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Abstract

Curcumin (Cur), a polyphenolic compound derived from Curcuma longa L., has garnered the attention of the scientific com-
munity due to its remarkable biological properties such as its potential as a photosensitizing agent for photodynamic therapy
(PDT). However, due to its low solubility in aqueous media and instability at physiological and alkaline pH, Cur has strug-
gled to find relevant clinical application. To tackle these shortcomings, two distinct Cur-based formulations based on either
complexation with methyl-p-cyclodextrin (MBCD), MBCDC-Cur, or dissolution in a choline chloride (ChCl): glycerol (Gly)
deep eutectic solvent (DES), DES-Cur, were produced, physio-chemically characterized and compared regarding their poten-
tial as phototherapeutic agents for blue-light antimicrobial photodynamic therapy (aPDT) approaches. Both MBCD-Cur and
DES-Cur were able to greatly enhance Cur solubility profile when compared to Cur powder. However, MBCD-Cur appears
to hinder some of Cur’s basal biological properties and possessed greater basal cytotoxicity towards L929 murine fibroblast
cell line. Furthermore, MBCD-Cur was less photo-responsive when exposed to light which may hamper its application in
blue-light aPDT approaches. In contrast, DES-Cur showed good biological properties and high photoresponsivity, displaying
relevant phototoxicity against bacterial pathogens (>99.9% bacterial reduction) while being better tolerated by L929 murine
cells. Overall, this study found DES to be the more effective vehicle for Cur in terms of phototherapeutic potential which
will serve as basis to develop novel platforms and approaches for blue-light aPDT targeting localized superficial infections.
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1 Introduction

B4 Joana M. Silva Throughout history, natural compounds have been major
joana.marques @i3bs.uminho.pt players in the medical field as both therapeutic agents them-
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drugs [1, 2]. Among these Curcumin (Cur), a polyphenolic
compound derived from the rhizomes of the Curcuma longa
L., has garnered the attention of the scientific community
due to its remarkable biological potential (e.g., anticarcino-
genic; antioxidant; antimicrobial; among others) and ver-
satility [3, 4].However, due to its poor water solubility and
instability in neutral-alkaline pH, Cur has struggled to find
relevant application in modern medicine [5, 6]. Neverthe-
less, several studies have highlighted Cur’s potential as a
photosensitizer for photodynamic therapy (PDT) aimed at
the treatment of infections, cancer or hyperproliferative skin
disorders [7-10].

PDT can be summarized as an oxygen-dependent photo-
chemical reaction that leads to cell death [11]. This process
is mediated by the activation of a photosensitizing agent,
which upon exposure to light leads to the generation of cyto-
toxic reactive oxygen species [12]. This technique has shown
great promise as an alternative to classic approaches for
infection treatment (i.e., antibiotics), in an age where multi-
drug-resistant pathogens are becoming increasingly common
[8, 11, 12]. Nevertheless, it is still plagued by issues regard-
ing its application, such as the lack of selectivity and low
water solubility of many potential photosensitizers, as well
as safety concerns due to sometimes requiring the applica-
tion of UV radiation, which is tied to several harmful effects
in the human body [11, 13, 14].

In this context, Cur possesses some advantages since
it requires blue-light activation, which is inherently more
biocompatible than UV radiation, to display its photother-
apeutic effects, is easy to handle and cost efficient [7, 8].
Additionally, since blue-light displays low tissue penetration
it is well suited for the treatment of localized surface infec-
tions as it minimizes photodamage to surrounding tissues.
Consequently, improving the solubility and stability of Cur
would greatly enhance its effectiveness not only as a photo-
sensitizer but as an overall active pharmaceutical ingredient
(API) [5-7]. As such, several attempts were made to improve
Cur solubility [6, 15-18].

A particularly successful method was the inclusion of
Cur in cyclodextrin (CD) complexes [16, 18]. CDs are a
family of cyclic oligosaccharides, normally obtained from
starch via enzymatic conversion which can be divided into
three main groups namely, a-CD; f-CD and y-CD [19].
Due to its hydrophobic pocket, CD can form complexes
with hydrophobic compounds, such as Cur, greatly enhanc-
ing their solubility and overall stability [16, 18]. However,
previous studies show that complexation of Cur with f-CDs
protects Cur from the effects of light which may hinder a
PDT approach [16, 20].

Recently, deep eutectic solvents (DES) have also been
studied as a possible alternative for the improvement of
Cur’s solubility and biological performance [21, 22]. A DES
is produced by mixing two or more compounds, that at a
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certain molar ratio will display an acute decrease of their
melting points when compared with the parent compounds
[23]. While this phenomenon is majorly attributed to the
establishment of hydrogen bonding interactions between
the compounds it has been postulated that other forces (i.e.,
electrostatic interactions; van der Waals forces) may play
a role in DES supramolecular arrangement [23, 24]. DES
comply with several of the 12 green principles proposed
by Paul Anastas and John Warner and have been utilized
as an alternative to organic solvents for various purposes,
such as carriers for different APIs being designated in this
instance as therapeutic deep eutectic solvent (THEDES)
[25-30]. Recent studies have highlighted the potential of
DES as effective solubilizers of Cur, with choline chloride
(ChCl) and glycerol (Gly) DES showcasing great effective-
ness [21, 22].

As such, considering the vast potential of these systems
for biological applications, this study carried out a compara-
tive performance analysis between methyl-p-cyclodextrin
(MBCD)-based, MPCD-Cur, and DES-based, DES-Cur,
Cur formulations regarding phototoxicity against pathogenic
agents. Ultimately, it is expected that complexation with
MPCD and dissolution in DES leads to greater solubiliza-
tion of Cur while also facilitating its diffusion through bio-
logical membranes culminating in the conception of organic
solvent-free Cur-based formulation with phototherapeutic
potential for novel PDT approaches.

2 Materials and methods

2.1 Production of DES-Cur and MBCD-Cur
formulations

To produce DES-Cur, firstly ChCl (ref. C1879, Sigma-
Aldrich) was mixed with Gly (99% puriss, ref. 15,523,
Sigma-Aldrich) at a 1:1.5 molar ratio. The mixture was
stirred (80 RPM) under heating at 80 °C until a clear solu-
tion was formed. Posteriorly, an excess of commercial Cur
(200 mg) (95% > Total Curcuminoids, 94% Cur, 3% demeth-
oxycurcumin, 3% bisdemethoxycurcumin, ref. B21573, Alfa
Aesar) was added to 25 mL of ChCl:Gly DES and left dis-
solving at 37°C 180 RPM for 72 h. Finally, the mixture was
centrifuged at 16,639xg using an Eppendorf 5810R (Eppen-
dorf, Germany) for 1 h and supernatant collected and stored
at room temperature (RT) (25 °C) protected from light.
MPBCD-Cur was prepared as elsewhere reported [31].
Briefly, MBCD (1.7 molar substitution, ref. 779,776,
Sigma-Aldrich) was mixed with Cur at a 2:1 molar ratio and
macerated for 15 min. Posteriorly, small volumes of etha-
nol (EtOH) 50% (v/v) were added and mixed until a thick
homogeneous paste was formed, followed by an additional
hour of maceration. Finally, the obtained paste was dried at
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45 °C in a Vacuum oven (VD23, Binder) and ground into a
fine powder. The obtained complex was then stored at RT
and protected from light.

2.2 Differential scanning calorimetry (DSC)

Experiments were performed using the DSC Q100 Thermo
analyzer (TA instruments, USA), in an aluminum pan.
Approximately, 5 mg of either MBCD-Cur (powder) or
DES-Cur (liquid) were weighed into the pan to conduct
the experiment. The program applied consisted of an initial
heating step from — 20 to 200 °C (heating rate 10 °C min~"),
followed by an isothermal step of 2 min, and a final cooling
step to — 20 °C (cooling rate 10 °C min~!). Experiments
were performed under a nitrogen atmosphere (purge gas flux
of 50 mL min~!) in triplicate.

2.3 Viscosity measurements

The viscosity measurements were performed using a
Kinexus Prot Rheometer (Kinexus Prot, MaL 1,097,376,
Malvern Instruments, USA) fitted with a parallel plate geom-
etry (PU20 SR1740 SS) with a 1 mm gap. Measurements
were performed under controlled stress conditions with a
shear rate of 10 s~!. Shear viscosity was determined over a
temperature range of 20°-50 °C with a ramp of 2 °C/min.

2.4 Attenuated total reflection Fourier Transformed
Infrared (ATR-FTIR) spectroscopy

FTIR measurements were recorded using a IRPrestige-21
spectrophotometer (Shimadzu, Japan), by averaging 32 inde-
pendent scans, in a wavenumber range of 6004500 cm™!
and a resolution of 2 cm™!. Spectra processing was carried
out using IRsolution®© 1.20 software (Shimadzu, Japan) and
Origin® 2018 (OriginLab, USA).

2.5 Powder X-ray diffraction (XRD)

MPBCD-Cur was analyzed by XRD using a Bragg—Brentano
diffractometer (Bruker D8 Advance DaVinci, Germany)
equipped with CuKa radiation. Data sets were collected
scanning between 5° and 35° 26 at 8°/min with a 0.04° step
size.

2.6 Cur solubility measurements

The amount of Cur present in both formulations was evalu-
ated by UV-visible spectroscopy using a SYNERGY HT
microplate reader (BioTek Instruments, USA). For MPCD-
Cur, firstly saturated solutions were prepared in two different
buffers namely, PBS 7.4 pH (ref. P4417, Sigma-Aldrich)
and MES 0.5 M pH 6.0 (ref. M8250, Sigma-Aldrich), by

adding an excess of conjugate (500 mg) to 20 mL of buffer,
followed by stirring (80 RPM) at RT overnight. Prior to
quantification, the saturated solutions of MPCD-Cur were
filtered using 0.22 um PES syringe filters to remove undis-
solved complex and pH values registered. For absorbance
measurement at 425 nm, serial dilutions of MBCD-Cur sat-
urated solutions and DES-Cur formulation were prepared
using EtOH. Cur concentration was obtained by extrapola-
tion using a linear regression built with Cur standards at a
concentration range of 100-1.563 ug/mL considering the
dilution factor. The amount of Cur on saturated solutions of
PBS pH 7.4; MES 0.5 M pH 6.0; deionized water; pure Gly
and aqueous solutions of the individual DES components
were also determined to evaluate Cur solubility enhance-
ment. Finally, Cur solubility in aqueous solution of DES-Cur
was also assessed. Briefly, aqueous solution of DES-Cur
was prepared in MES 0.5 M pH 6.0 buffer with dilution
factors (DF) ranging from 2 to 100, followed by incubation
under stirring (80 RPM) at 37 °C for 3 h. After incubation,
samples were centrifuged at 16,639xg for 60 min to remove
any resulting precipitates, pH values were then measured
and finally Cur content quantified as described above. Poste-
riorly, the UV-visible quantification values were confirmed
by HPLC-MS adapting a previously reported method [32].
Further information regarding HPLC-MS quantification can
be found in the supporting information. All measurements
were done in triplicate and three independent quantifications
were performed for each sample.

2.7 Determination of antioxidant potential

The ability of the formulations to preserve Cur antioxidant
capacity (i.e., DES-Cur; MBCD-Cur- in PBS and MBCD-
Cur in MES) were evaluated over a period of 14 days, when
stored at RT and protected from light. The assay was per-
formed using 2,2-diphenyl-1-picrylhydrazyl (DPPH, ref
D9132, Sigma-Aldrich), as elsewhere reported [33]. Briefly,
at predetermined timepoints (1, 3, 7 and 14 days) the for-
mulations were serially diluted using EtOH to equivalent
Cur concentrations of 50, 25, 12.5, 6,25 and 3.125 ug/mL.
The prepared dilutions were then added to a DPPH stock
solution prepared in EtOH at a 7:3 volume ratio. After
30 min of incubation (RT, 80 RPM), absorbance was read
at 517 nm using a SYNERGY HT microplate reader (BioTek
Instruments, USA). The half maximum effective concentra-
tion (ECs,,) was determined by plotting scavenging activity
against the Cur concentration.

2.8 Determination of Cur-based formulations
photo-responsiveness

The photo-responsiveness of an aqueous solution of DES-
Cur and MBCD-Cur was evaluated using a home-made
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illumination device equipped with an OSRAM Dulux S Blue
9 W/71 Lamp (OSRAM GmbH, Germany) with an estimated
radiated power of 2.3 W at a spectral range of 400-550 nm.
Power density at sample location was measured and found to
be 5.12 mW/cm? using a NIST-calibrated light radiometer.
The spectral distribution of the used lamp (Fig. S1) as well
as a schematic representation of the device is included in the
supplementary information (Fig. S2). Prior to irradiation the
absorbance spectra, between 380 and 600 nm, of ChCIL:Gly
DES, MBCD ( 5 mg/ml in ddH,0), Cur in EtOH (25 pg/ml),
as well as dilutions of DES-Cur and MBCD-Cur in MES
0.5 M pH 6.0 buffer with an equivalent Cur concentration
(25 pg/ml) were obtained using a SYNERGY HT microplate
reader (BioTek Instruments, USA). Posteriorly, the aque-
ous solutions of the formulations and Cur in EtOH were
irradiated with varying energy densities (1.54, 6.15, 12.30,
18.43 and 23.04 J/cm?) using the above-described apparatus.
Photo-responsiveness was inferred via monitorization of Cur
consumption by absorbance measurement at 425 nm using
a SYNERGY HT microplate reader (BioTek Instruments,
USA). Effective Energy Density (EED50), defined has the
required energy density to consume 50% of Cur in solution,
was obtained by plotting the percentage of Cur consumed
against applied energy density.

2.9 Antibacterial activity and phototoxicity
against bacterial pathogens

Antibacterial and phototoxicity of the formulations were
evaluated against clinically relevant pathogens, namely
Escherichia coli ATCC 25,922 and Staphylococcus aureus
ATCC 25,923. Firstly, an initial screening was performed
via Disk Diffusion Assay (DDA) as reported elsewhere [27].
Briefly, DES-Cur, MBCD-Cur formulations and raw com-
ponents (approximately 25 mg) were loaded into a paper
disk and placed onto Mueller—Hinton Agar (ref. X926, Carl
Roth), previously streak inoculated using a bacterial suspen-
sion with approximately 0.5-1.5x 10 CFU/mL. Plates were
then incubated for 24 h at 37 °C, followed by measurement
of the inhibition halo. Posteriorly, Minimum inhibitory con-
centration (MIC) and Minimum bactericidal concentration
(MBC) were determined for planktonic cultures of these
pathogens, using previously reported methods [27]. Briefly,
serial dilutions (500-1.25 mg/ml) of the formulations were
prepared in Mueller—Hinton broth (ref. 70,192, Millipore)
and incubated for 24 h (37°C 180RPM) with a bacterial
suspension of approximately 0.5-1.5 x 10® CFU/mL. After
incubation, the suspension was replated into tryptic soy agar
(TSA) (ref. 610,053, Liofilchem) and incubated for 24 h at
37°C.

To assess phototoxicity, sub-MIC concentrations of DES-
Cur (100 pL. were mixed with an equal volume of bacte-
rial suspension (0.5-1.5x 10° CFU/mL) in a 96-well plate
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(Corning, Ref. 353,072). Posteriorly, the suspensions were
irradiated (9.22 J/cm?) using the previously described home-
made illumination device. After irradiation, 10 uL drops are
placed onto TSA plates and incubated for 24 h. The con-
centration where no bacterial growth was observed was
considered the minimum phototoxic concentration (MPC).
Additionally, kinetic studies centered around the determined
MPC were also performed by varying energy densities
(1.54, 3.07, 4.61, 9.22 and 13.82 J/cm?). Following light
irradiation, samples were serially diluted (10°-107°), 100
UL spread onto TSA plates and incubated at 37 °C for 24 h.
Finally, bacteria colonies were counted and Log,, reduc-
tion calculated. All procedures were carried out using three
independent bacterial inoculations to account for biological
variance.

2.10 Determination of Cytotoxic and phototoxic
effect against L929 Cell line

The cytotoxicity of all the formulations against animal cells
was evaluated using L929 murine fibroblast cell line accord-
ing to ISO/EN 10,993 guidelines. Briefly, dilutions of DES-
Cur, MBCD-Cur and raw materials were prepared using
Dulbecco's Modified Eagle Medium (DMEM, ref. D5523,
Sigma-Aldrich) (126—0.001 mg/mL) and 200 pL added to
previously established cell monolayers (10 000 cells/well)
in a 96-well tissue culture plate followed by incubation for
24 h. Possible morphology changes were observed by optic
microscopy (AxiovertAl, Zeiss). Posteriorly, cell viability
was assessed by MTS (ref. G3581, Promega) colorimet-
ric assay at a wavelength of 490 nm. ECs, was calculated
by plotting formulation/compound concentration against
cell viability. To evaluate the phototoxic effect, cells were
exposed to the MPC values, followed by light exposure at
varying energy densities (1.54, 3.07,4.61, 9.22 and 13.82J/
cm?). Cells were then observed using an inverted microscope
(CKX53, Olympus). Prior to being subjected to a live/dead
assay cells were washed twice with PBS to remove any ves-
tigial Cur that may interfere with fluorescence image acqui-
sition. Cells were then stained with 2 pL. of Calcein AM
(Ex,/Em, 494/517 nm) and 1 pL of Propidium iodide (Ex,/
Em, 536/617 nm) for 20 min. Cells were then visualized
using an inverted fluorescence microscope (Axio observer,
Zeiss).

3 Results and discussion

3.1 Preparation and characterization of Cur-based
formulations

In this work, formulations of Cur using two different vehi-
cles were produced and evaluated regarding their potential
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as phototherapeutic agents. The visual aspect of the formula-
tions at RT is presented in the supplementary information
(Fig. S3). To characterize the produced formulations firstly.
a DSC analysis was carried out to evaluate thermal events
and infer upon established interactions between the indi-
vidual counterparts (Fig. 1).

Observing the obtained thermograms one can verify
endothermic events in the raw materials Cur and ChCl at
temperatures 177.74 °C and 75.01 °C, respectively. These
endothermic peaks are characteristic of these compounds
being in accordance with previous reports in the literature
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[31, 34]. Looking at the thermogram of DES, a suppression
of the endothermic event of ChCl was observed. This can
be attributed to intermolecular interactions established with
the other DES component, Gly, suggesting a supramolecular
rearrangement which results in a loss of lattice arrangement
while the compounds are in eutectic form [35, 36]. Look-
ing at the thermogram of DES-Cur, one can verify the sup-
pression of Cur endothermic peak suggesting its integration
in the DES supramolecular structure, a phenomenon which
has been previously reported [34, 36, 37]. When analyzing
MBCD-Cur’s thermogram, a suppression of Cur’s endo-
thermic peak is also observed indicating the formation of a
MPBCD-Cur complex, at a 2:1 molar ratio, with Cur becom-
ing entrapped in MBCD hydrophobic cavity [31].

Posteriorly, ATR-FTIR analysis was carried out to gain
further insights into the molecular interactions’ resultant
from dissolution or complexation of Cur in/with DES and
MPCD, respectively (Fig. 2).

Firstly, when comparing the spectra of the DES raw com-
ponents (i.e., Gly and ChCl) with DES itself (Fig. 2A), it
is possible to observe an upshift of peaks from 2932 and
2874 cm™!, belonging to Gly, ascribed to C-H stretching, to
2975 and 2900 cm™!, which confirms changes in molecular
environment resultant, most likely, from eutectic interac-
tions [38, 39]. Furthermore, an upshift of two peaks belong-
ing to ChCl can also be observed. The peak centered at
1325 em™!,ascribed to CH, twist, N-C asymmetric stretch-
ing suffers an upshift to 1402 cm™!, while the peak centered
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at 1082 cm™!, ascribed to CH,—~CH,—O stretch vibration,
suffers a downshift to 1073 cm™!(Fig. 2A1) further sug-
gesting the establishment of H-bonds between ChCl and
Gly [40, 41]. Additionally, the peak belonging to ChCl at
3024 cm™!, ascribed to N—-H stretching, is not visible in the
DES spectra (Fig. 2A) which has been previously reported
for several ChCl-based DES [42]. When comparing the
spectra of DES-Cur with DES, it becomes evident that they
almost fully overlap with no immediate clear differences.
The characteristic peaks of Cur cannot be detected due to
a masking effect caused by the strong peak intensity of the
DES components and establishment of intermolecular inter-
actions. Similar behavior has been previously observed for
DES containing -carotene [43]. Nevertheless, slight differ-
ences can be observed between the two spectra (Fig. 2A). In
the peak centered around 3302 cm™! associated with O—H
stretching, a broadening of approximately 7 cm™' in the
spectra of DES-Cur is seen when compared with that of
DES. This evidence suggests an alteration of DES network,
possibly due to the introduction of Cur and its interaction
with the DES supramolecular structure [38, 41, 44]. When
comparing the spectra of MPCD and MBCD-Cur (Fig. 2B)
it is possible to verify that the spectrum of MBCD-Cur dis-
plays prominent peaks from both individual components,
although it is overall alike the spectrum of MBCD. In the
1400-1700 cm™! region, a shift in two peaks belonging to
Cur can be observed (Fig. 2B1). These shifts, previously
reported by Mangolin et al., occur at 1502 cm™! correspond-
ing to C=0 and C=C vibrations, which undergoes an upshift
to 1511 cm™" and at 1597 cm™! corresponding to the stretch-
ing vibrations of the benzene ring, suffering a downshift to
1588 cm™!. These occurrences most likely result of Cur’s
interactions with MPCD hydrophobic pocket and provide
additional evidence of complexation [16, 45].

The shear viscosity of the DES, DES-Cur and aqueous
solution of MBCD-Cur were assessed by rheology (Fig. S4)
as this parameter should be considered when conceptualiz-
ing specific applications (i.e., topical application, inclusion
in a solid support) to guarantee a satisfactory dosage/release
of bioactive molecules into the site of interest. As expected,
the aqueous solution of MPBCD-Cur shows negligible shear
viscosity with no apparent variation with increasing tem-
perature. Regarding the eutectic formulations, DES-Cur
shows a slightly higher viscosity than the DES with both
systems suffering a significant decrease of viscosity increas-
ing temperature [46] which is in accordance with the prin-
ciples postulated by the Arrhenius equation. The slightly
higher viscosity of DES-Cur is likely a consequence of the
added presence of Cur since the viscosity will depend on
the constituents of the system. Several other studies have
described similar behavior for eutectic formulations where
viscosity was tailored by several factors such as water con-
tent and chemical composition [47, 48]. Additionally, XRD
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spectroscopy was also carried for MBCD-Cur, Cur and
MPBCD in solid state (Fig. S5). Cur displays characteristic
peaks that point to the crystalline nature of the compound.
However, these peaks are not present in the MBCD-Cur
spectrum, suggesting both the formation of an inclusion
complex between MPCD and Cur with the adoption of an
amorphous state [31].

Finally, the solubility of Cur in each formulation, typi-
cal polar solvents, individual DES components and aqueous
solutions of DES were determined (Table 1).

Observing the values reported in Table 1 it becomes evi-
dent that the amount of Cur present in both DES-Cur and
MBCD-Cur formulations is drastically superior to those
obtained by simply dissolving Cur in aqueous solvents.
Solutions of MBCD-Cur in MES and PBS show a high Cur
content proving to be effective solubilizers, enhancing Cur
aqueous solubility by over 2000x. The pH values of satu-
rated solutions of MPCD-Cur (MES) and MPBCD-Cur (PBS)
were 6.09 and 7.36, respectively. Curiously, the amount of
Cur in the two buffers used to prepare conjugate solutions
is not significantly different. Previous accounts in the lit-
erature report that Cur is more soluble, although also more
prone to degradation, in higher (alkaline) pH levels. Like-
wise, it is also reported that Cur is less soluble at lower
(acidic) pH levels although it is much more stable [5, 49].
Consequently, the similarity of Cur amount in both PBS and

Table 1 Cur solubility in the developed formulations, polar solvents,
individual DES components and aqueous solutions of DES-Cur

Formulations [Cur] (mg/mL)
MBCD-Cur (MES) 3.23+0.46
MBCD-Cur (PBS) 3.35+0.35
DES-Cur 7.21+0.20
Solvents
Water 0.0011 +£0.0001
MES 0.0012 +0.0001
PBS 0.0011 +0.0003
Individual DES components
Gly (pure) 0.80+£0.04
Gly aqueous® 0.06 +£0.04
ChCl aqueous” 0.16+0.06
Aqueous solution of DES-Cur
DF2 0.67+0.04
DF 4 0.078 +£0.002
DF 10 0.019+0.00025
DF 20 0.012+0.00021
DF 40 0.011+0.00025
DF 100 0.0101+£0.00103

DF dilution factor

“Composition of these aqueous solutions were based on the molar
ratios of the counterparts, substituting the mass of one component
with water
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MES solutions of MPCD-Cur becomes another evidence of
complexation, as the inclusion of Cur into MBCD hydro-
phobic pocket partially protects Cur from the effects of the
surrounding environment’s pH [16]. The eutectic formula-
tion, DES-Cur shows the greatest amount of solubilized
Cur, which is in accordance with previously reports in the
literature [21, 31, 50]. Furthermore, the obtained values for
the individual components of DES show that the solubiliz-
ing capabilities are consequence of the eutectic interactions
established between the two components, rather than the
result of one individual compound, as previously reported
[35]. Finally, the stability of DES-Cur in aqueous media was
tested by dilution in MES 0.5 M pH 6.0, resulting in aque-
ous solution of DES-Cur with pH values between 6.12 and
6.02. As expected, Cur in DES form was much more solu-
ble in aqueous media displaying a solubility enchantment of
558x (DF=2). In addition, while this effect lessens as the
DF rises, it should be noted that even with a DF of 100 an
enhancement of 8.43 X in Cur aqueous solubility is observed.
This strong solubilization effect may be the result of a phe-
nomenon called hydrotropy [51]. An hydrotrope can be suc-
cinctly described as a compound with the ability to increase
the solubility of a hydrophobic solute. Even though the exact
mechanisms behind hydrotropy are not yet understood, sev-
eral previous accounts in the literature have ascribed hydro-
tropic properties to both DES and ionic liquids. It is believed
that this phenomenon involves complexation between the
solute and hydrotrope, changes in solvent structure or the
coaggregation of the solutes with the hydrotrope [52-54].

3.2 Antioxidant capabilities
and photo-responsiveness of Cur-based
formulations

Beyond solubilizing capabilities, it is also important that
the herein developed formulations allow Cur to retain, over
storage time, its biological properties. As such, antioxidant
potential was measured at specific time points and compared
with Cur standards prepared in EtOH, since Cur presents
high stability in this solvent [55] (Table 2).Furthermore,

studies using blank DES and a MBCD aqueous solution were
also conducted, but no relevant antioxidant capability was
found at the tested concentration range.

The results obtain show that throughout the 14-day
period, Cur contained in DES-Cur shows the most similar
antioxidant activity to the standards, followed by MBCD-Cur
(MES) and lastly MBCD-Cur (PBS). This is within expecta-
tion since complexation with MBCD may hinder the reac-
tivity of Cur as it is partly protected from interaction with
the surrounding environment. Nevertheless, it is expected
that the partial dissociation of MPBCD-Cur conjugate occurs
which may justify the decrease on the antioxidant poten-
tial of MBCD-Cur (PBS) when compared with MBCD-Cur
(MES), since Cur will suffer greater degradation in alkaline
pH [5, 49, 55]. In contrast, MBCD-Cur (MES), although pos-
sessing a lower antioxidant potential than DES-Cur, is the
formulation most adept at conserving antioxidant potential
over time due to the protective effects of complexation with
MPCD and the greater stability of Cur at acidic pH. Lastly,
the slight decay of antioxidant activity over time in DES-Cur
may, partially, be a consequence of the hygroscopic nature of
ChCl, resulting in a gradual increase of DES water content
possibly leading to Cur degradation [49, 56].

Another key-parameter to evaluate is the photo-response
of the formulations since the Cur’s efficacy as a photosensi-
tizer depends on its ability to carry out several photochemi-
cal processes to induce phototoxicity. Firstly, the absorb-
ance spectra (380—600 nm) of the raw materials, as well as
aqueous solutions of the formulations with an equivalent
Cur concentration of 25 pg/mL were obtained and compared
with an EtOH Cur solution at the same concentration to bet-
ter understand the photo-response considering the used light
source spectral range (400-550 nm) (Fig. 3).

The absorption spectra of Cur shows a broadband maxi-
mum absorption peak at &~ 425 nm wavelength, which can be
assigned to low energy z—z* excitation of Cur and has been
previously reported in several studies [57, 58] MPCD-Cur
(PBS) displayed the same broadband maximum absorption
peak as Cur, while both MBCD-Cur (MES) and DES-Cur
showed a very small red-shift of the maximum absorption

Table 2 DPPH free radical
scavenging activity of Cur in

Formulations Day 1

Day 3 Day 7 Day 14

EtOH and Cur in the various
formulations expressed as EC50
values

DES-Cur
MpBCD-Cur (MES)
MPBCD-Cur (PBS)
Cur in EtOH

12.38 +1.02%%
16.86 +1.07%"&
19.58 +1.05%™%
12.56 +1.08%%

16.30+1.18%%
17.85+1.05%
23.44+1.11%"%
12.99 £1.12%5&

1430+ 1.07%%
17.55+1.05%"&
20.56+1.07""S
13.15+1.18%%

12.33+1.07%%
17.51+1.06""&
20.19 +1.06""%
13.27+1.18%%

Statistical analysis (one-way ANOVA) was performed, and differences considered significant for p val-

ues <0.05

#Denotes statistically significant difference when compared with DES-Cur; ($) denotes statistically sig-
nificant difference when compared with MPCD-Cur (MES); (&) denotes statistically significant difference
when compared with MBCD-Cur (PBS);(*) denotes statistically significant difference when compared with

Cur
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Fig.3 Absorbance spectra (380—-600 nm) of raw materials and aque-
ous solutions of the formulations

peak to = 428 nm and =~ 431 nm, respectively which have
been previously reported for Cur-based formulations [59,
60]. Regarding DES and MBCD, as expected they displayed
no signal response in the spectral range selected. Consider-
ing the obtained spectra, it is possible to conclude that the
selected light is adequate and that the formulations will be
responsive to irradiation with home-made apparatus.

Posteriorly, irradiation at varying energy densities of the
formulations was carried out (Fig. 4).

The results obtained show that Cur in EtOH and an
aqueous solution of DES-Cur show an equal behavior when
exposed to blue-light irradiation, indicating that in a diluted
form DES does not appear to affect Cur photo-responsive-
ness (Fig. 4A). In contrast, MBCD-Cur is heavily resistant
to the effects of blue light showing no significant variation
in Cur content until up to an energy density of 18.43 which
is consistent with previous reports in the literature [61,
62]. The calculated EED5, were 11.77+0.31; 23.04 +0.32
and 12.57 +0.32 J/cm? for DES-Cur; MBCD-Cur and Cur,

respectively (Fig. 4B). Herein, due to its lower photo-respon-
siveness MPCD-Cur may not be suitable for blue-light PDT
approaches as it will require greater irradiation to trigger its
phototherapeutic effect. Nevertheless, to better gauge the
potential of the formulations, a robust in vitro assessment
of their basal toxicity and phototoxic activity against both
relevant bacterial pathogens and a fibroblast cell line was
carried out.

3.3 Assessment of the basal cytotoxicity
and phototoxic potential of Cur-based
formulations against bacterial pathogens
and L929 fibroblasts

The basal toxicity of MBCD-Cur in PBS and MES, and
DES-Cur (i.e., without blue-light exposure) was assessed
against known bacterial pathogens namely S. aureus (Gram-
positive) and E. coli (Gram-negative). Initially, a DDA dif-
fusion assay was carried out (Table S1). After the prelimi-
nary DDA assay, MIC/MBC determination was carried out
(Table 3).

As can be seen, MBCD-Cur (PBS) shows no antibacterial
activity in the concentrations tested and MPCD-Cur (MES)
displays very little effect. Overall, complexation with MBCD
appears to hinder Cur antibacterial effect. Several reports
in the literature point out that Cur’s antibacterial proper-
ties result of, among other mechanisms, interaction with the
bacterial cell envelope [63, 64]. As such, it stands to reason
that complexation with MBCD may hinder the antibacterial
effect of Cur as it limits its ability to interact with the sur-
rounding environment. Furthermore, the bacterial cell enve-
lope, especially those of Gram-negative bacteria which is
comprised of a double-membrane separated by a cell wall, is
extremely selective possessing several mechanisms to keep
out harmful agents [65, 66]. A Gram-negative bacteria’s
outer membrane, such as E. coli, can possess lipopolysac-
charides (LPS), that act as an additional permeability bar-
rier possibly explaining why no antibacterial activity was

Fig.4 A Photo-responsiveness L *k I
of DES-Cur, MBC-Cur and Cur T kokkx !
at different blue-light energy A B — 5K K K
densities. B EEDs, for Cur- s 25+ —
based formulations and Cur. < 1004 - DESCur =
Statistical analysis (one-way 5 = Cur NE 20+
ANOVA with tukey post-hoc) O 751 =+ MBCD-Cur o
was performed: p <0.01(*%), g’ 50- 2 157
P <0.0001 (F***) § 2 104
g 25+ a 5.
o IT]
€ 9 — ol
0 5 10 15 20 25 < <
Energy density (J/cm?) 0& g’ o>
& &
Q N
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Table 3 MIC/MBC values of Cur-based formulations and raw materials against S. aureus and E. coli

Formulations  S. aureus E. coli
MIC (mg/mL) [Cur]* (ug/ MBC (mg/ [Cur]* (ug/ MIC (mg/mL) [Cur]* (ug/ MBC (mg/ [Cur]* (ug/mL)
mL) mL) mL) mL) mL)

DES-Cur 5 35.88 10 71.76 5 35.88 10 71.76

MBCD-Cur 250 837.30 500 1674.60 >500 >1674.60 >500 >1674.60
(MES)

MBCD-Cur >500 > 1562.66 >500 > 1562.66 >500 > 1562.66 >500 >1562.66
(PBS)

DES >50 - >50 - >50 - >50 -

MBCD > 1000 - > 1000 - > 1000 - > 1000 -

Cur in EtOH* 80 >80 >150 >150

*[Cur] present in the amount of formulation employed
#Final concentration of EtOH was 5% (V/V%)

verified for E. coli, while a minor effect could be seen for
S. aureus [66—68]. The reason why MBCD-Cur (PBS) dis-
played no visible antibacterial activity is most likely related
to Cur instability at higher pH values which may lead to
a poor biological performance due to degradation. Upon
measuring the resultant pH of the dilutions of MBCD-Cur
(MES) and MBCD-Cur (PBS) in MHB, pH values ranging
6.08-6.17 were obtained for MPCD-Cur (MES) dilutions
while for MPCD-Cur (PBS) pH values between 7.36 and
7.42 were registered. As such, a possible cause of MPCD-
Cur (MES) antibacterial effect lies in the acidic-shift of pH
which does not occur for MBCD-Cur (PBS).

In contrast, an aqueous solution of DES-Cur potentiated
Cur’s antibacterial activity by more than 2.2-fold, most
likely due to an improved bioavailability of Cur when in
DES form, as elsewhere reported for other DES systems [34,
60, 65]. This translates in a greater permeation/interaction
of Cur with the bacterial cell envelope while included in
the DES supramolecular structure, which is consistent with
previous reports in the literature where ChCl-based DES
increased the permeability of cell membranes and intercellu-
lar lipid bilayers [69, 70]. Overall, the results point to DES-
Cur as the formulation with the greatest basal antibacterial
activity.

The in vitro toxicity of DES-Cur, MBCD-Cur and raw
components against L929 murine cell line was also evalu-
ated to infer upon the safety and biocompatibility of the
developed formulations (Fig. SA-C).

Under these conditions the cellular viability showed a
dose-dependent response with increasing compound con-
centration leading to greater loss of cell viability. Using the
obtained dose-response curves, the ECs, were then calcu-
lated (Table 4).

The ECs, value of DES-Cur for 1929 fibroblasts was
shown to be higher than that of MPCD-Cur. This is most
likely due to DES, by itself, being less cytotoxic (ECs, of

22.59+0.71 mg/mL) than MBCD (ECjs, of 4.49 +0.18 mg/
mL), fact which is supported by previous studies [71-74].
Additionally, the results illustrate that the cytotoxic of
ChClI:Gly DES differs from the cytotoxicity of its compo-
nents Gly (ECs, of 65.94 +2.82 mg/mL) and ChClI (EC,,
of 10.86+0.60 mg/mL). This suggests that after synthesis
the DES display its own characteristic cytotoxicity which is
accordance with previous reports [75, 76]. The higher cyto-
toxicity of MBCD and MBCD-Cur, even though they dis-
played little to no antibacterial effect, can be easily explained
by the difference in membrane structure between bacteria
and animal cells. Since animal cells lack the complex cell
envelope structure of bacteria, MBCD and MBCD-Cur can
more readily interact with the cell membrane resulting in
a more pronounced cytotoxic effect. Several accounts in
the literature postulate that CDs can extract cholesterol,
phospholipids and proteins from cell membranes affecting
their structure integrity and permeability [66, 77, 78]. As
expected, in concentrations exceeding the ECs;, a round-like
morphology and poor adhesion to well surface was generally
observed. In concentrations below the ECs, cells were better
distributed upon the well surface displaying a more stretched
morphology (Fig. 5D).

Considering the data obtained, DES-Cur showed greater
promise as a formulation for blue-light aPDT. Hence, it
was selected to carry out the remaining assays focused on
the phototoxic potential. Firstly, the MPC with an arbitrary
energy density of 9.22 J/cm? was determined for both S.
aureus and E. coli (Table 5). A CFU count assay was also
carry out to infer if light exposure without exposure to DES-
Cur had any significant effect on bacteria viability (Fig. 6A).

The lowest MPC value was obtained for S. aureus which
is in accordance with the literature as several accounts
report greater sensibility of Gram-positive bacteria to both
the basal and photo-induced antibacterial effects of Cur [65,
67, 79]. Nevertheless, the value required for complete E. coli
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Fig.5 A Dose-response curves of Gly, ChCl, DES and MBCD. (B)
Dose-response curve of Cur. (C) Dose-response curve of DES-Cur
and MBCD-Cur. (D) Morphology of L929 cells when exposed to

eradication is below the determined ECs, for L.929 cells.
Furthermore, exposure to blue light without the presence
of DES-Cur showed no relevant effect on bacterial viability
as no significant decrease in CFU count was observed when
comparing bacteria exposed to blue light (Fig. 6A). To gain
further insight into the dynamics of blue-light induced pho-
totoxicity of DES-Cur, a bacterial viable count assay was
carried out using the lowest MPC value obtained, 0.124 mg/
mL, with different energy density values against both S.
aureus and E. coli (Fig. 6B).

The obtained results for E. coli show that using DES-Cur
at 0.124 mg/mL, with an energy density of 9.22 J/cm?, a
log,, reduction of 3.68 +0.26 (= 99.99% reduction of viable

@ Springer

Concentration (mg/mL)

Concentration (mg/mL)

MBCD-Cur Cur

concentrations above and below ECjs, of the isolated compounds and
Cur-based formulations tested. Scale bar is 50 pm

bacteria) can be achieved. This bactericidal effect is fur-
ther increased at 13.82 J/cm?, where a log,, reduction of
4.46 +£0.04 (~ 99.999% reduction of viable bacteria) was
obtained. As for S. aureus with an energy density of 3.07 J/
cm?, a log;, reduction of 4.36 +0.14 was obtained with no
colonies being observed for higher exposure (i.e., 4.61, 9.22
and 13.82 J/cm?). These results are in accordance with the
literature, emphasizing the potential of Cur as a photosensi-
tizing agent for blue-light aPDT [60, 67, 80, 81].
Considering the results obtained in the phototoxic-
ity assessment of DES-Cur against E. coli and S. aureus,
a concentration of 0.124 mg/mL of DES-Cur was chosen
to carry out phototoxicity assays against L929 Cell line. In
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Table4 ECs, values of isolated compounds and Cur-based formula-
tions

ECs, (mg/mL)

Isolated compounds

Gly 65.94 +2.82%

ChCl 10.86 +0.60*

DES 22.59+0.71*

MpBCD 4.49+0.18%*

Cur 0.02+0.003*
Cur-based formulations

DES-Cur 1.83+0.22°

MBCD-Cur 0.47+0.05%

Statistical analysis (one-way ANOVA with tukey post-hoc) was per-
formed, and differences considered significant for p values <0.05

*Denotes statistically significant differences of an isolated compound
when compared with all others

$Denotes statistically significant differences of Cur-based formula-
tions when compared with each other and Cur

Table 5 MPC values with and energy density of 9.22 J/cm? of DES-
Cur against S. aureus and E. coli

Bacteria strains MPC (mg/mL) [Cur]* (ug/mL)

0.248
0.124

2.250
1.125

E. coli

S. aureus

*[Cur] present in the amount of formulation employed

addition to DES-Cur, cells were also exposed to a DMEM
extract with an equivalent Cur concentration. After exposure
to varying energy densities, cells were observed by optic
microscopy (Fig. S6). As expected, with increasing energy
density cells exposed to extracts containing Cur showed a
progressive loss of viability, adopting a rounder morphology
with loss of adherence to the well surface. In contrast, expo-
sure to blue light up to an energy density of 13.82 J/cm?,
in the absence of Cur, appears to have a significantly less

detrimental effect on L929 cells, as they present a stretched
morphology and good adherence to the well surface through-
out the different energy density values. To further assess
cell viability a live/dead assay was also performed (Fig. 7).

Overall, higher energy density, with exposure to a pho-
tosensitizer, leads to substantially greater photo-induced
toxicity against L929 cells as can be verified by the gradual
increase in compromised cells (red stained cells) and the
gradual decrease of green fluorescence intensity (viable
cells). This behavior was expected since several studies have
reported a cytotoxic effect of Cur-based blue-light PDT on
animal cells, with some approaches for cancer and hyper-
proliferative skin disorders being currently explored [9, 10,
82, 83]. Nevertheless, it should be noted that a few viable
cells are observed even at the highest energy density value
tested when exposed to the DES-Cur concentration required
to achieve significant antibacterial effect. Furthermore, blue-
light irradiation at an energy density of 13.82 J/cm?, without
the presence of a photosensitizer, does not significantly ham-
per cell viability emphasizing the low toxicity of the blue-
light dosage needed for a phototherapeutic effect. Overall,
the obtained results highlight the existence of a therapeutic
window for the treatment of localized superficial infections,
where a balance can be achieved between significant eradica-
tion of bacterial pathogens and acceptable cellular toxicity.

4 Conclusion

In this study, two vehicles were used to produce Cur formu-
lations with enhanced solubility profile, namely MBCD and a
ChCl:Gly DES and their potential as phototherapeutic agents
for blue-light aPDT evaluated. The produced vehicles were
able to successfully solubilize Cur and significantly enhance
its solubility in aqueous media. Overall, it was possible to
verify that complexation with MPCD appears to hinder some
of Cur’s basal biological properties (i.e., antibacterial and

A
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Fig.6 A CFU/mL values of S. aureus and E. coli bacterial suspen-
sion after blue-light irradiation or when kept in the dark for 30 min.
B Log,, reduction values of bacteria exposed to 0.124 mg/mL of
DES-Cur at varying energy densities. Statistical analysis (one-

way ANOVA with tukey post-hoc) was performed: p<0.0 1(**),
p<0.0001 (¥¥**)  *No colonies were observed so a log;, reduc-
tion > 5.485 was considered
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