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Renewed interest towards natural substances has been pushed by the widespread diffusion of antibiotic
resistance. Curcumin | is the most active and effective constituent of curcuminoids extracted from
Curcuma longa and, among other beneficial effects, attracted attention for its antimicrobial potential.
Since the poor pharmacokinetic profile hinders its efficient utilization, in the present paper, we report

encapsulation of curcumin | in poly(styrene-co-maleic acid) (SMA-CUR) providing a nanomicellar system
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Accepted 16th October 2023 with improved aqueous solubility and bioavailability. SMA-CUR was characterized by means of size, zeta
potential, polydispersity index, atomic force microscopy (AFM), drug release studies, spectroscopic

DOI: 10.1039/d3ra04885¢ properties and stability. SMA-CUR nanoformulation displayed exciting antimicrobial properties compared
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1 Introduction

One of the most urgent and challenging topics in modern
medicine is the treatment of infections caused by multidrug-
resistant (MDR) bacteria, since antibiotics classes commonly
used in therapeutics have become even more inefficient in
tackling the MDR-related diseases.™” In 2017 the World Health
Organization (WHO) published a list of the most threatening
bacteria resistant to the current treatments, categorizing them
with different priority: critical, high, and medium.* Among
these pathogens, the Gram-negative Pseudomonas aeruginosa
carbapenem-resistant and the Acinetobacter baumannii
carbapenem-resistant seem to be among the most difficult
bacteria to struggle with. Among Gram-positive bacteria,
methicillin-resistant Staphylococcus aureus (MRSA), Strepto-
coccus pneumoniae, vancomycin-resistant Enterococcus faecium
(VRE), and p-lactamase-resistant strains can cause life-
threatening infections.** The antibacterial drug-resistance is
not a recent issue but rather a natural consequence of the
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to free curcumin | towards Gram-positive and Gram-negative clinical isolates.

discovery and widespread use of antibiotics. Nowadays, there
are more than 15 classes of antibiotics whose mechanisms of
action target essential bacterial metabolic and physiological
function; however none of them was effective in avoiding the
onset of resistance phenomena.® Bacteria can acquire antibac-
terial drug resistance by horizontal gene transfer of virulence
factors and antibiotic resistance genes, other than improving
their drug-resistance by means of biofilm formation.” Bacterial
biofilms consist in a consortium of bacteria adhered in an inert
surface and enclosed in a self-produced extracellular polymeric
matrix.”® Biofilm conditions can require 200-1000 folds higher
concentrations of antibiotics than the active dose in vitro
against planktonic form of bacteria. For these reasons, tradi-
tional treatment to combat microbial infections based on dis-
rupting cell growth are failing increasingly. On the other hand,
targeting microbial virulence seems to be a successful strategy,
since tuning virulence factors might guide to a minor evolu-
tionary pressure for the development of bacterial resistance.
The definition of virulence factors refers to intrinsic or acquired
characteristics of a pathogen that are essential to establish
infection in the host environment.®

In this scenario, natural compounds derived from plants
seem to be a wide source that could be exploited to target and
modulate virulence factors, such as the bacterial motility,
quorum sensing (QS), biofilm formation, bacterial enzymes and
bacterial replication.'®** Curcumin, derived from Curcuma longa
rhizome and roots (Zingiberaceae family), is widely known as
the “golden spice” due to its intense yellow color and for its
pleiotropic activities. Turmeric has been long used in Indian
cooking and the traditional medicine; in the last decades, cur-
cumin has attracted the attention of researchers due to its
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Fig. 1 Structure of curcumin | present in Curcuma longa extracts.

potential use as anti-cancer, anti-aging, anti-diabetics, anti-
inflammatory and anti-bacterial agent.””"* Its extract contains
a mixture of bioactive curcuminoids including diferuloyl-
methane (curcumin I, Fig. 1), desmethoxycurcumin (curcumin
II) and bisdesmethoxycurcumin (curcumin III). Curcumin I is
light sensitive and nearly insoluble in water, however can be
dissolved in most organic solvents.”® From a chemical point of
view, curcumin I is a bis-a,B-unsaturated B-diketone showing
keto-enol tautomerism as pH function.

The antibacterial activity of curcuminoids extracts is docu-
mented in literature. Curcuminoids antimicrobial activity is
related to different mechanisms of action.'® One of the most
important properties is the ability of curcumin to inhibit the
assembly of FtsZ protein involved in cytokinesis of bacteria
stopping the bacterial cell division and proliferation."”” More-
over, it has been shown that curcumin is able to bind to the cell
wall of bacteria, altering its integrity causing damages and cell
lysis.*® At high concentrations, curcumin induce ROS accumu-
lation causing depolymerization of the membranes and alter-
ation of their potential. Furthermore, ROS accumulation could
similarly damage internal bacterial components as essential
metabolic enzymes and DNA, leading ultimately to cell
apoptosis.’>?® Lastly, it was reported that curcumin interferes
with several QS mechanisms inhibiting the exopolysaccharide
synthesis, diminishing clustering, motility, and swimming
capability and, therefore, biofilm maturation.”® However, high
variability of the Minimum Inhibitory Concentrations (MICs)
towards a number of bacterial strains is reported in different
studies. This is probably due to the strain types, antimicrobial
resistance traits and if they are clinical isolates or not."® More-
over, the reported MIC values vary depending whether anti-
bacterial assays have been performed on curcumin extract
mixtures or on purified curcuminoids.* In fact, as previously
reported, the antibacterial activity of curcuminoid extracts is
mainly related to curcumin I.>* Another crucial issue related to
curcuminoids is their adverse pharmacokinetic profile.
Although the promising therapeutic prospective of curcumin I,
nowadays there are still limitations in its use as therapeutic
agent because of its extremely poor aqueous solubility (~0.6 pug
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mL "), bioavailability, and pharmacokinetic profile mostly
responsible for its failure in clinical trials.**?*

To overcome these limitations many approaches have been
implemented. It is widely recognized how nanoparticles are
able to improve the pharmacokinetic profile and water solu-
bility of bioactive compounds, increase the localization at the
site of action through the enhanced permeability retention
(EPR) effect, and prevent off-target side-effects ameliorating
their therapeutic actions.”*** Then the proper design of a suit-
able drug delivery system is of crucial importance.”® On these
grounds and motivated by our expertise in the field, we selected
a poly(styrene-co-maleic acid) (SMA) micellar system to encap-
sulate curcumin I. As a nanoplatform, SMA has several advan-
tages, including the ability to form nanomicelles in aqueous
media and to show good and active cellular uptake. This can
probably be ascribed to the amphiphilic nature of SMA that
favors interactions between SMA and the cells surface.>” Hence,
SMA nanoparticles have been widely used to encapsulate
different active principles.”®*° In the present paper, to increase
the therapeutic potential of curcumin I, we encapsulated it in
SMA nanoparticle (SMA-CUR). The obtained micelles have been
tested on multiple drug-resistant and non-resistant bacteria
and results compared to free curcumin I.

2 Results and discussion

With the aim of tackling antibacterial infections caused by
multiple drug-resistant and non-resistant bacteria, we focused
on curcumin I since it has been reported to be the one of the
most promising curcuminoids. As first step we purified curcu-
min I by means of flash chromatography and characterized by
means of "H NMR and '*C NMR (Fig. S1 and S2t); hence, to
overcome its poor water solubility and unfavorable pharmaco-
kinetic profile, we encapsulated it in a nanomicellar system
based on poly(styrene-co-maleic acid). The micelle formation
has been achieved by using a well-established method previ-
ously reported.” The synthesized SMA-CUR micelles had
a recovery of 79.2% and loading of 14.2% of curcumin I as
determined by the weight ratio of drug over SMA (Table 1). The
mean diameter of SMA-CUR micelles was 102.8 £ 4.23 nm when
measured by DLS. The data indicate an average particle size in
the optimal range for cellular uptake in inflamed tissues.** The
polydispersity index (PDI) of SMA-CUR micelles was 0.261 +
0.03 suggesting a homogeneous and uniform distribution of
size population. The zeta ({) potential of the SMA-CUR micelles
was —56.3 mV in deionized water (Table 1). The large negative
potential is predictive of a high potential stability of the
colloidal solution.

Table 1 Recovery, loading, DLS analysis and zeta potential value of SMA-CUR micelles®

Recovery” Loading® (wt/wt)

Mean diameter (nm)

pDI? ¢ potential (mV)

79.2% 14.2%

102.8 £ 4.23

0.261 £ 0.03 —56.3 mV

“ 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 CUR, 950.8 mg of SMA-CUR have been obtained (79.2% recovery). © 135 mg of CUR encapsulated in 950.8 mg of SMA-CUR as measured by UV/

vis absorbance at 433 nm (14.2% wt/wt). ¢ PDI = polydispersity index.
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Fig. 2 (A) Topography of the surface. The inset represents a detail of
a particle which profile is acquired along the blue line and is shown in
(C). The size distribution of the globular structures is shown in (B) and is
centered at approximately 20 nm.

Morphological studies were carried out by atomic force
microscopy (AFM). Fig. 2A shows the morphology obtained
from the study of a two-by-two micron surface; the inset shows
the details of a particle whose profile is shown in Fig. 2C. The
topography is characterized by the presence of globular struc-
tures with an average size of around 20 nm, as stated by the size
distribution shown in Fig. 2B. Larger structures are also present
but not exceeding 60 nm. These globular structures resemble
other similar nanomicellar systems already reported in litera-
ture.*” The observed particles uniformly cover the entire surface
of the substrate, indicating that they adhere on the surface
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immediately without waiting for the solvent to evaporate,
leading to a self-assembled homogeneous thin film. This
scenario leads us to think that the observed dimensions and
shapes are very similar to those of the particles in the solution,
in fact, the size distribution data are in good agreement with
those obtained from DLS (Dynamic Light Scattering).

Further characterization of the micellar system has been
performed by means of UV-vis and fluorescence spectra. The
UV-vis spectrum of curcumin I was registered in DMSO. As
displayed in Fig. 3, curcumin I showed an absorption maximum
at 433 nm and an additional peak at 589 nm. Conversely, the
UV-vis spectrum of SMA-CUR nanoparticles was performed in
deionized water as organic solvents deteriorate the micellar
nanosystem and trigger the immediate release of the encapsu-
lated compound. As observed by the recorded spectrum (Fig. 4),
SMA-CUR micelles generated one peak at 405 nm due to cur-
cumin I, other than the absorbance band of the styrene-co-
maleic acid at <280 nm.

To further characterize the micellar nanosystem and confirm
curcumin-I encapsulation, fluorescence studies have been per-
formed. Fluorescence emission spectra of solutions of curcu-
min I in DMSO at different dilutions, acquired by excitation
wavelength at 405 nm, showed a unique profile with three
bands with a maximum centred at 495 nm (Fig. S31). On the
other hand, fluorescence emission spectra of SMA-CUR, showed
only a weak fluorescence pattern, likely due to the decreased
irradiation and emission of CUR incorporated into the hydro-
phobic core of micelle (Fig. S47).

Release studies have been performed in double distilled
water (DDW) to assess the efficacy and quality of the drug
delivery system. The study performed by the dialysis bag
method, shows an early release of ~6% in the first hour, fol-
lowed by a steady release of up to 27% at 72 h (Fig. 5). The initial
release could be attributed to associate portion of curcumin I in
the micelles surface; while the sustained release over 3 days can
be attributed to encapsulated curcumin I in the micellar core
(Fig. 4). The overall release is consistent with the sustained
antibacterial effect.

Stability studies were performed in biologically useful media
to clarify the behaviour of SMA-CUR in environments
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Fig. 3 UV-vis spectra of: (A) curcumin | in DMSO; (B) SMA-CUR in
DDW. Spectra were recorded scanning from 200 to 800 nm and using
serial diluted solutions of curcumin | or SMA-CUR starting from a stock
solution of 1 mg mL™.
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Fig. 4 UV-vis spectra of: curcumin | in DMSO and SMA-CUR in DDW.
Spectra were recorded scanning from 200 to 800 nm, using a 1 cm
path length quartz cells.
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Fig. 5 Release rate of free curcumin | from SMA-Cur at 37 °C.

simulating the antibacterial activity experiments. Samples,
stored for 7 days at 4 °C, r.t., and 37 °C, were analyzed by UV-vis.
Spectra were recorded at ¢ = 0, 1, 3, and 7 days in DDW, saline
(0.9 % wt NaCl), and PBS and compared to assess stability. As
reported in Fig. 6 and 7, no evident changes in the UV-vis
spectra were observed at T = 4 °C in saline (Fig. 6) and PBS
(Fig. 7), confirming that the nanomicellar system is rather
stable over the time in the utilized biological media. A mild
degradation has been observed only att =7 in DDW at T =4 °C,
maybe due to the mild acidic pH (Fig. S5t). At r.t. no significant
spectroscopic changes were observed over the first three days in
saline and PBS (Fig. S8 and S107), while a slight degradation was
observed in DDW starting from ¢ = 3 (Fig. S67). Finally, at 37 °C
mild degradation was observed starting from either t = 1
(Fig. S7 and S11%), or ¢t = 3 (Fig. S97).

A preliminary evaluation to assess the antibacterial activity
of curcumin I and SMA-CUR has been performed. As expected,
within the concentration range tested (0.5-10 mg mL™ %), cur-
cumin I did not show any antibacterial activity against the
Escherichia coli isolate (Fig. S5t). Poor diffusion of curcumin I
outside the wells was noticed, probably due to its hydrophobic
nature and poor water solubility, hence it was seen settling
down within the wells. On the other hand, within the
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Fig. 6 Stability studies by UV-vis of SMA-CUR at T =4 °C in 0.9 wt%
NaCl aqueous solution. SMA-CUR = 60 pg mL~l Spectra were
recorded scanning from 200 to 800 nm, using a 1 cm path length
quartz cells.

31062 | RSC Adv, 2023, 13, 31059-31066

View Article Online

Paper

0 =
65 t=0

t=1 day
0.8 |
0.7 _1 t=3 days
06 t=7 days

054\ =

04d Y\

0.3 \ Z =\

02 = \\
0.1 N\
0.0

Absorbance (A.U.)

T T T T T T T T T T T 1
250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 7 Stability studies by UV-vis of SMA-CUR at T = 4 °C in PBS
aqueous solution. SMA-CUR = 60 pg mL™% Spectra were recorded
scanning from 200 to 800 nm, using a 1 cm path length quartz cells.

concentration range tested (10-100 mg mL™'), screening of
SMA-CUR showed antibacterial activity in concentrations 20 mg
mL " and beyond (Fig. S121). No antibacterial activity was
noticed in the SMA-CUR concentration of 10 mg mL ™.

Hence, MICs of curcumin I in the free form or encapsulated
in SMA have been evaluated in a panel of Gram-positive and
Gram-negative bacteria (Table 2). Obtained MICs for free cur-
cumin I were in the range of 25 mg mL™" that was the highest
final concentration of curcumin I used in our study; however,
poor water solubility of curcumin I prevented, in some bacterial
strains, its testing at this concentration. On the other hand,
MICs for SMA-CUR ranged between 6.25 and 25 mg mL ™" (Table
2). Taking in consideration the loading of 14.2% of curcumin I
into SMA, the effective MICs of curcumin I inside SMA ranged
between 0.88 and 3.55 mg mL ™, demonstrating that SMA-CUR
was more effective than curcumin I itself. In addition, SMA-CUR
demonstrated to be more active on Gram-positive when
compared to Gram-negative bacteria. Most interesting data
have been obtained against different strains of Staphylococcus
aureus both methicillin-sensitive and resistant. No specific
distribution pattern in MIC values of SMA-CUR was noticed
towards resistant vs. sensitive strains. Similar findings for
stronger activity against Gram-positive than Gram-negative
bacteria were reported by Adamczak, A et al, but with
commercially purchased curcumin compound.'® On comparing
the MIC values of curcumin I in SMA-CUR vs. the native form, it
can be noticed that there is a substantial improvement of
antibacterial activity of the active principle in the encapsulated
form as opposed to that of native curcumin I (Table 2). Specif-
ically, with respect to the methicillin-sensitive and resistant S.
aureus strains tested, we observed a 4-fold reduction of MIC
values for SMA-CUR micelles and a corresponding 28-fold
reduction of the amount of curcumin I needed to exert its
antimicrobic effect. Similarly, in the carbapenem-resistant A.
baumannii strain a 2-fold reduction of MIC values was observed
for SMA-CUR compared to free curcumin I and a corresponding
14-fold reduction of curcumin I required for the inhibition of
bacterial growth.

Encapsulation of curcumin I in SMA micelles strongly
ameliorated its aqueous solubility and allowed a more precise

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Minimum inhibitory concentrations (MICs) of free curcumin |, SMA-CUR micelle and effective content of curcumin | in SMA-CUR

against different bacterial species

MICs (mg mL ™)

Bacterial isolates Free curcumin I SMA-CUR Curcumin I in SMA-CUR?
Escherichia coli (sensitive to all antibiotics) 25 25 3.55
Escherichia coli 0157:H7 NCTC 12900 NT* 12.5 1.77
Escherichia coli (carbapenem-resistant) >25 25 3.55
Methicillin-sensitive Staphylococcus aureus (isolate MSSA-1) NT* 6.25 0.88
Methicillin-resistant Staphylococcus aureus (isolate MRSA-1) NT¢ 12.5 1.77
Methicillin-sensitive Staphylococcus aureus (isolate MSSA-2) 25 6.25 0.88
Methicillin-resistant Staphylococcus aureus (isolate MRSA-2) 25 6.25 0.88
Methicillin-resistant Staphylococcus aureus (isolate MRSA-3) 25 6.25 0.88
Carbapenem-sensitive Acinetobacter baumannii (isolate CSAB-56) NT* 12.5 1.77
Carbapenem-resistant Acinetobacter baumannii (isolate CRAB-57) NT* 12.5 1.77
Carbapenem-sensitive Acinetobacter baumannii (isolate CSAB-59) 25 25 3.55
Carbapenem-resistant Acinetobacter baumannii (isolate CRAB-58) 25 12.5 1.77
Pseudomonas putida 25 25 3.55
Carbapenem-sensitive Klebsiella pneumoniae (isolate C16-CSKP) NT* 25 3.55
Carbapenem-resistant Klebsiella pneumoniae (isolate C17-CRKP) NT“ 12.5 1.77

¢ NT = not tested; due to poor solubility and difficulty in dissolution of curcumin I in MHB. ? Data refers to a loading of 14.2%.

calculation of MIC values in clinical isolates chosen for this
study. This aspect is of particular importance considering that
most curcumin MIC values reported in literature largely differ
on the basis of the purity of the compound used for the study, as
well as on the type and/or percentage of organic solvents (DMF,
DMSO, ethanol or acetone) used to dissolve curcumin.*:>*
Important differences in the antimicrobial properties of cur-
cumin have been also reported among reference strains and
clinical isolates. For instance, a recent work analyzed the anti-
microbial properties of curcumin in nineteen different species
of bacteria.’® Almost all K. pneumoniae, A. baumannii, E. coli and
MRSA S. aureus clinical isolates treated with curcumin showed
MIC values from 2 up to over 5 mg mL™", with the latter value
corresponding to the highest concentration of curcumin tested.
In addition, the same MIC value (5 mg mL™") was reported in
another paper for the vancomycin-resistant S. aureus (VRSA)
strain.** In agreement with these results, free curcumin I did
not display any strong antimicrobic properties in our experi-
mental conditions, whereas our SMA-CUR nanoformulation
provided better MIC values compared to results obtained for
non-encapsulated curcumin in the abovementioned study.

3 Experimental
3.1 Materials

Styrene-co-maleic anhydride with a number average molecular
mass (M,,) ~1,600, curcumin from Curcuma longa (turmeric), N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDAC) were obtained from Sigma-Aldrich Corp (St Louis, MO,
USA). Purification of curcumin was achieved by flash column
chromatography using silica gel (60, 0.040-0.063 mm, 230-400
mesh) (Merck, Kenilworth, NJ). Fractions containing the desired
product were detected by thin-layer chromatography (TLC)
(aluminum sheet coated with silica gel 60 F254, Merck, Kenil-
worth, NJ), and visualized by UV (1 = 254 and 366 nm). 'H and *C

© 2023 The Author(s). Published by the Royal Society of Chemistry

NMR spectra were recorded on a Varian Unity Inova 200 MHz
spectrometer in DMSO-d, solution. Chemical shifts are given in
0 values (ppm), using tetramethylsilane (TMS) as the internal
standard; coupling constants (J) are given in Hz. Signal multi-
plicities are characterized as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), br (broad). UV-vis spectra were obtained
on an Agilent Cary 60 spectrophotometer equipped with a xenon
lamp using 1 cm path length quartz cells. Fluorescence spectra
were recorded on a Cary Eclipse (Varian) fluorescence spectro-
photometer using a xenon lamp as light source using 1 cm path
length quartz cells. Zeta potential ({ potential), average hydrody-
namic diameter (Dy) width of distribution (polydispersity index,
PDI) measurements were carried out by a Zetasizer Nano ZS
(Malvern Instrument, Malvern, U.K.) at 25 °C in DDW. Results are
reported as the mean of three separate measurements + the
standard deviation (SD). All solvents were reagent grade and were
purchased from commercial vendors (Sigma Aldrich, Merck).
Following bacteria were used: E. coli 0157:H7 NCTC 12900, E. coli
(sensitive to all tested antibiotics), E. coli (carbapenem-resistant),
carbapenem-sensitive Klebsiella pneumoniae (isolate C16-CSKP),
carbapenem-resistant Klebsiella pneumoniae (isolate C17-CRKP),
carbapenem-sensitive Acinetobacter baumannii (isolate CSAB-56),
carbapenem-sensitive Acinetobacter baumannii (isolate CSAB-59),
carbapenem-resistant Acinetobacter baumannii (isolate CRAB-57),
carbapenem-resistant Acinetobacter baumannii (isolate CRAB-58),
Pseudomonas putida, methicillin-sensitive Staphylococcus aureus
isolate MSSA-1), methicillin-sensitive Staphylococcus aureus
isolate MSSA-2), methicillin-resistant Staphylococcus

(

( aureus
(isolate MRSA-1), methicillin-resistant Staphylococcus
(

(

aureus
isolate MRSA-2), and methicillin-resistant Staphylococcus aureus
isolate MRSA-3). The bacterial isolates used in this study were
taken from the culture depository of the Department of Micro-
biology, Immunology, & Infectious Diseases, Arabian Gulf
University, Bahrain. All the isolates were maintained at —80 °C
and stocked in the depository with unique identifiers. The NCTC
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strain (E. coli O157:H7 NCTC 12900) was procured from Mast
Diagnostics, Merseyside, U.K. Other isolates, including MSSA,
MRSA, CSAB, CRAB, CSKP, CRKP, were clinical isolates charac-
terized during different research projects, and subsequently
stocked in the departmental repository with unique identifiers as
reflected in Table 2.

3.2 Chemistry and nanomicelles characterization

3.2.1 Purification of curcumin. Curcumin from Curcuma
longa (turmeric), was purchased from Sigma Aldrich, (cod.
C1386-10g, CAS 458-37-7,>65% (HPLC)). 1.5 g of curcumin from
Curcuma longa was purified by flash chromatography using
a mixture of 2% acetone in dichloromethane as eluent phase.
1.09 g of curcumin I was obtained as an orange powder (yield of
73%). Final purity of curcumin I was confirmed by "H NMR and
3C NMR (Fig. S1 and S2t). Obtained data are in agreement with
those reported in literature.** '"H NMR (200 MHz, DMSO-dy):
69.69 (s, 2H, 2 x OH), 7.55 (d, ] = 16.0 Hz, 2H, 2 x CH = CHCO),
7.32 (s, 2H, aromatic), 7.16 (dd, J = 8.0, 2.0 Hz, 2H, aromatic),
6.84-6.72 (m, 4H, aromatic + 2 x CH = CHCO), 6.05 (s, 1H,
COCH = COH), 3.84 (s, 6H, 2 x OCHj3); *C NMR (50 MHz,
DMSO-d): 6 183.23, 149.37, 148.00, 140.74, 126.33, 123.18,
121.09, 115.71, 111.31, 100.89, 55.70.

3.2.2 Synthesis of SMA micelles. SMA micelles were
prepared using the well-known protocol reported in litera-
ture.*”*® Briefly, 1.0 g of SMA was hydrolyzed under alkaline
conditions by dissolving it in 100 mL of aqueous 1 M NaOH, and
keeping it under constant stirring at 70 °C. Once SMA became
soluble, the solution was diluted with 100 mL of deionized
water to a concentration of 5 mg mL™". The pH of the solution
was adjusted to pH 5.0 using 0.1 M HCL. Curcumin I (200 mg)
was dissolved in 2 mL of dimethyl sulfoxide (DMSO) and added
to the SMA solution under constant stirring. 1 g of EDAC was
dissolved in deionized water and added to the mixture over 30
minutes maintaining the pH stable at 5. The solution was then
adjusted to pH 10 with NaOH 1 N or 0.1 N, and stirred for 1 h.
Successively, the pH of the solution was readjusted to 7.4 with
HCl 1 N or 0.1 N obtaining a micellar suspension. Lastly, the
micelle suspension was ultrafiltered four times using a Milli-
pore Lab scale TFF (tangential flow filtration) system (Merck
Millipore, Burlington, MA, USA) with a Pellicon XL 10 kDa cut-
off membrane (EMD Millipore, Burlington, MA, USA). The
concentrated micelle solution was frozen at —80 °C overnight
and then lyophilized to obtain 950.8 mg of SMA-CUR powder
(79.2% recovery).

3.2.3 Loading of the SMA micelles. The loading of SMA-
CUR micelles was determined by solubilizing SMA-CUR at
1 mg mL " in DMSO. In this solvent SMA-CUR are denaturised
releasing the cargo; hence the absorbance of curcumin I was
measured at 433 nm, in comparison with the standard curve of
the free curcumin I in DMSO. The loading was expressed as
weight % of curcumin I in the final micelles compared with the
total weight SMA-CUR micelles.

3.2.4 Size, polydispersity index (PDI), and zeta potential
determination of SMA micelles. Lyophilized SMA-CUR (1 mg)
was solubilized in 1 mL of DDW, and 100 uL of the obtained
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SMA-CUR solution were re-diluted to 1 mL to obtain a final
solution of 0.1 mg mL ™" to determine the size and PDI. The
same amount, 0.1 mg mL~" solution of lyophilized SMA-CUR,
was used to estimate the charge. All measurements for size
distribution, PDI, and zeta potential were carried out using the
Malvern ZEN3600 Zetasizer Nano series (Malvern Instruments
Inc., Malvern, UK) based on dynamic light scattering (DLS).
Measurements were obtained from three independent experi-
ments, each conducted in triplicate.

3.2.5 Morphological studies by AFM. The AFM images were
obtained using an NTMDT SMENA microscope operating in
tapping mode and equipped with a high aspect ratio mod. Ha-
NC Etalon tip.***°

Microscope glass slices were cleaned individually dipping
into iso-propanol (iPr-OH) and sonicating for 5 min (ultrasonic
bath Elmasonic S 30), then there were rinsed with fresh iPr-OH
and dried under nitrogen flow. For the AFM characterization
a 200 ug mL~ " stock dispersion of SMA-CUR in ultrapure water
was prepared followed by 2 min of vortex agitation. The stock
dispersion was 3-fold diluted to 25 pg mL ™" and drop-casted
(150 pL) in a pre-cleaned microscope glass slice. The solvent
was spontaneously evaporated in controlled atmosphere, the
sample was finally dried for 2 h under mild vacuum and directly
analysed.

3.2.6 Spectroscopic characterization of curcumin I and
SMA micelles. Curcumin I (1 mg) was dissolved in 1 mL of
DMSO. From this solution, serial dilutions (5 ug mL™", 4 pg
mL™Y, 3 pg mL™Y, 2 pg mL™Y, 1 pg mL™Y, 0.5 ug mL™') were
prepared and UV-vis spectra were recorded (Fig. 2A). Similarly,
SMA-CUR micelle (1 mg) was dissolved in DDW; this stock
solution was diluted for the preparation of diluted solution with
a final concentration of 100 ug mL ™", 75 pg mL ™', 50 pg mL,
40 pgmL™", 30 pg mL ™%, 20 ug mL ™, and 10 pg mL™" that were
used to record absorption spectra (Fig. 2B). SMA-CUR micelle (1
mg) was dissolved in DDW; this stock solution was diluted for
the preparation of a diluted solution with a final concentration
of 20 pg mL™" that was used to record absorption spectra.
Extinction coefficient of curcumin I, ecur in pmMso (433 nm), and
SMA-CUR, ecur in SMA in ppw (105 nm), been determined by
Lambert and Beer law in the range 0.5-100 pM. Similarly, cur-
cumin I (1 mg) was dissolved in 1 mL of DMSO. A solution of
2.84 pg mL ™" was achieved in order to make a comparison with
SMA-CUR absorption spectra, at the same curcumin I concen-
tration (Fig. 3). Fluorescence emission spectra for curcumin I
were recorded with solutions having a final concentration of
0.25 pg mL™", 0.175 pg mL™", and 0.1 ug mL™" in DMSO and
excited with a Ae. of 405 nm. SMA-CUR fluorescence emission
spectra were recorded using a Aey. of 350 nm and DDW solu-
tions with a final concentration of 40 ug mL™", 30 pg mL ™", and
20 ug mL " (Fig. S3 and S47).

3.2.7 Release rate of free curcumin I from SMA micelles.
The release rate was measured by using the dialysis bag method
under sink conditions.*" Briefly, 1.5 mg of SMA-CUR was dis-
solved in 1.5 mL DDW and placed in sealed visking dialysis tube
(MWCO 12-14 kDa; Medicell Technology - London, UK). Three
dialysis tubes were submerged in 15 mL DDW in 50 mL tubes at
37 °C under stirring for 3 days. The release of curcumin I in the
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outside solution was measured at predetermined time points
and quantified as % of original reading at maximum absor-
bance of 433 nm.

3.2.8 Stability studies. Stability studies were conducted by
UV-vis method after solubilization of SMA-CUR in DDW, NaCl
0.9% wt and 10 mM phosphate buffer, containing NaCl (137
mM) and KCl (2.7 mM) at pH 7.4 (PBS). Samples at the
concentration of 60 ug mL™" were freshly prepared and kept
respectively at r.t., 4 °C, and 37 °C. UV-vis spectra were recorded,
soon after at r.t., at t = 1, 3, and 7 days, respectively.

3.3 Antibacterial studies

3.3.1 General. Both, curcumin I and SMA-CUR micelles,
were tested for their antibacterial potential against a battery of
Gram-negative and Gram-positive bacteria of clinical signifi-
cance. The bacterial isolates used were standard as well as
antibiotic-sensitive and antibiotic-resistant clinical isolates.
Muller-Hinton agar (MHA) plates were used for antibacterial
screening and Muller-Hinton Broth (MHB) was used in micro
dilution method for determining minimum inhibitory concen-
trations (MICs) of curcumin I and SMA-CUR micelles. Curcu-
min I was dissolved in 50% dimethyl sulfoxide (DMSO) and
double distilled water (DDW); while the SMA-CUR was dissolved
in DDW.

3.3.2 Screening for antibacterial potential of curcumin I
and SMA-CUR micelles. For antibacterial screening, the method
of Siddiqui et al. was used, with some modifications as previ-
ously reported by Khan et al.**** An Escherichia coli isolate which
was sensitive to all the tested antibiotics was used for this initial
screening. The isolates were cultured for 18 h and an inoculum
suspension of 0.5 McFarland Units was prepared. MHA plates
were seeded with 100 pL of this inoculum suspension and
swabbed throughout the plate. With a sterile borer, wells of
approximate 6 mm diameter were bored into the agar medium.
For curcumin I testing, various concentrations ranging between
0.5 and 10 mg mL™" (w/v) were prepared. Specifically, tested
concentrations were: 10 mg mL ™', 5 mg mL ', 4 mg mL ", 3 mg
mL™', 2 mg mL™", 1 mg mL™*, 0.5 mg mL™~". However, for SMA-
CUR micelles, concentrations ranging between 10 and 100 mg
mL ™" (w/v) were prepared considering the SMA-CUR loading of
around 14.2% (details are shown in Fig. S51). Specifically, tested
concentrations were: 100 mg mL ', 50 mg mL ™", 40 mg mL ™,
30 mg mL ™', 20 mg mL ™', 10 mg mL . It is to be noted that the
final concentration of native curcumin I in SMA-CUR micelles
was about 1/10 (w/w), so effective concentration of curcumin (in
SMA-CUR micelles) ranged between 1 and 10 mg mL ™" circa (w/
v). For all practicality, we took weight/volume concentration of
SMA-CUR in DDW (not the concentration of native curcumin in
SMA-CUR). For screening, 10 to 20 microliters of curcumin and
SMA-CUR were dispensed into respective culture plates and
incubated at 37 °C for 24 h. DMSO was used as a negative
control for curcumin I experiment, and DDW for SMA-CUR
experiment.

3.3.3 Determination of minimum inhibitory concentra-
tions (MICs). For determining minimum inhibitory concentra-
tions, broth micro-dilution method described by Eloff (1998),
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Adamczak, A et al. (2020), and Khan et al. (2022) was used with
some modifications.'®*>** 96-Well microtiter ELISA plates were
used. Stock solutions of 100 mg mL ™" of curcumin I in 50%
DMSO and 50% DDW, and 200 mg mL ™" of SMA-CUR in DDW,
were prepared. Two-fold serial dilution of curcumin stock
solution in MHB (curcumin I conc. ranging from 50 mg mL ™" to
0.097 mg mL ™) and SMA-CUR (concentrations ranging from
100 mg mL~" to 0.195 mg mL™") were prepared in MHB in
respective microtiter plates (each well having 50 uL of remain-
ing suspension). Subsequently, equal volume of respective
bacterial inoculums was added in the respective wells, thus
making effective concentrations of curcumin I ranging from
25 mg mL ' to 0.048 mg mL ' (specifically 25 mg mL ",
12.5 mg mL™', 6.25 mg mL ™" 3.125 mg mL ™", 1.562 mg mL ",
0.781 mg mL ", 0.390 mg mL " *, 0.195 mg mL ™" and 0.097 mg
mL ") and SMA-CUR from 50 mg mL™" to 0.097 mg mL ™"
(specifically, 50 mg mL™*, 25 mg mL ™', 12.5 mg mL™*, 6.25 mg
mL~'3.125 mg mL ™", 1.562 mg mL™ ", 0.781 mg mL ', 0.390 mg
mL™", 0.195 mg mL " and 0.097 mg mL™"). Appropriate nega-
tive (sterile culture media) and positive (culture media along
with respective bacterial isolate) controls were incorporated in
experiments and plates were incubated at 37 & 2 °C for 24 h.
After overnight incubation of microtitre plates, initially the
plates were read visibly, against the controls, for the absence of
growth (buttoning). Subsequently, 10 uL of MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide) was
added in each well and the plates were again incubated at 37 +
2 °C for 1 h. The MIC was determined as the minimum
concentration at which no color change was visible thus indi-
cating metabolically inactive cells. The values for MTT assay
very well corresponded with the values for visible readings
without the dye.

4 Conclusions

In this work we reported a simple and efficient method for the
encapsulation of curcumin I. The obtained SMA-CUR nano-
micelles greatly improved curcumin-I water solubility and good
stability over storage conditions (T = 4 °C). In addition, our
system demonstrated promising antibacterial activity against
Gram-positive as well as Gram-negative bacteria compared to
free curcumin-I. SMA-CUR was active against standard,
antibiotics-sensitive, as well as antibiotics-resistant bacteria of
clinical concern such as methicillin-resistant Staphylococcus
aureus, carbapenem-sensitive  Klebsiella ~ pneumoniae,
carbapenem-resistant Escherichia coli, carbapenem-resistant
Acinetobacter baumannii. In light of the highly difficult eradi-
cation of multidrug-resistant bacterial infections, the outcomes
showed in this work suggest that encapsulation of natural
compounds with antibiotic properties in poly(styrene-co-maleic
acid) nanoparticles represent an auspicious strategy improving
their biological effects.
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