cultivated in 25 T flasks, containing DMEM medium, fetal
bovine serum (FBS), and pen-strep antibiotic. 20,000 cells were
seeded in each well of the 96-wells plate. Afterward, the cells
were exposed to the composed nanosystem for 48 h at different
concentrations (i.e. 10, 25, 50, 75, and 100 pg/mL). The result
of toxicity was acquired by comparing the count of treated
cells with the non-treat group.

2.9. Statistical assay

GraphPad Prism 8.02 program was used for statistical analysis
of data. All of the values are presented as mean + standard
deviation (SD). Two-way analysis of variance (ANOVA) was
used for statistical assays. Values with P < 0.05 (%),
P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****) were
considered statistically important. Each experiment was at list
repeated three times.

3. Results

3.1. Selection of the specific aptamer against S. aureus

Mfold analysis of the truncated structures indicated that the
G-quadreplex construct does not change until 53 nucleotides
truncate form. Accordingly, molecular docking was carried
out on aptamer sequences from PA76 to PA53, which is the
last G-quadreplex DNA aptamer. The results of molecular
docking between the proposed aptamer structures and domain
C of protein A are provided in Table 1. For more information
regarding model and cluster analysis of in silico assay, please
refer to Figs. S1 and S2, respectively.

Results of molecular docking indicated that PA63 has the
highest docking score, and the highest Vander Waals energy
of —102 kcal/mole, which makes it a suitable candidate for
being a bio-recognition element against S. aureus biofilm. This
construct has the sequence of 3>~ ATACCAGCTTATTCAAT
TAGCAACATGAGGGGGATA
GAGGGGGTGGGTTCTCTCGGCTACAAT-S  with a
molecular weight of 19,898.60 g/mol and 47 % GC content.
Mfold predicted a AG = —2.25 kcal/mol. Fig. 2 indicates
the secondary and 3D structure of this aptamer.

Fig. 3 represents the protein A-PA63 complex regarding
different surfaces of interaction. The detail of interactions by
PLIP webserver is provided in Table S1. Although the results
of PLIP indicated that there is no direct interaction with resi-

Table 1 Results of molecular docking between the proposed aptamer structures and domain C of protein A provided by the
HADDOCK webserver
Aptamer HADDOCK  Cluster RMSD from the Vander Electrostatics  Desolvation  Restraint Buried Z-
score size overall lowest Waals energy energy energy violation surface score
structure (kcal/mole) (kcal/mole) (kcal/mole) energy area (A°?)
(kcal/mole)
PA76 -1.8 33 11.9 —88.8 —286.1 6.1 1381.9 24229 -2.1
PA7S 5.9 4 11.4 —80.4 —436.2 14.9 1586.6 2394.7 —1.1
PA74 -20 17 15.6 —88.1 —352.9 6.3 1323.5 2667.6 —1.8
PA73 —-3.3 14 15.8 —77.9 —3234 5.1 1341.9 2447.4 —1.8
PAT2 —13.7 9 6 —70.7 —343.1 8.2 1175.5 2322.5 —-1.7
PA71 -31.6 19 1.8 —79.6 —418.6 18.6 1131 2597.8 24
PA70 -32 15 11.6 —100.5 —272.6 12.7 1102.7 2807.6 -23
PA69 -8 6 11.9 —67.7 —330.5 20.3 1054.9 2187.3 —1.5
PA68 —28.2 9 6.1 —70.9 —517.3 323 1138.7 2547 —-1.5
PA67 —32.5 5 12.9 71.7— —448.3 27.1 1018.0 2367.2 —1.6
PA66 —86.4 26 2.1 -91.7 —556.5 333 833.5 3221.1 —-1.8
PA65 —60.7 10 17.9 —-92.8 —377.4 32.4 751 2741.9 -1.9
PA64 —43.7 18 13.3 —101 —285.6 17.7 968.3 2851.7 —1.4
PA63 —98.1 21 1.0 -102 —573.2 38.4 783.4 3056.1 -23
PA62 —153 44 18 —82.9 —250.6 5.8 1119.8 2200.4 —-1.4
PAG61 —70 17 12.5 —98.1 —448.4 30.6 827.5 2753.4 —1.9
PA60 —35 34 12.8 —83.2 —324.6 9.2 1033.1 2192.8 —-1.5
PA59 —18.5 13 14.6 -73.4 -3194 21.1 977.6 2287.4 -1.4
PAS8 —52.2 19 13.3 —101.6 —225.7 12.5 820.3 2683.9 -1.9
PA57 -72.2 5 1.4 —96.5 —387.1 25.9 758 2783.3 -2.1
PAS56 —23.5 15 14.2 =779 —303.7 20.3 98.1 2273.9 —1.8
PASS -97.5 18 1.1 —87.6 —549.8 39.9 601.4 3011.6 -22
PAS54 —77:3 5 1.3 —101.8 —314 26 616.5 2911.3 -1.9
PAS53 —96.4 21 1.2 —98.9 —449.1 38.1 543 3253.4 -2
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dues after 58 nucleotides, the highest docking score was for 3.2. Synthesis and characterization of MSNs
PA63.In this case, the reason could be that the addition of

the 5 next nucleptides could affect the 3D structure e.md overall Fig. 4a shows the SEM micrograph of the synthesized MSNs.
energy. Accordingly, PA63 was selected as the optimum con- 1, ,qdition, the results of the N2 adsorption/desorption test

struct for targeting protein A. (Figure 4B) indicated that the synthesized MSNs had a specific
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Fig. 4 The results of the characterizations of the synthesized MSNs by (a) FE-SEM analysis, (b) N2 adsorption/desorption assay, (c)

low-angle XRD test, and (d) normal angle XRD test.

surface area (SBET) of 850.6 m2/g, total pore volume of
1.3875 cm3/g, and mean pore diameter of 6.5 nm. Also, the
presence of a peak at about 2° in the low-angle XRD pattern
(Fig. 4c) confirms the mesoporous characteristic of the synthe-
sized particles with an amorphous structure . Fig. 4d presents
the result of normal angle XRD analysis of particles.

3.3. Conjugation of the aptamer with MSN

To confirm the formation of S = S bind between the selected
aptamer with MSNs, first, the gel retardation assay was used
through agarose gel electrophoresis. This assay indicated that
despite the free aptamers, MSNs-APT conjugates move slower
in the agarose gel, indicating that the MSNs conjugation with
aptamers was successful (Fig. S3).

DLS test was used to investigate the changes in the hydro-
dynamic diameter of nanoparticles. The results of this investi-
gation showed that the mean hydrodynamic diameter of
nanoparticles was 248.8 + 48.7 for MSN nanoparticles. After
the thiolation of MSNs, the diameter was changed to 286.0

+ 15.8 nm, meaning that the particles were more aggregated.
Upon conjugation with PA63 aptamers, the hydrodynamic
diameter was changed to 185.7 + 8.6 which means that the
addition of aptamers reduced the aggregation of nanoparticles
by causing a barrier between those particles.

Regarding the Zeta potential assay, it was shown that the
Zeta potential of MSNs was —53.8 mV. These values were
—54.3 mV for SH-MSN:ss, respectively. This indicates that the
addition of the thiol group slightly reduced the zeta potential
of MSNs. After conjugation of the aptamer to the structure,
the zeta potential value was reduced to —40.9 mV. (For more
information regarding DLS and Z-potential analyses, please
refer to Fig. S4)

3.4. Drug loading and release assay

To investigate the loading of Ampicillin into pores of MSNs,
initially, the OD of supernatant from the loading solution
was measured after sedimentation of the nanoparticles by cen-
trifuging at 7000g for 10 min. The result indicated that 20 mg
of the drug was loaded into the pores of nanoparticles.

The results of the DLS test indicated that after loading of
Ampicillin, the size of particles was increased to 326.7 + 15.
9 nm (Fig. S4a), showing that some of the drug molecules
are present at the surface of nanoparticles. The zeta potential
value was also changed to —72.9 mV (Fig. S4b).

FTIR analysis was carried out on MSNs, and the three-
components system. These results showed that after the load-
ing of Ampicillin, sensible changes could be witnessed on the
FTIR spectrum (Fig. 5a). In order to analyze the release of



M. Moradi et al.

80

Transmitance (%)
[o2]
o
1

40

20

0

—_
) S
'S
o

[
o

Comulative drug release (%

T T
4000 3500 3000

Wavenumber (cm™)

T T T T T
2500 2000 1500 1000 500

Fig.5 Loading and release assays of Ampicillin into the nanosystem, (a) The results of FTIR-DR analysis of MSNs, Ampicillin, and the
ampicillin-loaded nanosystem, and (b) Cumulative Ampicillin release from the three-components nanosystem for 48 h.

—~
a
~—

Biofilm inhibition

- —— -1 e
100y —— L. 1 o = e |
- L ==y N - 1 . 1
g B =
. 80 o
S, [
=,
£ 60
3
C—
E 40
g
= 20
0
10 25 50 75 100

(b)

Biofilm formation (%)

Dosage (ng/mL)

Biofilm degradation

fees

ey

10 25 50 75 100
MON-APT Dosage (ug/mL)
MSN-AMP

MSN-APT-AMP

Fig. 6 (a) Preventing biofilm formation through microtiter plate assay using 10, 25, 50, 75, and 100 pg/mL concentrations of MSNss,
MSNs-APT, MSNs-AMP, and three-component system. (b) Suppression of the formed biofilm on the surface of mice skull bone using 10,
25, 50, 75, and 100 pg/mL concentrations of MSNs, MSNs-APT, MSNs-AMP, and MSNs-APT-AMP. Values with P < 0.05 (¥),
P < 0.01 (**¥), P < 0.001 (***),and P < 0.0001 (****) were considered statistically important. Each experiment was at list repeated three

times.



Aptamer-MSNs-ampicillin against S. aureus biofilm

9

Ampicillin from the MSN nanoparticles, the dialysis assay was
carried out. This analysis indicated that almost 30 % of the
absorbed drug was released into the medium upon 48 h
(Fig. 5b).

3.5. Biofilm inhibition assay

3.5.1. MTP assay

The biofilm prevention assay was performed by microtiter
plate assay using a 96-wells plate. The results (Fig. 6a) showed
that MSNs alone do not pose any significant anti-biofilm activ-
ity against the formation of biofilm (less than 10 % in all con-
centrations), but MSNs-APT, MSNs-AMP, and MSNs-APT-
AMP pose a significant anti-biofilm formation activity. The
three-component nanosystem showed the highest activity in
all concentrations compared to all the other groups
(P < 0.0001), and this effect was increased dose-
dependently, in a way that in 100 pg/mL concentration, the
biofilm was mostly suppressed in 72 h (more than 90 %).

3.5.2. Bone biofilm degradation

MTP assay of degrading formed biofilm on mice bones

The results of investigating MSNs, MSNs-APT, MSNs-
AMP, and the three-component system on suppressing the
formed 72 h biofilm of the mice bone indicated that MSNs
do not provide any significant effect with any of its selected
dosages (10, 25, 50, 75, and 100 pg/mL) on the biofilm of S.
aureus and the bacterial growth was continued (Fig. 6b). In
the case of MSNs-APT, only 10 pg/mL did not have any sig-
nificant effect compared to the MSNs group, while 25
(P < 0.01), 50 (P < 0.001), 75, and 100 pg/mL (both
P < 0.0001) could significantly suppress the biofilm. MSNs-
AMP provided a higher anti-biofilm effect than MSNs and

MSNs-Aptamer in all dosages (P < 0.0001), and the three-
component system showed the highest efficacy, which was sig-
nificant compared to all of the other groups (P < 0.0001).

Light microscopy

Results of light microscopy using Gram staining indicated
the presence of S. aureus biofilm on the surface of mice bone
in 72 h non-treated group (Fig. S5a), while there was no signif-
icant biofilm on the surface of the bone after 48 h treatment
with 100 pg/mL of the three-component system (Fig. S5b).

SEM microscopy

The results of the SEM study (Fig. 7) indicated the forma-
tion of a strong biofilm on the surface of mice bone in 72 h
(part a), while a weak (part b) and almost no biofilm (part
C) were seen on the surface of the treated group with
100 pg/mL of the three-component system after 48 h. Fig. 7,
part D shows the presence of the three-component nanosystem
on the mice’s skull surface.

3.6. Cell viability assay

The cell viability assay by using the MTT method indicated
that neither of MSNs, MSNs-AMP, MSNs-APT, and the
three-component pose any significant (P < 0.05 was consid-
ered statistically meaningful in two-way ANOVA) toxicity in
the 10, 25, 50, 75, and even 100 ug/mL doses for the MCF-7
cells. Fig. 8 shows the results of the cell toxicity assay of the
mentioned components on MCF7 cells.

4. Discussion

Bone biofilm and osteomyelitis are regarded as deadly infec-
tions that mostly happen after open bone fractures and/or sur-
gical interventions. Such infections are mostly caused by

300 nm

Fig. 7 The results of SEM investigations of the samples, (a) strong biofilm (none treated), (b) moderate biofilm (24 h treated), (c) weak/
almost none biofilm (48 h treated), and (d) the presence of three-component nanosystem on the mice bone surface.
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opportunist pathogens, among which S. aureus is regarded as a
leading agent. The emergence of multi-drug resistance and
mutual infection with the other species has made the treatment
of this agent even more complicated. So far, many attempts
have been given toward developing an effective means to sup-
press this clinical pathogen, among them novel methods such
as the application of nanotechnology methods are highlighted
for providing astonishing outcomes in the laboratory and bed-
side (Gao, 2021; Machado, 2010).

During the last decade, the emergence of sciences such as
novel drug delivery methods have completely revolutionized
the scientific insight toward developing therapeutics against a
variety of disorders, including cancer therapy infections with
bacterial or viral agents and even tumor metastasis (Laffleur
and Keckeis, 2020; Mousazadeh, 2022). The application of
MSNss has been considered by different drug delivery studies,
due to their high specific surface area (Stephen, 2021). Many
studies have shown that these particles could be considered
suitable drug carriers, along with the potential to specifically
define their targets by surface decorating of these particles with
bio-recognition elements (Barui and Cauda, 2020).

Previously, the use of three-component systems of MSN-
Aptamer-drug has been used against various disorders. For
example, a study by Li et al. (2012) reported the application
of polyvalent MSNs-Aptamers to target breast cancer cells.
They provided their aptamer through SELEX assay and syn-
thesized their MSNs using TEOS and CTAB. They used
TSPMP to prepare MSNs-pho and functionalized their apta-
mers by cross-linker Sulfo-SMCC. Their study indicated that
the efficacy of doxorubicin delivery to the breast cancer cells
was considerably increased using such a three-component
system.

Another study by Xie et al. (2016) investigated the efficacy
of EpCAM aptamer-coated MSNs to target colon cancer cells.
In their study, they used these particles to deliver doxorubicin
to cancer cells. Their results suggested that the application of
such a three-component system could significantly increase
the therapeutic index while reducing the side effects of drugs
by restricting exposure toward high drug doses. In case of
the current study, the used three-component system does also
reduce exposure toward high doses of antibiotics, which are
regularly used to battle osteomyelitis (Rao et al., 2011). It is

a well-known fact that the application of high doses of antibi-
otics could cause various problems; such as developing
multidrug-resistant strains like MRSA or harming the normal
microbiota (Baptista, 2018). Therefore, developing any means
of drug delivery system that restricts the high load uses of
antibiotics is helpful to medical society and care-seekers.

Previously, application of the three-component system of
MSNs-Gentamycin (antibiotic) and a bacterial targeting pep-
tide UBI29-41has been performed to battle the biofilm of S.
aureus. Yang et al. reported the high efficacy of this system
for suppressing intracellular S. aureus and associated infection
through in vitro and in vivo analysis (Yang, 2018). In our study,
DNA aptamers were used to target S. aureus, instead of a pep-
tide sequence. The advantages of using aptamers rather than
peptides and antibodies have been discussed in the literature
(Li, 2021). In practice, the expenses of peptide synthesis and
purification are higher than DNA aptamer sequences. More-
over, the application of DNA aptamers is causing fewer side
effects such as allergenicity and toxicity compared to peptides.
Accordingly, using nucleic acid aptamers rather than peptides
could provide more satisfying results with a high potential for
future medical applications.

One of the advantages of the three-component system in
this study was using a G-quadreplex aptamer, instead of the
regular aptamer constructs. Since the biofilm environment of
S. aureus is slightly acidic (Fernandez, 2021), it does not seem
practical to use regular aptamers that are sensitive toward pH
changes. Accordingly, the application of a G-quadruplex apta-
mer which is more tolerant toward rough conditions; such as
high temperature and pH changes (Platella, 2017), could
increase the efficacy of the drug delivery to the site of infection,
compared with using regular ssDNA aptamers.

In the current study, we investigated the efficacy of a novel
three-component system, composed of a G-quadreplex apta-
mer as the bio-recognition element, MSNs as the drug carrier,
and Ampicillin as the loading drug inside of the particles. This
system aimed to reduce the unnecessary exposure of the host
cells toward high dosages of antibiotics that is required for
the suppression of osteomyelitis. In this study, we used bioin-
formatics methods to investigate the molecular interactions
between the previously developed aptamer for binding protein
A of S. aureus and we spotted the sequence and length of the
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aptamer with the highest binding affinity toward its proposed
molecular target.

The results of the current study confirmed that this three-
component system could considerably increase the efficacy of
drug delivery to the biofilm of S. aureus, without posing any
significant toxicity for eukaryotic cells. It was indicated that
this system provides higher efficacy in preventing the forma-
tion of S. aureus biofilm, compared to the destruction of
formed biofilm on the surface of the bone. It was indicated that
the activity of this system increases by elevating its dosage to
100 pg/mL, and this concentration did not show any signifi-
cant toxicity for MCF-7 cells in 48 h.

Application of the G-quadreplex aptamer rather than the
simple ones was one of the advantages of this system because
it could tolerate the acidic pH of S. aureus biofilm that could
destroy the regular ssDNA aptamers. Moreover, it was shown
that this aptamer, even in absence of a loaded drug in MSN:ss,
could suppress the biofilm formation of this bacterium, which
could be due to structural inhibition of protein A, that is a nec-
essary component for biofilm formation.

Finally, it needs to be mentioned that although this nanosys-
tem showed efficacy in the suppression of S. aureus biofilm
in vitro, far more studies including in vivo investigations are
required to be carried out to confirm its practical application
for any potential use in humans. Moreover, it is necessary to per-
form more investigations by modifying the components such as
the carrier and/or cargo drug to compare the results and confirm
what system may present more practical merits to be used for
future studies or possibly human application in hospitals.

5. Conclusion

The results provided by this study indicated that the proposed
nanosystem of MSN-Aptamer-Ampicillin could provide an effective
platform for the gradual release of antibiotics, which could suppress
the S. aureus biofilm in bone tissue. The importance of such a system
is in the prevention of osteomyelitis and could be used in the site of
open bone fractures or after long-lasting surgeries such as hip or knee
bone surgeries as surgical pads. Further in vivo studies are required
prior to suggesting this nanosystem for clinical applications.
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