Open Access Article. Published on 28 October 2024. Downloaded on 3/5/2026 3:20:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 34066

Received 18th June 2024
Accepted 12th October 2024

DOI: 10.1039/d4ra04457f

Berberine-styrene-co-maleic acid hanomicelles:
unlocking opportunities for the treatment and
prevention of bacterial infections

Nicola F. Virzi,;? Valentina Greco,}P Stefano Stracquadanio,® Anfal Jasim,®
Khaled Greish,? Patricia Diaz-Rodriguez,® Natalie P. Rotondo,’ Stefania Stefani,®
Valeria Pittala © **¥ and Alessandro Giuffrida®

The global spread of multi-drug-resistant (MDR) bacteria is rapidly increasing due to antibiotic overuse,
posing a major public health threat and causing millions of deaths annually. The present study explored
the potential of nanocarriers for delivering novel and alternative antibacterial agents using
nanotechnology-based approaches to address the challenge of MDR bacteria. The purpose was to
enhance the solubility, stability, and targeted delivery of berberine (BER) and its synthetic derivative NR16
using Styrene-co-Maleic Acid (SMA) nanoparticles. Characterization of the nanoparticles, including
dynamic light scattering (DLS) analysis, TEM, and UV/Vis absorption spectroscopy, confirmed their
suitability and high stability for passive drug delivery. Antibacterial and antifungal activities were evaluated
against a panel of pathogens, revealing significant inhibitory effects on Gram-positive strains; particularly
BER, SMA-BER, and NR16 were active against MRSA, MSSA, VR, and VS E. faecalis, and S. epidermidis.
Additionally, SMA-BER and SMA-NR16 showed promising activity against biofilm formation of S.
epidermidis; while the two free drugs contributed to S. epidermidis biofilm disruption activity. Hemolysis
tests and in vitro studies on human embryonic kidney cells (HEK-293) confirmed the safety profiles of
the nanoparticles and free drugs. Overall, this research highlighted the potential of nanotechnology in

developing effective antibacterial agents with reduced toxicity, addressing the growing threat of MDR

rsc.li/rsc-advances bacterial infections.

Introduction

Multidrug-resistant (MDR) bacteria are so called for their ability
to resist the action of commonly used antimicrobials. World-
wide, the spread of MDR bacteria is worryingly rising due to
uncritical use of antibiotics and is quickly becoming one of the
major public health threats that is responsible for millions of
deaths globally every year.' Different mechanisms are involved
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in the development of MDR, such as drug inactivation, drug
uptake reduction, genetic modification of drug targets, and
drug efflux. Another mechanism of antibacterial resistance is
biofilm formation.? Biofilm formation is regulated by quorum
sensing (QS), a specific type of communication system related to
cell density dependent on the production of compounds
defined as autoinducers. After exceeding a threshold value, the
autoinducer can bind to its specific receptor and modulate the
transcription or repression of virulence factors. Biofilm life
cycle occurs in four stages that include adhesion, microcolony
formation, growth and maturation, and finally detachment of
bacteria to start a new cycle.* The consequent formation of
a matrix composed of extracellular polymeric substances (EPS)
maintains nutrients and solutes diffusion needed for survival,
but at the same time behaves as impenetrable barrier to larger
compounds, such as most antibiotics, causing severe and
difficult to treat infections.* Furthermore, proliferation in non-
living static surfaces such as catheters and prosthesis can also
lead to alarming nosocomial infections.” Establishment of
biofilm may require up to 1000-fold higher concentrations of
antibacterial than the normal used dosage against planktonic
form. Consequently, it makes it highly difficult to cure infection
by the systemic antibiotic administration.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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As part of their continuous efforts in prioritizing and coor-
dinating worldwide research towards the discovery of novel
antibacterial agents, the World Health Organization (WHO)
recently categorized MDR bacteria into different priority levels:
critical, high, and medium, and published an overview of
antibacterial clinical development pipeline.® In this evolving
panorama, bacterial strains of greatest concern are the Gram-
negative Pseudomonas aeruginosa carbapenem-resistant, the
Acinetobacter baumannii carbapenem-resistant and the Gram-
positive methicillin-resistant Staphylococcus aureus (MRSA),
Streptococcus pneumoniae, and vancomycin-resistant Entero-
coccus faecium (VRE), which all can lead to severe and difficult-
to-treat infections. Moreover, most of the recently approved
agents showed a total or partial lack of the four WHO innova-
tion criteria including new chemical class, new target, new
mechanism of action (MoA), and absence of known cross-
resistance.”

Natural substances deriving from three different sources—
plants, animals, and microorganisms—may have significant
interest for antibacterial applications.® Natural compounds
exhibiting antibacterial activity and biocompatibility have
gained attention due to increasing concerns about the safety of
synthetic compounds and emerging drug resistance
phenomena. In particular, medicinal plants represent one of
the earliest medications by virtue of their secondary metabo-
lites; limitless relevant bioactive substances, including many
antibiotics, have been sourced from natural extracts.” Nowadays
phytochemicals still represent a wide source of derivatives
endowed with strong biological activities and can be considered
as novel substances and/or novel chemotypes in the fight
against MDR bacteria, by targeting microbial virulence.*'!
Regrettably, phytochemicals also display several drawbacks, as
their isolation and characterization is often challenging, the
chemical synthesis is hardly adapted to large-scale production
owing to their structural complexity, and they often exhibit an
unfavorable pharmacokinetic profile.

Berberis vulgaris has long been known in folk medicine for its
pleiotropic activities such as lipid-lowering and insulin-
resistance improving actions, cardiovascular, antitumoral, and
antibacterial activities.”> Most of these beneficial actions can be
attributed to berberine (BER), one of the main secondary
metabolites of B. vulgaris (Fig. 1). BER, found in roots, rhizomes,
stems, and bark, possesses an isoquinoline structure belonging
to the structural class of protoberberines. BER antibacterial
actions have been related to interactions with bacterial
membrane and DNA, and to inhibition of the filamentous
temperature-sensitive Z protein (FtsZ), a well-known bacterial

NR16

Berberine (BER)

Fig. 1 Chemical structure of berberine (BER) and NR16.
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protein involved in cell division. In addition, BER has been
shown to prevent formation of S. epidermidis and K. pneumoniae
biofilm.'>** Unfortunately, the clinical use of BER has been
hampered by its very low water solubility, bioavailability (less
than 1%), and short half-life.**** Several structural analogues of
BER have been reported over the year with the aim of improving
the pharmacokinetic and pharmacodynamic profile of BER;
among them, an interesting series of flexible and structurally
simplified BER analogues has been recently reported. Particu-
larly, NR16 showed an interesting antibacterial activity against
Gram-positive S. aureus and E. faecalis, and Gram-negative E.
coli and K. pneumoniae (Fig. 1)."* However, limitations in the
pharmacokinetic or pharmacodynamic profiles were shown by
most of BER natural and synthetic analogues.

Nanoparticle formulations have also been identified as
a high-value option for the treatment of MDR bacteria.'® The
application of nanostructured and/or supramolecular systems
is particularly prominent in both pharmacological and analyt-
ical fields."”*®* The use of nanotechnology-based approaches to
encapsulate and deliver BER and NR16 to the site of action can
ameliorate their water solubility, stability, and targeting ability
as well as improve their antibacterial activity. In this study, the
Styrene-co-Maleic Acid (SMA) amphiphilic polymer was chosen
for nanoparticle system formation, given its demonstrated
history of safety and passive targeting efficacy for both tumors
and inflamed tissues. Its unique amphiphilic nature makes it
ideal for constructing nanosized polymeric carriers designed to
enhance the parameters of bioactive molecules like BER and
NR16. By encapsulating these agents within SMA nanoparticles,
we aim to improve their solubility, stability, safety, and targeted
delivery, paving the way for novel antibacterial therapeutic
options. This approach leverages SMA's established track
record in nanomedicine while offering the potential for tailored
drug delivery with minimized side effects.

Experimental

Styrene-co-maleic anhydride with a number average molecular
mass (Mn) ~1600 was from Sigma-Aldrich, berberine hydro-
chloride was from TCI Europe (Switzerland), N-(3-dimethyla-
minopropyl)-N-ethylcarbodiimide hydrochloride (EDAC) was
obtained from Sigma-Aldrich Corp (St Louis, MO, USA). NR16
was synthesized as previously reported.”> HPLC system consists
of a Vanquish (Thermo Fisher) equipped with two pumps, an
autosampler, an online degasser, a PDA and a column
compartment with temperature control. Data acquisition,
analysis, and reporting were performed using the Xcalibur
software (Thermo Fisher). The analysis was conducted using
a reverse phase C18 column (XDB Agilent) with a 1.8 pm particle
size, 4.6 mm internal diameter, and 50 mm length. An Agilent
8453 UV-Vis spectrophotometer (Agilent, Waldbronn, Germany)
was used to acquire UV-Vis absorption spectra. The Fourier
transform infrared (FTIR) spectral analysis was carried out on
a Frontier FT-IR spectrometer (PerkinElmer) with PerkinElmer
Spectrum software (version 10.4.2.279). "H-NMR spectra were
recorded on a Varian Unity Inova 500 MHz spectrometer. The
chemical shifts are reported as ¢ (ppm) referenced to the
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resonance of residual HOD. Coupling constants (J) are given
in Hz. Signal multiplicities are characterized as s (singlet),
d (doublet), t (triplet), q (quartet), m (multiplet), br (broad). For
antimicrobial activity studies, the ATCC strains were obtained
by the American Type Culture Collection (Manassas, VA). Mac-
Conkey NO. 3 agar (cat. no. CM0115, OXOID), MSA (cat. no.
CMO0085, OXOID), Sabouraud dextrose agar (cat. no. CM0041,
OXOID), and TSB (cat. no. CM0129, OXOID) were purchased
from ThermoFisher Scientific (Segrate, MI - Italy). Cation
adjusted Mueller Hinton broth (cat. no. 212322) was purchased
from Becton Dickinson (New Jersey — USA), whilst RPMI (cat. no.
R6504), MOPS (cat. no. M3183), Glucose (cat. no. G5767), and
DMSO (cat. no. D8418) were obtained from Sigma-Aldrich/
Merck (Darmstadt - Germany). Human HEK-293 embryonic
kidney cell line ATCCC number CRL-1573. Advanced RPMI 1640
(1x) growth medium was purchased from Gibco® by Life
Technologies™, USA; fetal bovine serum (FBS) was purchased
from SIGMA life sciences, USA, penicillin-streptomycin antibi-
otics were purchased from SIGMA life sciences, USA, and t-
glutamine 200 mM (100x) was purchased from Gibco® by life
technologies™, USA. All solvents were reagent grade and were
purchased from commercial vendors (Sigma-Aldrich, Merck).

Nanoparticles formulation and characterization

SMA-hydrolysis. For SMA hydrolysis a well-known protocol
was followed." Briefly, 2 g of SMA suspended in 200 mL of 1 M
NaOH in water were heated at 70 °C under continuous stirring
until the suspension turned into a clear solution.

SMA-BER formulation. SMA-BER preparation was accom-
plished by using a slightly adjusted protocol previously re-
ported.* Briefly, 100 mL of hydrolysed SMA (10 mg mL™") were
diluted to a final volume of 200 mL using deionized water and
left under stirring into a beaker. The pH of the solution was
taken at pH 5 using 1 M HCl and 0.1 M HClI for fine-tuning until
stabilization. Meanwhile, 200 mg of BER were dissolved into
5 mL of DMSO until forming a clear solution, and 1 g of
EDAC-HCI were dissolved into 5 mL of deionized water. The
BER and EDAC-HCI solutions were added dropwise to the SMA
solution, maintaining the pH stable at 5 for 30 min after the
addition. Subsequently, the pH of the solution was raised to pH
11 using 1 M NaOH and 0.1 M NaOH for fine-tuning, under
stirring for 1 h. After that time, the pH of the solution was
lowered to pH 2 using 1 M HCI to allow the precipitation of the
formed SMA-BER. The precipitated nanomicelles were centri-
fuged and washed 3 times with a solution of 0.001 M HCI.
Afterwards, the nanomicelles were resuspended in deionized
water and the pH was adjusted at 7.4. The solution was then
purified using a dialysis bag to remove any residues of NaCl or
urea products. The complete removal of the NaCl was evaluated
by means of the Pharmacopeia chloride assay using HNO; and
AgNO;. The nanomicelles were freeze dried to obtain 0.947 mg
of SMA-BER as a yellow powder (79% recovery).

SMA-NR16 formulation. A 100 mL solution of SMA (10 mg
mL~") hydrolysed as reported above was diluted to 100 mL
using deionized water and let stir into a beaker. The pH of the
solution was taken at pH 5 using 1 M HCl and 0.1 M HCI until
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stabilization. Meanwhile, 100 mg of NR16 were dissolved into
4 mL of DMSO until forming a clear solution, and 1 g of
EDAC-HCI were dissolved into 4 mL of deionized water. The
NR16 and EDAC-HCl solutions were added dropwise to the SMA
solution, maintaining the pH stable at 5 for 30 min after the
addition. Subsequently, the pH of the solution was adjusted to
pH 11 using 1 M NaOH and 0.1 M NaOH for fine-tuning, letting
it stir for 1 h. After that time, the solution was taken to pH 2 by
using 1 M HCI, to precipitate the formed nanomicelles. The
precipitated SMA-NR16 were centrifuged and washed 3 times
with a solution of 0.001 M HCI. Subsequently, the nanomicelles
were resuspended in deionized water and the pH was set at 7.4.
The solution was then purified using a dialysis bag to remove
any residues of NaCl or urea products. The complete removal of
the NaCl was evaluated by means of the Pharmacopeia chloride
assay using HNO; and AgNO; SMA-NR16 nanomicelles were
further filtered with a 0.45 um filter in order to remove the few
small solid impurities and then freeze dried, obtaining
0.891 mg of a white powder of SMA-NR16 (74%).

Size, PDI, and zeta potential analysis. Zeta potential ({
potential), average hydrodynamic diameter (DH, or size), and
width of distribution (polydispersity index, PDI) measurements
were carried out by dynamic light scattering (DLS) analysis
using a Zetasizer Nano ZS (Malvern Instrument, Malvern, UK) at
25 °C in double-distilled water (DDW). Specifically, for SMA-BER
and SMA-NR16, a sample of 1 mg of lyophilized micelles was
dissolved in 10 mL of DDW to obtain appropriate dilution for
analysis. Results are reported as the mean of three separate
measurements =+ the standard deviation (SD).

TEM analysis

To prepare SMA-BER and SMA-NR16 for the analysis, 10 uL of
each nanoparticle solution (300 ug mL ™" in DDW) were placed
on a copper grid covered by a carbon membrane. Then, samples
were stained with phosphotungstic acidic solution (2% w/v) for
2 min, and analyzed at 120 kV by means of a JOEL microscope
(JEM 2010, Japan). Images were acquired using a Gatan Orius
camera (Gatan Inc, Pleasanton, CA, USA). Image] software
(National Institutes of Health, MD, USA) was used to compute
the mean diameter of the nanomicelles.

Loading calculation of SMA-BER and SMA-NR16 by HPLC

Chromatographic conditions. Chromatographic analyses
were performed in the gradient mode.”® The eluting solutions
consisting of: A (1 mM of CH;COONH, in ultra-pure water), B
(CH3CH), and C (CH30H with 0.1% of CH3;COOH) were pumped
at a flow rate of 0.6 mL min~". The gradient parameters were:

Time (min) % A % B % C
0 80 10 10
10 10 80 10
11 10 80 10
13 80 10 10
15 80 10 10

© 2024 The Author(s). Published by the Royal Society of Chemistry
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UV detection was carried out at 226, 270, 340, and 424 nm for
BER and 226, 270, 384 for NR16. Chromatograms were recorded
using Xcalibur, a chromatography software for LC systems
(Version 4.2). The sample injection volume was 2 pL, the
method run time was 15 min and the column temperature was
40 °C.

Preparation of standard and sample solutions. A BER stock
standard of 0.6 mg mL ™" was prepared in CH;OH and subse-
quent dilutions were carried out to obtain five standard solu-
tions (17.8, 35.5, 44.9, 89.5, and 177 pM, respectively).
Additionally, six standard solutions (2, 4, 6, 8, 10, and 12 uM,
respectively) were obtained to determine the limit of quantifi-
cation (LOQ) and the limit of detection (LOD).

A NR16 stock standard of 0.35 mg mL™" was prepared in
CH,;O0H and subsequent dilutions were carried out to obtain five
standard solutions (33.0, 69.4, 138.8, 288.3, and 577.5 uM,
respectively). Additionally, six standard solutions (1, 2, 4, 6, 8,
and 10 pM, respectively) were obtained to determine the limit of
quantification (LOQ) and the limit of detection (LOD).

All the standards and samples were filtered through a 0.22
pm pore-size filter (Millipore, Bedford, USA).

Method validation. The HPLC method was validated in
terms of specificity, linearity, precision (intra-day), accuracy,
LOD, and LOQ (according to the International Conference on
Harmonization (ICH) guidelines). The specificity was evaluated
by comparing the representative chromatograms of samples
containing possible interfering substances (excipients used in
nanoparticle composition) and BER standard. The identifica-
tion of BER was based on comparison of retention times and UV
spectra of peak of BER standard with the corresponding peak in
the sample chromatogram. The same criteria were applied for
the analysis of NR16. The linearity was determined by calcu-
lating a regression line from the plot of the peak area versus
concentration for the five standard solutions in CH;OH using
a linear least squares regression. Precision was assessed as
repeatability. The repeatability of the measurements was
assessed by testing three different standard solutions (35, 45,
and 60 pM, respectively, n = 10) during the same day. The
results were reported as the standard deviation (SD) and relative
standard deviation (RSD). The accuracy was determined by
calculating the percent recovery of the BER at three concentra-
tion levels and then determining the RSD. The mean concen-
tration value obtained for each level was compared to the
theoretical value, which was considered to be 100%. The LOD
and LOQ were determined from the calibration curve obtained
from standard solutions. The following equations were used
according to ICH:

LOD = 3.3 x /S,
LOQ = 10 x d/S,

where ¢ is the standard deviation of the response and S is the
slope of the calibration curve.

Linearity. BER linearity was evaluated at five concentration
levels (17.8, 35.5, 44.9, 89.5, 177 uM, respectively) by calculating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the following regression equation and the correlation coeffi-
cient (7) using the least squares method:

y = 8E—08x — 0.0011; r = 0.9999, while NR16 linearity was
evaluated at five concentration levels (33.0, 69.4, 138.8, 288.3,
577.5 uM, respectively) by calculating the following regression
equation and the correlation coefficient () using the least
squares method:

y = 9E—05x — 3.4884; r = 0.9999, where y is the peak area
and x is the standard solution concentration in pM.

Accuracy. Accuracy was evaluated by calculating the percent
recovery of the average analyte concentration at three different
concentrations. Three standard solutions (35, 45, and 60 uM,
respectively) were carefully prepared in triplicate and analysed
using the previously proposed method. The average percent
recovery of BER from the samples was 74% (RSD = 2.43%, n =9)
and for NR16 72% (RSD = 2.49%, n = 9).

Precision. Precision expressed as RSD for repeatability was
evaluated over three concentrations for both BER and NR16 (35,
45, and 60 uM, respectively); for each analyte, solutions were
prepared in triplicate and analyzed over one day to assess intra-
day variation. The RSDs of the responses were calculated for
each case; the results indicate that precision was achieved
because the maximum RSD value obtained was 0.63%.

Limit of quantification and limit of detection. The lowest
concentration at which an analyte can be detected (LOD) or
quantified (LOQ) with acceptable precision and accuracy was
calculated from the SD of the response and the slope obtained
from linear regression of the calibration curve. The LOD and
LOQ for BER were found to be 1.2 and 3.5 uM, respectively. The
LOD and LOQ for NR16 were found to be 0.18 and 0.54 uM,
respectively.

Specificity. To evaluate the specificity of the method, chro-
matograms of the standards and samples of BER were compared
with those of potential interfering components of the formula-
tion. The supernatant obtained after centrifugation in the blank
nanoparticle preparation (nondrug-loaded nanoparticles) was
diluted in CH;0H and analyzed by the described HPLC method.
The representative chromatogram of the BER sample (Fig. S1,}
red line) showed the BER peak at about 7.3 min, in agreement
with that obtained for the BER standard (Fig. S2,T blue line). No
peaks were observed in the chromatogram of the supernatant of
the blank test at the same retention time, indicating that there
was no interference from the formulation components in the
quantitative determination of BER.

Spectroscopic characterization of BER and SMA micelles

BER, NR16, SMA-BER, and SMA-NR16 UV-Vis absorption
spectra were acquired from 190 nm to 800 nm. BER was dis-
solved in pure DMSO, while NR16, SMA-BER, and SMA-NR16
were dissolved in DDW. To have a direct comparison between
free drug and encapsulated drug, dilutions were prepared
considering the loading. For BER, the following concentrations
were analyzed: 20, and 10 pg mL~". For SMA-BER, were analyzed
the following dilutions: 151, and 75 pg mL™'. On the other
hand, for NR16 were analyzed the following concentrations: 20,
10, and 5 ug mL ™. Respectively, for SMA-NR16 were prepared

RSC Adv, 2024, 14, 34066-34080 | 34069


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04457f

Open Access Article. Published on 28 October 2024. Downloaded on 3/5/2026 3:20:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

and analyzed the following concentrations: 159, 79.5, and 39.74
pg mL~h

"H-NMR analysis. The experiments were performed in D,O at
27 °C and the chemical shifts are reported as 6 (ppm) referenced
to the resonance of residual HOD.

FTIR and ATR analysis. The spectra of copolymers were
recorded using an attenuated total reflection (ATR) technique in
the spectral range 450-4000 cm ™" with a resolution of 2 cm ™"
and accumulations of 10 scans which were combined to average
out random absorption artifacts. Spectra of polystyrene (trans-
mittance) was recorded and used as a reference for band
assignments.

Stability studies

UV-Vis stability studies on SMA-BER and SMA-NR16.
Stability studies were conducted upon SMA-BER and SMA-NR16
by UV-Vis spectrophotometry, analyzing their behavior in three
different solvents: DDW, NaCl 0.9% w/v and 10 mM phosphate
buffer, containing NaCl (137 mM) and KCI (2.7 mM) at pH 7.4
(PBS). SMA-BER stock solutions of 400 pg mL ", and SMA-NR16
stock solutions of 100 pg mL™ ' were achieved in different
solvents, and samples were stored at 4 °C, r.t., and 37 °C until
use. UV-Vis spectra were recorded for each sample at different
time points, ¢t =0, 1, 3, 5, 7, and 14 days, respectively.

DLS stability studies on SMA-BER and SMA-NR16. A 50 ug
mL ™' of SMA-BER and SMA-NR16 dispersions in DDW were
prepared and stored at 4 °C, r.t., and 37 °C for 7 days. At prefixed
timepoints (0, 4, and 7 days) the stored dispersions were
analyzed with a Malvern Zetasizer Pro (Malvern Panalytical,
United Kingdom) to detect eventual changes in the particle size,
PDI, and zeta potential during times at different storage
conditions.

Release studies

The release rate was measured by the dialysis bag method, as
previously reported for other SMA nanoparticles.” Briefly, 4 mg of
SMA-BER or SMA-NR16 were dissolved in 4 mL of DDW and
inserted into a sealed visking dialysis bag (MWCO 12-14 kDa;
Medicell Technology - London, UK). Subsequently, the dialysis
bag was fully immersed into a sealed container filled with 40 mL
of PBS pH 7.4, which was kept at 37 °C and 100 osc min~" for the
entire duration of the experiment, 3 days. At prefixed timepoints
(0,2,4,6,8,24, 48, and 72 h) 1 mL of solution was taken from the
outside of the dialysis bag and the absorbance was read with an
Agilent 8453 UV-Vis spectrophotometer (Agilent, Waldbronn,
Germany) at 422 nm for BER and 282 nm for NR16. The
percentage of drug released was calculated by means of a cali-
bration curve of the drug, plotting the obtained absorbance values
and considering the initial amount of drug into the nanomicelles.
All experiments were performed in triplicate. Percentage release
was reported as mean percentage + standard error.

Antibacterial studies

Microorganisms and growth conditions. The antibacterial
and antibiofilm activity of the compounds was tested on nine
ATCC bacterial strains representative of the ESKAPE group, one
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biofilm producer S. epidermidis, and one fungal ATCC strain.*
Selected microorganisms were E. coli ATCC 25922, K. pneumoniae
ATCC BAA-2814, A. baumannii ATCC 179878, P. aeruginosa ATCC
27853, vancomycin susceptible (VS) E. faecalis ATCC 29212,
vancomycin resistant (VR) E. faecalis ATCC 51299, methicillin
susceptible (MS) S. aureus ATCC 12598 and MS S. aureus ATCC
25923, methicillin resistant (MR) S. aureus USA300, S. epidermidis
ATCC 35984, and C. albicans ATCC 10231. Gram-negative and
Gram-positive bacteria were grown at 37 (£1) °C overnight on
MacConkey NO.3 and MSA, respectively. C. albicans strain was
grown on Sabouraud dextrose agar at 37 (1) °C for 24-48 hours.
All strains were stored at —80 °C until use.

Minimum inhibitory concentration (MIC) and minimum bacte-
ricidal concentration (MBC). MIC evaluation was performed
according to EUCAST [The European Committee on Antimicro-
bial Susceptibility Testing. Breakpoint tables for interpretation of
MICs and zone diameters. Version 14.0, 2024. http://
www.eucast.org] and CLSI [NCCLS. Reference Method for Broth
Dilution Antifungal Susceptibility Testing of Yeasts; Approved
Standard—Second Edition. NCCLS document M27-A2 [ISBN 1-
56238-469-4]. NCCLS, 940 West Valley Road, Suite 1400, Wayne,
Pennsylvania 19087-1898 USA, 2002] guidelines for bacteria and
Candida albicans, respectively, using Cation adjusted Mueller
Hinton broth or RPMI with 34.5% (w/v) of MOPS (cat. no. M3183,
Sigma-Aldrich/Merck, Darmstadt - Germany).

For each compound, a suspension equal to 20 000 mg L™ of
active principle was prepared in sterile H,O or DMSO for BER,
diluted in the appropriate media to a concentration of
1024 mg L' and then transferred to 96-well microplates per-
forming serial two-fold dilutions (higher DMSO concentration
of 2.5%). Empty SMA was tested together with the other
compounds.

To determinate MBC or minimum fungicidal concentration
(MFC), the whole content (100 pL) from the wells equal to the
MIC values and higher concentrations was streaked on agar
plates.

MIC value was determined at the lowest concentrations of
the antimicrobial agent inhibiting bacterial growth, MBC as the
lowest concentration of each antimicrobial agent resulting in
microbial death, as defined by a decrease of 10° CFU mL ™" in
comparison to the starting inoculum. The MIC and MBC values
were expressed in mg L. All assays were carried out in tripli-
cate with independently grown cultures. The results are
geometric means of three different experiments.>***

Biofilm inhibition. The ability of the tested compounds to
inhibit biofilm formation and to disaggregate mature biofilm
was evaluated as previously published.” Briefly, an overnight
culture of S. epidermidis ATCC 35984 was diluted 1:100 in fresh
TSB with glucose 0.25%, then transferred to the wells of a 96
multiwell plate and incubated overnight at 37 (£1) °C.

For the biofilm inhibition test, two-fold serial dilutions of
the compounds were added to the plate at the same time of the
bacterial inoculum. For biofilm disaggregation test, two-fold
serial dilutions of the compounds were added to the plate
after the overnight formation of the biofilm.

Subsequently, the broth was carefully removed from the wells
and the plate was washed thrice with sterile physiologic solution.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Wells were stained with a 0.4% crystal violet solution and washed
again. The amount of biofilm produced in the well was evaluated
by reading the optical density at 490 nm (OD,g).>

Each test was performed in the presence of a positive biofilm
formation control (inoculum without compounds) and a blank
control (TSB with 0.25% glucose).

Biocompatibility screening

Hemolysis test on SMA-BER and BER. To evaluate the
hemocompatibility of the SMA-BER and SMA-NR16 nano-
micelles, as well as the free-drug BER and NR16, a hemolysis
test was carried out according to previously reported protocols,
with some modifications.””** Human blood anticoagulated with
ethylene diamine tetraacetic acid (EDTA) was from Centro de
Transfusion de Galicia (Santiago de Compostela, Spain). The
blood was diluted with a NaCl 0.9% w/v solution to reach final
3.5% v/v diluted blood solution. A 10 mg mL ' BER stock
solution was prepared in DMSO and added to 900 pL of diluted
blood to obtain final BER test concentrations of 1, 0.5, 0.25, and
0.125 mg mL~" (DMSO max. conc. 10%). On the other hand,
a10 mg mL~" NR16 stock solution in 50% DMSO/NaCl 0.9% w/v
solvent mixture was prepared and added to 900 pL of diluted
blood to obtain final concentrations of 1, 0.5, 0.25, and
0.125 mg mL~"' (DMSO max. conc. 5%). Conversely, SMA-BER
and SMA-NR16 were dissolved in NaCl 0.9% w/v.

Thus, considering the loading of 13.24%, a SMA-BER stock
solution of 75.5 mg mL ™' was achieved, and aliquots were
added to 900 uL of diluted blood to obtain final SMA-BER test
concentrations of 7.55, 3.77, 1.89, and 0.94 mg mL . For SMA-
NR16, taking into account the loading of 12.63%, a stock
solution of 79.2 mg mL ™' was prepared, and aliquots were
added to 900 pL of blood to obtain final test concentrations of
7.92, 3.96, 1.98, and 0.99 mg mL . All test dilutions were
prepared into 1.5 mL plastic tubes, and all the concentrations
were prepared in order to directly compare nanomicelles to the
free drug (same drug concentration). The samples were incu-
bated for 1 h at 37 °C, being gently shaken at 100 osc min ™",
Then, the sample tubes were centrifuged at 10000 rpm for
10 min and the supernatant was transferred in a 96 well plate.
The released hemoglobin, due to hemolytic activity, was
measured by recording absorbance (Abs) of the supernatant
using a plate reader (Fluostar Optima, BMG Labtech, Germany)
at 550 nm. Triton X-100 4% v/v in DDW was used as the positive
control (PC) (100% lysis), while DMSO 10% v/v, DMSO 5% in
NaCl 0.9% w/v, and NaCl 0.9% w/v were used as negative
controls (NC). Results, expressed as hemolysis percentage were
obtained by the following equation:

(Abss — Absy)

(Abse — Absy) < 100

Hemolysis % =
where, Absg represents the absorbance derived from the tested
concentrations hemolytic effect, Absy is the absorbance of the
negative control, while Absp is the absorbance of the positive
control.

Toxicity evaluation of SMA-BER, SMA-NR16, BER, and NR16
in mammalian HEK-293 cell culture. Human HEK-293
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embryonic kidney cell line was grown at 37 °C in 4.5% CO, in
Advanced RPMI 1640 (1x) growth medium supplemented with
5% (v/v) fetal bovine serum (FBS), penicillin-streptomycin
antibiotics, and t-Glutamine 200 mM (100x). Cell passage was
performed every 3-4 days and suspensions of HEK-293 cells
were produced from confluent cultures using scraping method.
Cell concentration was then determined using a hemocytom-
eter where equal quantities of HEK-293 cells (6 x 10> cells per
well) were seeded directly into two 96 well-plates. Drugs for
testing were prepared as follows. Both free BER and free NR16
were dissolved in 20% (v/v) DMSO to a final concentration of
5.1 mg mL™'. Conversely, SMA-BER and SMA-NR16 were dis-
solved in DDW and brought to the same final concentration of
the active principle (BER or NR16) of 5.1 mg mL . All drugs
were then diluted with DDW to prepare lower doses, 2.55,1.275,
and 0.638 mg mL ", respectively.

In the 96 well-plates, cells were allowed to settle and adhere
for 24 h. Then, cells on the first plate were treated either with
BER dissolved in 20% DMSO or SMA-BER, at the same doses
(5.1,2.55,1.275, and 0.638 mg mL ', respectively). On the other
hand, cells on the second plate were treated with the same
concentrations of either free NR16 dissolved in 20% DMSO or
SMA-NR16. Subsequently, the two plates were incubated for
72 h at 37 °C in 4.5% CO,. For free drugs, DMSO was used as the
relative control. For SMA-BER and SMA-NR16, unmodified cells
were used as the relevant control. The Sulforhodamine B (SRB)
assay was utilized to ascertain the cell density at each well. After
the 72 h incubation, cells were fixed with 10% (w/v) trichloro-
acetic acid (TCA) and incubated for 1 h at 4 °C. After that, TCA
was eliminated, and the wells were washed three times using
DDW. After that, plates were left at 54 °C for 10 min to dry
thoroughly. Cells were then stained with SRB dye and allowed to
settle for 1 h atr.t. Excess of dye was then eliminated by washing
three times with 1% (v/v) CH;COOH. Afterwards, plates were
dried for 10 min at 54 °C. After dissolving the cells-bound dye in
10 mM Tris-based solution, the mixture was shaken for 15 min.

OD of the cells-bound dye at each well was determined at
570 nm using a plate reader. OD means + SD were calculated,
and cell viability percentages were then determined according
to the OD results.

Statistical analysis

The statistical analysis was carried out by means of GraphPad
Prism (GraphPad software, La Jolla, CA, USA) software, using
One-way Analysis of Variance (ANOVA) and Tukey's multiple
comparison post-tests and considering significant differences
for p < 0.05. 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***),
<0.0001 (***%),

Results and discussions
Formulation and characterization of SMA-BER and SMA-NR16

Micelle formation has been accomplished by means of a well-
established method developed by our research group.* As re-
ported in Table 1, the recovery of SMA-BER and SMA-NR16 was
79% and 74%, respectively. DLS analysis of the micelles showed
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Table 1 Recovery, loading, DLS analysis and Zeta potential value of SMA-BER and SMA-NR16 micelles”

Recovery” Loading® (w/w) Size (nm) pDI ¢ potential (mV)
SMA-BER 79% 13.24% 123.3 £ 2.63 0.24 + 0.015 —46.36 + 1.86
SMA-NR16 74% 12.63% 137.2 £2.29 0.15 + 0.023 —49.23 + 0.13

“ Data are shown as mean values =+ standard deviation (SD). Values are the mean of triplicate experiments. ? Starting from 1 g of SMA and 200 mg of
free BER, 947 mg of SMA-BER have been obtained (79% recover;;); starting from 1 g of SMA and 200 mg of NR16, 0.891 mg of SMA-NR16 have been

obtained (74% recovery). © Loading as measured by HPLC-MS.

a size distribution of 123.3 £ 2.63 and 137.2 £ 2.29 for SMA-BER
and SMA-NR16, respectively (Fig. S11). The polydispersity index
(PDI) of SMA-BER and SMA-NR16 micelles indicates a homoge-
neous distribution of size population (Table 1). Zeta () poten-
tial of the SMA-BER and SMA-NR16 micelles proved to be highly
negative, being indicative of a stable system.

TEM analysis was conducted to visualize SMA-BER and SMA-
NR16 structure and morphology and to confirm the DLS size
data (Fig. 2). The collected images showed a monodisperse size
distribution for both nanoparticles. Size analysis conducted
with Image] software reported a mean size of 134.26 £ 22.69 nm
for SMA-NR16 and 128.58 + 47.83 nm for SMA-BER, further
validating the data obtained by DLS (Fig. S31). Furthermore, the
nanoparticles showed a spherical shape, with a relatively
smooth surface, which is the result of a correct polymer
assembly, and nanomicelles formation (Fig. 2). The collected
data suggested that both nanomicelles possess an optimal size
range for cellular uptake in inflamed tissues subjected to
bacterial infection (Table 1 and Fig. S3 and S47). Indeed, size-
dependent accumulation of nanoparticles, mostly medium-
sized ranging from 20 to 200 nm, has been reported in several
inflamed tissues, including infected areas and tumour tissue.*®
In addition, the abovementioned size makes them less
susceptible to opsonization processes and reticuloendothelial
system (RES) uptake, potentially increasing circulation time.*®

100 nm

200 nm 200 nm

Fig. 2 TEM images of SMA-NR16 and SMA-BER: (A) image of SMA-
NR16 taken with magnification set at 15000x; (B) image of SMA-BER
taken with magnification set at 8000 x; (C) image of SMA-NR16 taken
with magnification set at 10 000x; image of SMA-BER taken with
magnification set at 10 000 x.

34072 | RSC Adv, 2024, 14, 34066-34080

PDI = polydispersity index.

The drug loading value was obtained by HPLC comparing
the concentration with a previously constructed analytical curve
for each of the two analytes. The amount of BER trapped in the
nanoparticles was determined by treatment of SMA-BER with
0.5 M HCI followed by an ultracentrifugation procedure with
Vivaspin® centrifugal concentrators. The amount of NR16 was
determined by the same procedure but using 0.1 M HCI. For
each of the analytes, the analyses were performed in triplicate.
As a result, the loading in SMA-BER was found 13.24% (w/w)
while the one of SMA-NR16 was 12.63% (w/w) confirming the
correct encapsulation of the two drugs.

The interactions of SMA polymer with BER and NR16 were
studied by UV/Vis absorption spectroscopy. SMA-BER and SMA-
NR16 exhibited different spectral profiles compared to the free
drug as they are influenced by the novel interactions established
with the polymer (Fig. 3A and B).

Considering the loading of BER of 13.24% w/w into the
nanomicellar system, solutions of BER and SMA-BER were
prepared in DMSO and DDW, respectively, to achieve solutions
containing equal concentration in BER. A hypochromic effect
can be observed for all the peaks of absolute/relative maximum,
other than a hypsochromic shift for the two peaks at lower
wavelengths, and a bathochromic shift for the peak at 420-
430 nm (Fig. 3A). The observed variations may also be attrib-
utable to influence of the different used solvents.*-*

For NR16 and SMA-NR16 UV-Vis analysis, solutions of NR16
and SMA-NR16 were prepared in DDW achieving equal
concentrations in NR16 (Fig. 3B). The results showed that the
spectra profile of NR16 differs from the encapsulated ones,
showing a bathochromic shift from 282 nm to 284 nm. More-
over, at increased concentrations the difference in absorbance
became more evident, with SMA-NR16 showing higher absor-
bance values than the free drug. The present phenomena can be
reconducted to the concomitant absorbance of NR16 and SMA
polymer, which absorbs in frequency <300 nm.**

In addition, FT-IR and NMR studies have been performed on
both nanomicelle preparations (Fig. 4).

In parallel, the FTIR-ATR analysis performed on BER showed
two intense absorption bands at 1103 and 1036 cm " (CH in-
plane bending and C-H vibrations). The spectrum of the
nanomicellar system shows the characteristic bands of both
constituent substances, confirming their presence. Moreover,
the variations in the aromatic C-H signals (from 3028 to
2980 cm ™' in the polymer and from 1103 to 1099 cm ™" in the
BER) would seem to indicate the presence of a hydrophobic
interaction between the two molecular entities. The synthetic
analogue of BER, the NR16, was also co-formulated with H-SMA

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04457f

Open Access Article. Published on 28 October 2024. Downloaded on 3/5/2026 3:20:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

1.00 4

?F 3
0.75 / \\ C\
%

—— 20 pg/mL BER (DMSO)

—— 10 pg/mL BER (DMSO)
151 pg/mL SMA-BER (DDW)
75.5 pg/mL SMA-BER (DDW)

=
%

/
[

‘s\/

0.50 4
0.25 —j

T T T |
250 300 350 400 450 500 550 600
Wavelength (nm)

Absorbance (A.U.)

345

——— 20 pg/mL NR16 (DDW)
—— 10 pg/mL NR16 (DDW)

—— 5 pg/mL NR16 (DDW)

—— 159 pg/mL SMA-NR16 (DDW)
79.5 ug/mL SMA-NR16 (DDW)
39.74 pg/mL SMA-NR16 (DDW)

0.75

0.50 4

Absorbance (A.U)

0.25+

T
200 300 400
Wavelength (nm)

Fig. 3 (A) UV-Vis spectra of BER (dissolved in DMSO) and SMA-BER
(dissolved in DDW), spectra were recorded scanning from 200 to
800 nm, using a 1 cm path length quartz cells; (B) UV-Vis spectra of
NR16 and SMA-NR16 (dissolved in DDW), spectra were recorded
scanning from 200 to 800 nm, using a 1 cm path length quartz cells.

co-polymer. As in the case of the system consisting of BER and
H-SMA, the characteristic signals shown in the IR spectrum of
the nanomicelles (red line, Fig. 4B), indicate the presence of
both substances. Furthermore, the presence of a band at
1559 cm ™' suggests the formation of an ionic residue -NH,"
providing clear evidence of an ionic-type interaction between
the two compounds.*” Variations observed in both the carbox-
ylic (1703 ecm ™" and 1448 cm ™', COO~ symmetric vibrations)
and the aromatic CH-related signals (1248 cm ™', CH in-plane
bending) further support the existence of hydrophobic inter-
actions within the system.®

"H-NMR spectra of both the reference compounds and the
nanostructured systems were recorded in D,O. The solvent was
chosen to assess the real structure of the nanostructured
systems in a biological environment®**° (Fig. 5).

The NMR spectrum of the H-SMA (Fig. 5A and B, red line)
showed a very broad signal attributable to all the protons of the
styrenic ring in the aromatic region, while the very broad signals
of the polymeric backbone were displayed in the 1-3 ppm range.
The NMR spectrum of BER (Fig. 5A, green line) showed signals
in agreement with the previously reported ones.** The synthe-
sized nanomicellar system was subjected to the same experi-
mental procedure under the same conditions. The obtained
spectrum (Fig. 5A, blue line) showed the same signals as those
obtained for the polymer (typical broadened peaks, between
6.5-8 and 1-3 ppm). However, the presence of BER was evi-
denced by the superimposed signals, which due to hydrophobic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Comparison between FTIR-ATR spectra of: BER (blue line);

H-SMA (black line); H-SMA-BER (red line); (B) comparison between
FTIR-ATR spectra of: NR16 (blue line); H-SMA (black line); H-SMA-
NR16 (red line); the starting materials used to form the encapsulated
systems (H-SMA and BER), subjected to FTIR-ATR analysis, showed
spectroscopic characteristics identical to those reported in the liter-
ature.®3¢ In the H-SMA copolymer, the carboxyl band appeared at
1703 cm~! and a strong absorption band was observed at 1454 cm™!
(COO™ symmetric vibrations), while a weak band (C—H stretching of
the aromatic rings) was present at 3028 cm™* (Fig. 4A).

and ionic interactions, clearly vary their chemical shift value,
also assuming the typical broadened appearance of the signals
that constitute polymers.*> Results obtained by NR16 analysis
(Fig. 5B, green line) and SMA-NR16 (Fig. 5B, blue line) showed
a behavior mostly similar to the previously described system,
confirming the presence of hydrophobic interactions between
the constituents.

Stability studies were performed by UV/Vis analysis in DDW,
NaCl, and PBS at three different temperatures (4 °C, room
temperature (r.t.), and 37 °C), for 14 days. SMA-BER, in DDW,
showed only slight changes in the UV/Vis spectra starting from
day 7 at 4 °C, and from day 5 at r.t. and 37 °C as reported in
Fig. S5-S7 (ESIY). All measurements in NaCl and PBS showed no
evident changes in the UV/Vis spectra (Fig. S8-S117, 6A and 6B).
These results highlighted an excellent stability of the nano-
micelles in the used media and at different storage
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temperatures. SMA-NR16 showed optimal stability in DDW at
4 °C and r.t. at all the timepoints (Fig. S12t and Fig. 6C). Good
stability was also seen in DDW at 37 °C for about 7 days, while
increased scattering phenomena were visible after 14 days at
37 °C (Fig. 6D). In NaCl, SMA-NR16 showed good stability when
stored at 4 °C (Fig. S131) and r.t. (Fig. S14}) along all the
timepoints, showing only a slight increase in the absorbance
spectra when compared to ¢ = 0. On the other hand, the
nanomicellar system was unstable when stored at 37 °C
(Fig. S15%), presenting a massive increase of the absorbance
values in the zone of 240-290 and a shift of the peak related to
the drug at lower frequency. Similar results were seen in PBS for
SMA-NR16, in which it maintained good stability when stored at
4 °C (Fig. S16t) and r.t. (Fig. S171), while showing degradation
phenomena when stored at 37 °C (Fig. S187), starting from day
1. Indeed, it was possible to notice a lower absorbance at the
frequency relative to the drug peak (~284 nm) and an increase
of the absorbance in the zone between 240-265 nm.

To better highlight and understand from a nanoscale point
of view the behaviour of nanomicelles at different storage
temperature and conditions over time, the size, PDI, and zeta
potential of SMA-BER and SMA-NR16 were also analyzed
throughout 7 days by DLS. As previously mentioned, SMA-BER
dissolved in DDW and stored at different temperatures
showed only slight changes in the UV/Vis spectra starting from
day 7 at 4 °C and from day 5 at r.t. and 37 °C. The same tendency
was confirmed by DLS, in which nanoparticles stored at 4 °C
(Fig. S197) maintained similar features until day 4; a slight
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Fig. 6 UV-Vis spectra stability studies of: (A) SMA-BER dissolved in PBS aqueous solution and stored at 37 °C for 14 days (SMA-BER = 400 pg
mL~Y); (B) SMA-BER dissolved in NaCl aqueous solution and stored at 37 °C for 14 days (SMA-BER = 400 pg mL™Y); (C) SMA-NR16 dissolved in
DDW and stored at r.t. for 14 days (SMA-RN16 = 100 pg mL™?); (D) SMA-NR16 dissolved in DDW and stored at 37 °C for 14 days (SMA-RN16 = 100
ng mL™Y). All the spectra were recorded scanning from 200 to 800 nm, using a 1 cm path length quartz cells; (E) DLS stability study of SMA-BER in
DDW (conc. 50 pg mL™Y) stored at 4 °C, r.t., and 37 °C for 7 days; (F) DLS stability study of SMA-NR16 in DDW (conc. 50 pg mL ™) stored at 4 °C, r.t,,

and 37 °C for 7 days.
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increase in particle size and PDI was seen at day 7 due to the
formation of aggregates (3.4 + 2.16%) and presence of sub-
population (may be due to micelles opening). The analysis of
SMA-BER stored at r.t. (Fig. S20t) and 37 °C (Fig. S21t) showed
that the tendency to form sub-populations and aggregates was
accelerated by the increased temperature. When SMA-BER was
stored at 37 °C for 7 days, the percentage of other populations
amount increased to 10.32 £+ 7.63%, showing higher PDI and
zeta potential values of the nanoparticle system. This was most
probably due to drug-release, disassembly of the nanosystem,
and higher tendency in forming aggregates/floccule (Fig. 6E,
and Fig. S217).

Nevertheless, a high percentage of the initial nanoparticle
population was seen in all the conditions, indicating good
stability. The same DLS stability study protocol was performed
on SMA-NR16. Even in this case, obtained data agreed with the
UV-Vis stability study analysis. SMA-NR16 proved to maintain
high stability in DDW in all the conditions (Fig. S22-S247),
showing only signs of slightly lower stability when stored at 37 ©
C for 7 days. Indeed, a small presence of lower size sub-
population was detected (2.49 + 1.66%), lower zeta potential,
as well as slight aggregates formation. Nevertheless, high
stability of the system was detected during all the experiments,
maintaining high percentage of the initial nanoparticle pop-
ulation (Fig. 6F).

Finally, release studies have been performed in PBS pH 7.4 to
characterize and evaluate the release profile of the drug from
the nanomicellar systems. The release profiles have been
explored by means of dialysis bag method. The quantification of
drugs released over time has been performed by UV-Vis spec-
troscopy, using calibration curves of the free drugs (Fig. 7).

SMA-BER nanomicelle system possessed an initial release of
~9% after 1 hour, attributed to BER associated to the micelles
surface, followed by a steady release of up to 35% until 72 h
which can be ascribed to the drug encapsulated in the core
(Fig. 7A). These results align with those previously reported for
SMA nanoparticles encapsulating lipophilic drugs.'®* SMA-
NR16 showed a burst release with ~40% of the drug released
during the first 8 h, followed by a steady release up to 55% over 3
days (Fig. 7B). The different release profiles can be explained by
the affinity and solubility of the two drugs for the water phase,
which is sensibly higher for NR16 than for BER. Moreover, ob-
tained results for SMA-NR16 agreed with the stability study
performed in PBS at 37 °C, confirming that the recorded
instability was also related to drug release during the first day.

SMA-BER and SMA-NR16 antibacterial studies

Once ascertained SMA-BER and SMA-NR16 have been fully
characterized in terms of stability and drug release profile, they
were screened for their antimicrobial properties. To this extent,
both nanomicelle systems were tested against a panel of
bacterial strains of greatest concern belonging to the ESKAPE
group and a strain of Candida albicans, in comparison with the
free drugs. The results of their antibacterial and antifungal
activity, expressed as their minimum inhibitory concentration
(MIC) and minimum bactericidal (or fungicidal) concentration
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Fig. 7 Release rate at 37 °C of: (A) BER from SMA-BER; (B) RN16 from
SMA-NR16.

(MBC), are reported in Table 2 and described below. The raw
data from the assays conducted as biological triplicates are re-
ported in the SI. MIC values were obtained by broth micro-
dilution in three different biological replicates. Interestingly,
BER, SMA-BER, and NR16 (but not SMA-NR16) inhibited the
growth of E. faecalis, S. aureus, and S. epidermidis as well as the
C. albicans strain. BER was able to inhibit VS E. faecalis growth
at 512 mg L', MR and MS S. aureus as well as VR E. faecalis at
64-128 mg L', S. epidermidis at 32 mg L™, and C. albicans at
256 mg L™, The observed MIC values were in agreement with
those reported in the literature.**** Several studies highlighted
that BER is more active against Gram-positive bacteria
(including S. aureus and S. epidermidis) than Gram-negative
bacteria.”” Indeed, Mangiaterra et al. described no inhibitory
activity of BER up to 320 ug mL ' towards P. aeruginosa
strains.® No inhibitory activity against E. coli and K. pneumoniae
was also reported at concentration =500 pg mL~".*” Conversely,
the obtained activity against Gram-positive bacteria, such as S.
aureus (included MRSA and periprosthetic joint infections (PJI)
associated isolates), S. epidermidis, and E. faecalis underlined
the inhibitory activity of BER against these strains, similarly as
reported in literature.**™** Also in agreement were the data ob-
tained over C. albicans, showing similar results as described by
Xie et al.*®* MBC evaluation revealed that BER was unable to kill
bacteria not even at the highest tested concentration of
512 mg L', with the exception of S. epidermidis ATCC 35984
and S. aureus ATCC 25923 having an MBC of 64 mg L™". BER
seemed to exhibit a fungicidal effect at 256 mg L™ '. The

RSC Adv, 2024, 14, 34066-34080 | 34075


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04457f

Open Access Article. Published on 28 October 2024. Downloaded on 3/5/2026 3:20:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
Table 2 MIC and MBC of BER, SMA-BER, NR16, SMA-NR16, H-SMA

BER SMA-BER? NR16 SMA-NR16? H-SMA
Strain MIC* MBC* MIC MBC MIC MBC MIC MIC
E. coli ATCC 25922 >512 — >512 — 256 512 >512 >512
K. pneumoniae ATCC BAA-2814 >512 — >512 — 256 512 >512 >512
A. baumannii ATCC 179878 >512 — >512 — 256 512 >512 >512
P. aeruginosa ATCC 27853 >512 — >512 — >512 — >512 >512
VS E. faecalis ATCC 29212 512 >512 128 >512 256 256 >512 >512
VR E. faecalis ATCC 51299 128 >512 16 >512 64 256 >512 >512
MS S. aureus ATCC 12598 128 >512 128 128 256 256 >512 >512
MS S. aureus ATCC 25923 64 64 64 64 128 256 >512 >512
MR S. aureus USA300 128 >512 128 128 256 256 >512 >512
S. epidermidis ATCC 35984 32 64 32 64 128 256 >512 >512
C. albicans ATCC 10231 128 256° 128 256° 256 256° >512 >512

¢ MIC and MBC values calculated as the geometric mean of three different tests and they are expressed as mg L™". * SMA-BER and SMA-NR16
concentrations are referred to the amount (mg) of encapsulated drug. © For C. albicans the MBC is the minimum fungicidal concentration.

encapsulation of BER inside SMA nanomicelles promoted its
activity against E. faecalis regardless of their vancomycin
susceptibility profile, with the best antimicrobial performance
achieved on VR E. faecalis. The inhibitory effect was similar to
that of BER for all the Staphylococcus strains as well as for C.
albicans. However, SMA-BER showed bactericidal activity
against sensitive and resistant S. aureus and S. epidermidis,
which are the most common and threatening bacteria in
implant-related infections and infected wounds.”” On the
contrary, SMA-BER was only able to inhibit Enterococcus growth.
These results indicate that the encapsulation within SMA
nanomicelles notably enhanced BER efficacy against Gram-
positive bacterial strains. Moreover, other than antibacterial
effect, SMA-BER also presented antifungal activity against C.
albicans, showcasing its potential as a versatile antimicrobial
agent. The BER synthetic derivate NR16 had MIC values akin to
BER and SMA-BER, resulting in being a little more efficient than
BER in inhibiting E. faecalis growth but less efficient than SMA-
BER. Interestingly, MBC values obtained for NR16 unveiled
a greater bactericidal effect when compared to the MBC of BER.
NR16 was more efficient than SMA-BER in killing the tested E.
faecalis strains. Instead, the encapsulation of NR16 into SMA
resulted in being detrimental for NR16 efficacy, showing MIC
values >512 mg L™ for all the strains. Results also highlighted
lack of antibacterial activity at the tested concentrations of BER,
SMA-BER, and SMA-NR16 against representatives of Gram-
negative strains at the highest tested concentrations
(512 mg L™"). NR16 showed inhibitory and bactericidal effect on
E. coli, K. pneumoniae and A. baumannii, but not against P. aer-
uginosa, in agreement with what was previously reported.*®

Finally, the uncharged SMA, as expected, did not have any
antibacterial effect at tested concentrations.

The effect of the formulations and free drugs on S.
epidermidis ATCC 35984 biofilm formation and eradication was
also studied. Indeed, S. epidermidis has become one of the most
common causes of nosocomial infection associated with
medical device implants (e.g., prosthesis, catheter, or other
biomaterial) due to its tendency to form biofilm and colonize
biomaterials.>® Among the compounds, SMA-NR16 showed the

34076 | RSC Adv, 2024, 14, 34066-34080

highest activity against biofilm formation, lowering its
production at 4 mg L' and almost totally inhibiting biofilm
production at 64 mg L~ '. SMA-BER and NR16 had a similar
effect on biofilm formation, lowering its growth at concentra-
tions =32 mg L™, but not reaching the complete inhibition of
biofilm formation neither at 64 mg L™ ". BER seemed to promote
biofilm formation even at high concentrations, resulting active
in lowering biofilm production only at 64 mg L~ " (Fig. 8A). The
results evidenced that SMA-BER and, especially, SMA-NR16
were able to significantly reduce the S. epidermidis biofilm
formation, opening to novel possible strategies in preventing
biofilm formation and subsequent life-threatening infections.>
Regarding mature biofilm disaggregation, the encapsulated
SMA-BER and SMA-NR16 did not have any anti-biofilm activity,
while BER slightly reduced biofilm presence at concentrations
=256 mg L. NR16 exerted a stronger anti-biofilm activity at
concentrations equal to BER ones, resulting in a complete
biofilm disaggregation at 512 mg L™ (Fig. 8B).

Biocompatibility screening

Formulations that can be administered by endovenous route or
used in an environment rich in blood (e.g. wounds) ought to not
produce toxic effects on blood cells.** To assay the biocompat-
ibility of SMA-BER and SMA-NR16, a hemocompatibility and
cytocompatibility screening was performed, in comparison with
the free drugs. Hemocompatibility of BER, SMA-BER, NR16, and
SMA-NR16 was assessed by means of a hemolysis test. Consid-
ering the calculated drug loading of the nanomicellar systems,
concentrations corresponding to 1, 0.5, and 0.25 mg mL~" of
BER and NR16 were tested for SMA-BER and SMA-NR16,
respectively. As shown by the results, 10% v/v and 5% v/v
DMSO showed no hemolytic effect, being suitable for solubi-
lizing the drugs. On the other hand, 1 mg mL~" of BER showed
a high hemolytic effect. A concentration of 0.5 mg mL ™" of BER
was only mildly hemolytic, while it proved to be safe at 0.25 mg
mL ™" and 0.125 mg mL " (Fig. 9A). Conversely, SMA-BER was
no hemolytic at all concentrations, proving to be safer than the
free drug. Thus, the encapsulation of the compound into the
nanomicellar system could protect from the hemolytic effect

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that BER can produce at high concentrations. An inverted
tendency was seen for NR16 and SMA-NR16, in which the
nanoparticle system produced higher hemolytic effect than the
free drug. Nevertheless, the hemolytic effect showed by SMA-
NR16 at 0.99 mg mL™ ", corresponding to 0.125 ug mL™ " in
NR16 content, proved to produce only low hemolytic effect
(Fig. 9B). However, since SMA-NR16 was able to strongly inhibit
the biofilm formation of S. epidermidis at 64 mg L', the
nanoparticle system may be used for therapeutic use without
causing toxicity against blood cells.

In vitro safety assessment of both nanomicelle formulations,
free BER, and NR16 was performed on human embryonic
kidney 293 (HEK-293) cells. A 10-fold higher dose range than the
highest dose that demonstrated antimicrobial activity was
applied to evaluate the potential safety in normal cells
compared to bacteria. Moreover, the safety profiles of free drugs
and their corresponding SMA nanomicelle formulations were
compared within the defined dose range. As shown in Fig. 104,
NR16 displayed a dose-dependent cytotoxic effect against HEK-
293 cells. However, at the lowest dose tested (0.638 mg mL~")—
close to the highest antibacterial concentration tested—neither
the free NR16 nor the SMA-formulated drug demonstrated any
significant reduction in cell number compared to the control
group. However, the results indicated that SMA-NR16 signifi-
cantly outperforms free NR16 in safety at a concentration of
2.55 mg mL . This statistical difference suggests that the
nanoformulation of NR16 enhances its safeness. Similar results
were observed for BER and SMA-BER, as shown in Fig. 10B,
where no reduction in cell number was observed at the lowest
dose tested compared to the control group. SMA-BER demon-
strated significant improvements over free BER at concentra-
tions of 5.1, 2.55, and 1.27 mg mL™". This statistical evidence
strongly supports our hypothesis that the nanoformulation of
BER could enhance safety and efficacy when applied to whole-
body systems. The cytocompatibility study results confirmed
a general absence of toxicity towards normal cells of nano-
micelles and corresponding free drugs at the concentration
used for antibacterial activity. The lower toxicity trend observed

© 2024 The Author(s). Published by the Royal Society of Chemistry

for the SMA-formulated drugs compared to their free counter-
parts can be potentially attributed to different cellular uptake
mechanisms. While free drugs readily diffuse across the plasma
membrane, SMA-formulated drugs would require active inter-
nalization through endocytosis, a cellular activity that is
dependent on both energy and time. These findings suggest
that the produced SMA nanomicelles can be a promising
approach for enhancing the safety profile of BER and NR16, by
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Fig. 9 (A) BER and SMA-BER hemolytic activity. (B) NR16 and SMA-
NR16. One way ANOVA: p < 0.05. 0.1234 (ns), 0.0332 (*), 0.0021 (**),
0.0002 (***), <0.0001 (****).
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Fig. 10 In vitro safety of BER and NR16 formulations on normal kidney
cells HEK- 293: (A) HEK-293 cell survival after being treated with SMA-
NR16 and NR16; (B) HEK-293 cell survival after being treated with
SMA-BER and BER. One way ANOVA: p < 0.05. 0.1234 (ns), 0.0332 (*),
0.0021 (**), 0.0002 (**%*), <0.0001 (****).

mitigating eventual toxic effects on normal cells. Moreover, the
encapsulation into SMA highly increased the water solubility of
the free drugs, thereby avoiding scarce bioavailability and high
toxicity due to drug precipitation. In addition, the structural
features showed by the nanoparticle system can be suitable for
a passive targeting of the infected and inflamed site. The
enhanced antimicrobial and bactericidal activity of SMA-BER
against sensitive and resistant S. aureus, S. epidermidis, and C.
albicans, jointed with high biocompatibility, make the nano-
particle system an important, effective, and safe alternative to
antibiotics. Nonetheless, even though it did not show any effi-
cacy in reducing microbial growth, SMA-NR16 showed that it
can be a promising candidate as a strong S. epidermidis biofilm
inhibitor.

Conclusions

The rapid spread of MDR bacteria has become a public health
issue which requires innovative approaches and alternatives to
antibiotics. Targeting microbial virulence factors may be an
alternative winning approach, which can result in a minor
evolutionary pressure for the development of bacterial resis-
tance.* In this context, natural substances represent an endless
source of bioactive secondary metabolites and novel chemo-
types active against MDR bacteria.** However, one of the most
important drawbacks of natural compounds is their unfavor-
able pharmacokinetic properties. BER, long known for its
plethora of beneficial effects, including antibacterial activities,
has no clinical use due to its scarce water solubility and
consequent bioavailability.”>'* Bearing in mind the increasing

34078 | RSC Adv, 2024, 14, 34066-34080
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seriousness of antibacterial infections caused by MDR and non-
resistant bacteria, we reported the preparation of two different
nanoparticle systems, SMA-BER and SMA-NR16, with the aim of
increasing drug water solubility, stability, and antimicrobial
properties.

Overall, the new nanomicelle formulations with their unique
physicochemical properties showed advantages
compared to the free drugs. These include enhanced water
solubility, high stability over time and temperature, adequate
size distribution indicative of targeting to diseased tissues, and
sustained release over at least three days. Antibacterial and
antifungal activities against a panel of pathogens of great
concern were observed, with the SMA-BER nanomicelles
showing the greatest activity against MRSA, MSSA, VR, and VS E.
faecalis. Both SMA-BER and SMA-NR16 nanoparticles showed
greater activity against S. epidermidis biofilm formation in
comparison with the corresponding free molecules, thus
underlining the effectiveness of the developed nanocarrier-
based delivery approach in preventing bacterial infections
derived from biofilm formation.

Overall, these findings emphasize the significant role of SMA
in enhancing the antimicrobial activity of BER and NR16,
thereby offering promising and safe strategies in the fight
against bacterial and fungal infections, including those asso-
ciated with antibiotic resistance.
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