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ABSTRACT

Erythrosine displays potential photodynamic activity against different microorganisms and
unhealthy cells. However, erythrosine has high hydrophilicity, negatively impacting on
permeation through biological membranes. Combining biological macromolecules and
thermoresponsive polymers may overcome these erythrosine-related issues as well as
enhancing retention of topically applied drugs. Therefore, the aim of this work was to
investigate the performance of adhesive and thermoresponsive micellar polymeric systems,
containing erythrosine in two states: neutral (ERI) or disodium salt (ERIs). Optimized
combinations of poloxamer 407 (polox407) and sodium carboxymethylcellulose (NaCMC) or
hydroxypropyl methylcellulose (HPMC) were used as platforms for ERI/ERIs delivery. The
rheological and mechanical properties of the systems was explored. Most of the formulations
were plastic, thixotropic and viscoelastic at 37 °C, with suitable gelation temperature for in situ
gelation. Mechanical parameters were reduced in the presence of the photosensitizer,
improving the softness index. Bioadhesion was efficient for all hydrogels, with improved
parameters for mucosa in contrast to skin. Formulations composed of 17.5% polox407 and 3%
HPMC or 1% NaCMC with 1% (w/w) ERI/ERIs could release the photosensitizer, reaching
different layers of the skin/mucosa and ensuring enough production of cytotoxic species for
photodynamic therapy. Functional micelles could boost the photodynamic activity of ERI and

ERIs, improving their delivery and contact time with the cells.
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1. Introduction

Photodynamic therapy consists of administering and irradiating a non-toxic
photosensitizer (PS), with a light source of suitable wavelength [1]. Once excited, the PS can
transition from excited singlet to triplet state, which possesses a lifetime long enough to allow
reactions with neighboring oxygen molecules, producing highly reactive cytotoxic species [2].
The reactive oxygen species or free radicals produced are able to disrupt cytoplasmic
membrane [3], increasing the permeability of numerous prokaryotic and eukaryotic cells, as
well as causing oxidative damage to intracellular targets [4] and changing metabolic pathways
[5]. As the main photodynamic agent, the singlet oxygen can lead unhealthy cells or
microorganisms to apoptosis and necrosis [6]. This non-invasive therapy has demonstrated
potential in treating primary and advanced carcinomas, also showing promising results in
external lesions. The literature reports treatment of squamous cell carcinoma [7], metastases in
head or neck regions [8], urological condyloma acuminate [9], skin cancer [10], microbial
lesions associated with bone regeneration for peri-implantitis treatment [11], bacterial biofilms
[12] and, virus or fungal lesions [13]. In comparison to other treatments, photodynamic therapy
can, additionally, offer high selectivity and minimal systemic toxicity. Besides high
effectiveness on multiple drug-resistant cells, the therapy may also be a synergistic adjuvant
treatment when combined with other therapeutic modalities [14,15].

There are many PS options available, including phenothiazine dyes, phthalocyanines,
and porphyrins. Among this class, erythrosine, a xanthene, has garnered significant attention.
Its non-toxic behavior added to its existing use in dentistry and food products, makes its
translation into the clinic lower risk than for other PS substances [16,17]. Erythrosine is used
as a dye used to detect dental biofilms and, has shown potent photodynamic activity reducing
the growing of Streptococcus mutans [18] and buccal candidiasis [16,17]. Furthermore, Garg

and collaborators observed an effective activity of this PS to treat malignant and pre-malignant



oral cell lines, which suggests a possible antitumoral activity in the presence of light [17]. Its
potential for treating sinusitis has also been demonstrated, with high efficacy against
Staphylococcus aureus, when incorporated into a nanoparticulated system [19].

Despite erythrosine’s positive photodynamic properties, its hydrophilicity also leads to
low permeability through cell membranes [17]. Since the photodynamic activity is related to
factors as cellular uptake kinetics of the PS and its subcellular localization profile [20], attempts
have been made to alter erythrosine chemistry and solve this issue. For instance, previous
studies have investigated the addition of alkyl moieties to its carboxylate group, bring out ester
formation, as an alternative to increase the hydrophobicity of the molecule [21,22]. However,
alteration of drug chemistry is typically unfavorable due to the need for additional clinical
studies, where the novel molecule would be considered a new chemical entity by regulators.
Moreover, highly hydrophobic compounds have low water solubility, which may foster PS
self-aggregation and reduction of light absorption and single oxygen production [21].
Therefore, the incorporation of this dye in a micellar polymeric system, such as poloxamer-
based, besides boosting monomerization of the PS [23,24], is an attractive strategy promote
delivery to the cells without altering pharmacological performance.

Poloxamers are a class of triblock copolymer with the general structure of poly(ethylene
oxide)x-b-poly(propylene oxide)y-b-poly(ethylene oxide); - (PEOx-PPOy-PEQ;). Particularly,
poloxamer 407 (polox407) is a thermoresponsive copolymer with the structure PEO191-PPQOegs-
PEO101, Which is highly attractive in the development of drug delivery systems due to its safety
and low-cost [25]. Its local tolerance is satisfactory [26], even when applied as treatment of
thermal burns [27]. Solutions of poloxamer exhibit critical micellization temperatures (CMTS),
when above the critical micellization concentration (CMC). Therefore, heating poloxamers
from below to above CMT, typically results in the formation of ca 10 nanometer spherical

micelle with a hydrophobic PPO core and a hydrophilic PEO shell [28], which may carry PS



such as erythrosine. Because of the nanometric size of the micelles, poloxamers have displayed
accumulative behavior in tumoral environment due to the increased vascular permeability and
low lymphatic drainage, enhancing the efficiency of chemotherapeutics and decreasing chances
of side effects [29,30]. Furthermore, when in water dispersions, in appropriately concentration
(> ca 15 %, w/v) and above CMT, polox407 exhibits a reversible transition from liquid to a
elastic gel mesophase, a result of the spherical core-shell micelles packing into a cubic liquid
crystalline structure, as observed by small-angle neutron scattering [31,32]. This property
enables a cool solution to flow and become viscous when in contact with the body temperature.

As a hydrogel, polox407 dispersions is believed to mimic biological tissues and have
high biocompatibility [33-35], alongside the advantage of the in situ gelation triggered by the
body’s heat, and the smooth texture given by a high degree of well-ordered water. Moreover,
the combination of this thermoresponsive polymer with biomacromolecules opens the
possibility of combining in situ gelation with further functionalities, in order to construct
advanced nanocarriers in drug delivery field [36]. Therefore, polymer blends containing
polox407 and other additives have been extensively studied as an advantageous strategy for
the development of topical drug delivery platforms. For instance, polox407 systems may be
able to improve the retention at a topical site with the use of mucoadhesive polymers, such as
polycarbophil [37], Carbopol 971P® [38], Carbopol 974P® [39], Carbopol 934P®
[30,33,34,40,41] or cellulose derivatives [42-45].

Particularly, for topical drug delivery, systems containing polox407 and hydroxypropyl
methylcellulose (HPMC) or sodium carboxymethylcellulose (NaCMC) as mucoadhesive
biological macromolecules are promising with respect to their rheological, mechanical,
micellar and adhesive characteristics [42-47]. Both cellulose derivatives present good
adhesiveness combined with the ability to form strong hydrogels [48]. As a result, the additives

not only contribute to the optimization of polox407 hydrogel strength, but also improve its



adhesion to mucosa or skin [42]. Therefore, this study aims to investigate the performance of
the adhesive and thermoresponsive micellar systems, composed of polox407, HPMC or
NaCMC and, erythrosine; which was used in its neutral form (ERI) or its disodium salt (ERIS).
Furthermore, the photodynamic activity of those micellar systems was tested on non-tumoral
fibroblasts and melanoma tumor cells in comparison with pure erythrosine (ERI and ERISs),
allowing for a complete comprehension of the effect of the polymeric systems on the

erythrosine photodynamic activity.

2. Materials and methods
2.1. Materials

Poloxamer 407 (polox407), erythrosine B [ERI; neutral form; saturation solubility 0.7
mg/mL [49]] and its disodium salt [ERIs; saturation solubility 70 mg/mL [50]], mucin (from
porcine stomach, type Il crude), uric acid, and phosphate buffered tablets (pH 7.4) were
purchased from Sigma-Aldrich (Sao Paulo, SP, Brazil). HPMC K100, Methocel® (8.1%
hydroxypropoxyl 22% methoxyl content) was kindly donated from Colorcon Dow Chemical
Company™ (Dartford, United Kingdom). NaCMC (DS = 0.8-0.95) was purchased from Synth
(Diadema, SP, Brazil). Ultra-purified water was obtained in-house using a Milli-Q water

purification system (Darmstadt, Germany). All reagents were used without further purification.

2.2. Preparation of thermogelling formulations

Thermogelling systems were prepared by dispersion of 3% (w/w) HPMC or 1% (w/w)
NaCMC in purified water, under magnetic stirring at room temperature. After the cellulose
derivatives were completely dispersed, 17.5% (w/w) polox407 was added to the preparations
and the mixtures were stored at 5 °C for 48 h, allowing swelling and partial dissolution of

polymer. After this wait, the polymeric systems were stirred again to complete the dissolution



of the remaining polymers. Two states of erythrosine B were explored. Native ERI at 95%
purity (ERI) and its disodium salt (ERIs) were added to the formulation at a level of 1% (w/w),
with magnetic stirring, prior to the addition of polymers [17]. Formulations were kept at 5 °C

for at least 24 h prior to analysis [37,51,52].

2.3. Rheology

Rheological measurements were performed with a controlled stress rheometer (MARS
I, Haake Thermo Fisher Scientific Inc., Germany) using a parallel steel cone-plate geometry
(35 mm, gap of 0.105 mm). All the analysis was performed at three temperatures: 5, 25 and 37
°C. The samples were carefully placed to the inferior plate and allowed to attain their
equilibrium state for at least one minute before starting analysis. At least three replicates of

each sample were analyzed.

2.3.1. Continuous shear analysis

In flow mode, the up curve was measured over 150 s, with shear rates ranging from 0
to 2000 s1. The system was kept at the maximum shear rate for 10 s and, then, decreased over
150 s from 2000 to O s, obtaining the down curve [39,52,53]. The up curve was fitted by

Oswald-de-Waele equation Eqg. (1):

o=ky" 1)

where o is the shear stress (Pa), K is the consistency index (Pa.s)", y is the rate of shear (s2),

and n is the flow behavior index (dimensionless). Yield stress values were investigated by the

Casson equation Eq. (2) [54]:



o=" (037} + ()‘/np))n )

where o represents the shear stress (Pa), n is the flow behavior index (dimensionless), oy is
yield stress (Pa), y is the shear rate (s*) and np is Casson plastic viscosity. Hysteresis area of

each system was calculated using RheoWin 4.10.0000 (Haakes®) software.

2.3.2. Oscillatory measurements

The viscoelastic properties were assessed in oscillatory mode. Firstly, for each system,
the linear viscoelastic region (LVR) was determined. Frequency sweep analysis was then
conducted from 0.1 to 10.0 Hz [39,52,53]. The storage modulus (G’), loss modulus (G”),
dynamic viscosity () and loss tangent (tan §) were obtained by RheoWin 4.10.0000 (Haakes®)

software.

2.3.3. Determination of sol-gel transition temperature (Tsoi/ger)

The determination of Tsoger Was performed in oscillatory mode. A temperature ramp
ranging from 5 to 60 °C at 1.0 Hz of frequency was performed. The assay was conducted using
a controlled stress within the LVR, under a heating rate of 10 °C/min. G’, G", 1’ and tan 6 were
calculated using the same software above described. The temperature at which the elastic
modulus (G”) was halfway between the values for the solution and gel was defined as Tsoigel,
based on a significant increase of dynamic viscosity (n’) as the temperature increased [39—

41,52,53].

2.4. Texture profile analysis (TPA)
The evaluation of mechanical textural characteristics of the formulations was conducted

using a TA-XTplus texture analyzer (Stable Micro Systems, Surrey, UK), in TPA mode, at 5,
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25 and 37 °C. Glass bottles were filled with ca 16 g of the samples, avoiding air bubbles. The
systems were compressed twice by a 10 mm diameter analytical probe. The compressions were
performed at 2 mm/s, to a depth of 15 mm. Between the end of the first compression and the
beginning of the second one, there was a delay time of 15 s. Hardness (the largest force on first
compression), compressibility (work required to deform the formulation in the first
compression), adhesiveness (work required to overcome the attractive forces between probe
and sample), elasticity (the ability to stretch and return to its original state), and cohesiveness
(the restructuring ability, after a double compression be applied) were calculated from the

force-time and force-distance graphs as detailed elsewhere [39-41,44,52,53].

2.5. Determination of softness index

The softness index of each formulation was assessed by texture analyzer, in
compression mode, at 37 °C, using a Perspex conic probe (P/45C). 50 mL beakers were filled
with the preparations. The analytical probe was compressed into each formulation at 1 mm/s,
and to a depth of 10 mm. The softness index was considered the maximum force obtained as
the probe penetrates in each sample - calculated as the maximum value in a force-distance

graph, as detailly reported elsewhere [39,40,44,53].

2.6. Bio/mucoadhesion assessment

The bioadhesive properties of the hydrogels were assessed using the TA-XTplus texture
analyzer (Stable Micro Systems), with mucin disk or animal skin tissue as substrate. The skin
tissues used were porcine ear skin obtained from a local slaughterhouse. These tissues were
immediately collected after the slaughter of the animals, washed with purified water, and
prepared. The excision was made from the dorsal ear skin using a scalpel, before being kept on

the freezer [30]. Several hours before testing, the tissues were defrosted at room temperature



and placed into a support (polypropylene sample vial). Thus, only a 4 mm diameter circle of
the skin came into contact with the thermogelling formulations [52].

The substrates were attached to mobile cylindrical probe (10 mm of diameter) using a
double-side adhesive tape. The probe was lowered at a speed of 1 mm/s until it reached the
surface of each hydrogel evaluated, which were kept partially immersed in purified water at 37
+ 1 °C for 30 min prior the analysis. Contact force was 0.03 N, which kept the substrate just in
contact with the hydrogel surface. Substrate and formulation remained in contact for 30 s, with
the probe withdrawing at a rate of 10.0 mm/s until the complete detachment of the adhesive
hydrogels from the mucin disks or animal tissue. The maximum force of detachment and the
work of adhesion, calculated area under the force/distance curve, were determined by using
Texture Exponent 3.2 software (Stable Micro Systems). All the measurements were performed

at least three times for each sample and presented as mean values + standard deviation.

2.7. Determination of tissue permeation by photoacoustic spectroscopy

Skin samples were taken from the ear of young, freshly slaughtered, white pigs from a
local slaughterhouse. The porcine buccal mucosa was obtained from the same animals. After
cleaning, the subcutaneous fat was carefully removed from the skin, while the mucosa was
excised from the cheek. Both samples were cut in a square shape using scissors and a surgical
scalpel, with skin taken from the central region of the dorsal side of the ear. Samples with
wounds, warts, or hematomas were not used. The porcine tissues were stored at —18 °C until
the day of the experiment, when they were unfrozen at room temperature [34].

The permeation of ERI and ERIs from the polymeric systems was performed in ear
porcine skin and porcine buccal mucosa by photoacoustic spectroscopy (Fig. S5). Ca 30 pg of
each formulation was homogeneously placed on the surface of 1 cm? tissue. After 30 min, the

samples were evaluated by the equipment as described in SI. The final photoacoustic signal is
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proportional to the sample absorption coefficient. Hence, the photoacoustic spectra can be
interpreted by means of bands absorption [55,56]. All spectra were normalized with respect to
a carbon black sample signal, correcting the source emission intensity in each wavelength. The
spectra of each ear and mucosa were obtained between 300 and 650 nm, positioning the sample
into the photoacoustic cell and illuminating the face to be measured (Fig. S6). Afterwards, the
tissues were turned to illuminate the opposite side. Detecting the presence of ERI or ERIs band
on the dorsal side (opposite side of application) indicates the locally applied formulation
permeated through the ear or buccal tissue [57]. The detection of ERI and ERIs on different
layers of the tissues may reflect either the permeation of the micellar systems in combination

with drug release or, in fact, the permeation of the free drug.

2.8. Evaluation of photodynamic activity

The evaluation of photodynamic chemical activity of the formulations was determined
using a method [4,58,59] adapted from Fischer et al. [60]. Ca 28 mg of each formulation, at 5
°C, was deposited at the bottom of a quartz cuvette with a 1.0 cm optical pathlength (Fig. S7).
They were allowed to warm over two minutes. Uric acid (UA), an extensively explored
chemical probe, was used to evaluate singlet oxygen and generation of other reactive oxygen
species. The UA solution was prepared in 2 M NaOH medium and diluted in carbonate-
bicarbonate buffer (pH 7.4) attaining a concentration of 0.5 umol/L [61]. The diluted UA
solution was carefully added to the ERI- or ERIs-systems already placed in the cuvette, which
was inserted in a holder, positioned on a UV-Vis spectrophotometer (Cary 50 model). On the
equipment, six LEDs with average fluency * standard deviation of 3.14x10* + 2.44x10°
pWatt/cm? and Amax = 593 nm were coupled, as demonstrated in Fig.S9. External light had no

influence on the measurements due to the modulated phase radiation used. The reduction of
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the 293 nm band, relative to UA degradation, was monitored at room temperature [58,62], and

the degradation kinetics were interrupted after reaching infinity.

2.9. Phototoxicity assay

HPMC/polox407 and NaCMC/polox407 systems with and without ERI or ERIs were
lyophilized and diluted in sterile DMEM culture medium (at 50 pg/mL), meanwhile ERI and
ERIs solutions were also prepared in sterile DMEM at 0.5 pg/mL, which correspond to the
amount of erythrosine present in respective binary polymeric systems (1% of the total
compounds).

Phototoxicity assay was carried out with melanoma B16-F10 murine melanoma (BCRJ,
0046) and non-tumorigenic fibroblasts BALB/3T3 clone A31 (ATCC, CCL-163) cell lines.
Cells were cultured in DMEM containing 1.5 mg/L sodium bicarbonate, 1 U/mL penicillin, 1
ug/mL streptomycin, and 10% FBS. Cells were maintained at 37°C in humidified atmosphere
with 5% CO>. For seeding, cells were washed with PBS, detached using trypsin/EDTA,
counted in hemocytometer and seeded in 96-well plates (7,000 and 2,500 cells/well to
fibroblasts and melanoma cells, respectively). The cells were incubated over 24 h and then
exposed to polymeric systems with or without ERI or ERIs (at final concentration of 0.1
pg/mL) Pure ERI and ERIs were tested at final concentration of 0.1 pg/mL. Plates were
incubated at 37 °C in an atmosphere with 5% CO: for 3 h and then they were exposed to the
suitable light wavelength (525 nm) for 15 min (energy dose = 12 J/lcm?). After the light
exposure (18 h), the phototoxicity of the systems and ERI (or ERIS) was assessed by MTT
(Thyazolyl Blue Tetrazolium Bromide) assay. The cells were incubated with 0.5 mg/mL MTT
solution for 3 h, the resulting formazan crystals were eluted using DMSO (100 uL), and
absorbance was measured at 550 nm [63]. The cytotoxicity of the systems and the pure

ERI/ERIs was evaluated in comparison to the non-treated cells. The phototoxicity, in turn, was
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evaluated by the comparison between the results obtained in cells treated but not exposed to

light.

2.10. Statistical analysis

The effects of cellulose derivative type, active content, and temperature on textural
(hardness, compressibility, adhesiveness, elasticity and cohesiveness) and rheological
properties (consistency index, flow index, yield stress and hysteresis area) were statistically
compared using three-way analysis of variance (ANOVA). Similarly, the effects of bioadhesive
polymer concentration and type on softness index were statistically evaluated using two-way
ANOVA. In all cases, individual differences between means were identified using Tukey's
honestly significant difference test. The paired Student’s t-test was used to determine if the
dynamic viscosity (n’) of the formulations increased with rising temperature (Tsoiger).
Detachment force and work adhesion for both substrates were treated with two-way ANOVA
(multiple comparisons), using Tukey’s post-hoc test. Significant differences were accepted
when p < 0.05 and Statistica 8.0 software (StatSoft Company) was used throughout. All
cytotoxicity phototoxicity experiments were performed in four biological independent
experiments with technical quadruplicates and the data were presented as the medians, which
were compared using Mann-Whitney non-parametric test (* represents significative

differences with p<0.05).

3. Results and discussion
3.1. Rheological characterization

Rheological analysis was initially conducted on the conmposite gel systems. Rotational
shear rheology submits the sample to a large strain, so that the samples deform and have lost

their internal structure at rest [64]. The consistency index (K) gives information regarding the
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viscosity at low shear, and is reflective of the “hanging point” of the rheogram as the shear rate
approaches zero. For thermogelling systems, high values of K are expected at high
temperatures, at which the systems are in the gel mesophase (Fig. 1). As the gelation proceeds,
the systems present great resistance to flow due to the entanglement of polymeric chains and
presence of a concentrated micellar system. NaCMC systems demonstrated significant
reduction in K values when in the presence of drug, attributed to the repulsion between ionic
species of NaCMC and ERI/ERIs or salting out effects [23]. For HPMC preparations, there
was not a significative (p<0.05) difference between the ERI or ERIs systems and those without
the PS.

Polox407 formulations with NaCMC and HPMC were prepared for evaluation as a drug
delivery platform, which show potential for application to mucosal surfaces, such as the oral
or vaginal mucosa [44]. Both NaCMC and HPMC systems, with or without ERI and ERIs,
demonstrated shear thinning behavior (Fig. 1). This is attributed to chain rearrangement. With
increasing stress, their polymeric chains became aligned according to shear direction, with a
reduction of the apparent viscosity of the system observed [41,44]. The increase in temperature
predominantly reduced the flow behavior index (n) in all polymeric systems evaluated.
Preparations containing ERI or ERIs demonstrated a similar reduction in n; however, this effect
was small when compared with formulations without drug. As n index reflects the structure of
the semi-solid formulation in terms of free water available, a low amount of free water leads to
non-Newtonian behavior, reducing this index further from one unit [41]. Systems with drug
displayed high n values, if compared to the formulation without the PS, suggesting some
disruption of structure in both formulations.

NaCMC systems demonstrated plastic behavior (with yield stress) at 5°C, while the
HPMC ones displayed a pseudoplastic profile (without yield stress), as shown on Fig. 1 and

Fig. S1. There was an increase in yield value when the temperature increased for both
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preparations. As thermoresponsive hydrogels, their viscosity also increased in a similar way to
that observed for K values. High yield values support topical application of semi-solid systems,
suggesting increased in vivo retention due to an increased resistance to flow [38]. Comparing
the effect of ERI or ERIs into NaCMC systems, ERIs demonstrated yield values lower than
ERI, comparable to the formulation without the PS. The density of charges may promote
repulsive effect, mainly for the disodium salt, which is predominantly in its dianionic form, as
reported elsewhere [23]. In this case, less stress may be necessary to the samples start flowing.
In preparations composed of HPMC, the yield values observed were quite similar among
formulations with or without ERI or ERIs. However, ERIs increased the plasticity of the
systems at 37 °C, while ERI decreased it. Overall, HPMC presented a low impact on polox407
structure, whilst the PS have been reported to interact in an improved manner with polox407
[23]. Then, ERI and ERIs may be better accommodated into this micellar system, slight
impacting rheological parameters.

Polymeric dispersions may undergo reversible loss of viscosity when submitted to shear
stress, which is revealed by the hysteresis area obtained from subtraction of the downcurve
from the area of the upcurve during rotational shear rheology. A thixotropic behavior is given
by a positive hysteresis area, meanwhile a negative one denotes rheopectic profile [39,41]. At
5 °C, most systems presented thixotropic behavior, with rheopectic profile only observed for
systems with ERIs. NaCMC systems were all thixotropic at 25 °C, while HPMC ones showed
a rheopectic profile at this temperature. Nonetheless, at 37 °C all of them demonstrated
thixotropic behavior, favoring their use as local drug delivery systems [39]. During the
application, the stress makes the system less viscous, assisting its ability to be spread. Thus,
when the stress ceases, the samples can recover its initial structure, though with reduced

viscosity, in a small period of time if compared to rheopectic systems.
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Oscillatory rheometry evaluates the viscoelastic properties of semi-solid preparations
at low shear, simulating their behavior in conditions similar to a physiological environment
under rest [44]. Elastic (G’) and viscous (G”) moduli are related to the stored and dissipated
energy, respectively, in each deformation cycle at a specific frequency [41,65]. The ratio of
G’ by G’ allows for the calculation of tan 6 (G’’/G’), which may have values higher or lower
than one (but not less than 0), characterizing elastoviscous or viscoelastic formulations,
respectively [37].

The cellulose type, oscillatory frequency, temperature, and the presence of PS affected
the viscoelastic properties of the formulations. Overall, few changes in viscoelastic properties
were observed with PS presence and all systems exhibited viscoelastic behavior at 37 °C. All
NaCMC dispersions were viscoelastic materials at the three temperatures (Table S1 - S4).
Increasing oscillatory frequency and temperature lead to a reduction of tan & values, since there
was increase in G’ and reduction of G”. As expected, ERIs demonstrated greatest impact on
the viscoelastic properties of NaCMC systems. ERIsS/NaCMC system presented low elasticity
in comparison to ERI and the system without drug, reaching high values of tan 5. Moreover,
G’ modulus of NaCMC preparations, at 25 and 37 °C, was dominant in comparison to ERIs-
NaCMC system, while in comparison to ERI system it was smaller at 37 °C (Fig. 2). High
values of G” may be related to high points of connection between the components of the system.
Therefore, in agreement with other parameters, ERIs seems to disturb the system, reducing
connection points and presenting reduced G’.

In turn, HPMC systems with ERI or ERIs were predominantly viscous at 5 °C (Fig. S2).
The preparation without PS displayed the same behavior, with tan & values higher than one unit
at low oscillatory frequencies (Fig. 2, Fig. S3). At 25 and 37 °C, all HPMC polymeric systems
were viscoelastic, with this property varying according to the frequency or addition of drug. G’

values increased with the oscillatory frequency and temperature, suggesting temporary
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networks formation between polymers (Fig. 2). Moreover, it was also observed that ERI and

ERIs had similar impact on HPMC system, as reported by TEM microscopy before [23].
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been omitted for clarity; however, in all cases, the relative standard deviation was lower than 12% as exposed in Sl.
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3.2. Sol-gel transition temperature (Tsol/get)

Gelation temperature is the temperature at which a polymeric dispersion changes its
behavior from solution to gel. For topical dosage forms, the literature reports a suitable Tsol/gel
between 25 and 37 °C, which is sufficient to allow for in situ gel formation when it is warmed
from storage to body temperature [66]. If Tsoigel is higher than 37 °C, the gels will not achieve
their elastic properties, resulting in a leakage of the preparations from the application site [67].
Table 1 shows the Tsoigel OF all preparations evaluated, with all the formulations demonstrating
gelation when warmed to physiological temperature. For systems containing NaCMC, both PS
increased the Tsoigel, however in the HPMC hydrogel they this value decreased. Additionally,
the low Tsoger Observed for HPMC systems may be related to its high viscosity at 37 °C,
demonstrated by consistency index, for example. The increased viscosity may facilitate the

gelation process since less water would be available.

Table 1
Sol-gel transition temperature (Tsoiger) O binary polymeric systems containing poloxamer 407
(polox407) and sodium carboxymethylcellulose (NaCMC) or hydroxypropyl methylcellulose

(HPMC), with or without neutral erythrosine (ERI) or disodium erythrosine (ERIs)?

Cellulose derivative Photosensitizer
Polox407 (%, w/w) Tsoliget (°C)
(%, wiw) ERI ERIs
NaCMC 1.0 17.5 - - 31.44 £0.79
NaCMC 1.0 17.5 1.0 - 32.84+0.54
NaCMC 1.0 17.5 - 1.0 34.68 + 0.05
HPMC 3.0 17.5 - - 29.96 + 0.26
HPMC 3.0 17.5 1.0 - 26.74 £ 0.70
HPMC 3.0 17.5 - 1.0 27.47 £ 0.26

4 Each mean represents the mean (£ standard deviation) of at least three replicates.
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Previous studies have demonstrated the effect of numerous additives on the
micellization or gelation properties of polox407 [45,68,69]. The critical volume fractions for
gelation may be attained at low temperatures with the addition of the drug, since polymer chains
experience less water solvation with greater solute quantity [70]. Therefore, the reduced Tsol/gel
may be explained by considering the higher amount of total solute in HPMC systems (3%,
w/w) than NaCMC (1%, w/w) ones, The literature reports hydrophobicity of the solutes and
the presence of cosolvents can also have important bearing with such changes [71,72]. Both
drugs decreased Tsolgel When into HPMC systems; however, ERI reduced this value to a greater
extent than ERIs. As a drug with high hydrophobicity in comparison to ERIs, ERI may provide
reduction in the polox407 solvation, leading to low Tsger Values, agreeing with previous
studies [23].

lonic species, such as NaCMC and ERIs, often salt-out polox407, reducing its
micellization and gelation temperature/ However, the reduction of Tsoiger Was observed only
for non-ionic HPMC preparations suggesting that charged species are not having the expected
impact [44,73]. This suggests that interaction and partition of NaCMC and ERIs into PPO and
PEO segments, rather than competing for water, attract solvation to polox407. Moreover, as
anionic species at physiological pH, ERIs may disturb micellar packing of polox407 when
incorporated into the NaCMC system, resulting in its elevation of Tsoigel [74]. Both NaCMC
and ERIs, in their anionic form, may repel each other creating space between them. A higher
amount of water could, therefore, be entrapped between them, requiring raised temperatures

and micellar volume fraction to be achieved prior the system undergoes gelation [23,44,64].

3.3. Mechanical characterization
There are numerous desirable attributes for polymeric semi-solid systems considering

pharmaceutical applications. During their development some desirable mechanical properties
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may be defined, such as ease of extruding the product out of the package container and spread-
ability of the preparation on the skin or mucosal surface. Moreover, suitable adhesion can
contribute to the ultimate clinical efficacy of the polymeric system [44,64]. Therefore, the
knowledge of comparative mechanical profile of the formulations with or without the active of
interest is relevant, since there is intention for topical application [41].

Mechanical properties were dependent on temperature and type of drug [75]. Fig. 3
displays the hardness, compressibility, adhesiveness, elasticity and cohesiveness of the systems
evaluated with both cellulose derivatives with or without ERI or ERIs. As already observed
when studying the platforms without PS, typically the hardness, compressibility and
adhesiveness increased with the increase of temperature. Meanwhile, cohesiveness and
elasticity do not demonstrate large differences. This trend is observed for all the semi-solid
systems evaluated. Additionally, the presence of ERI or ERIs decreased hardness and
compressibility, showing some degree of disruption of the polymeric matrices. ERIs displayed
a greater negative impact on hardness and compressibility than ERI. PS solubilization into the
micelles, or even to the extra-micellar environment, may increase the distance between the
micelles, fostering fewer micellar-micellar interactions and reduced gel strength [73]. Both PSs
reduced adhesiveness, with ERIs having a large impact on NaCMC preparations, which may
also be related to the ionized state of both additives, carrying out repulsive or steric effect

between the polymer and the drug [64].
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Fig. 3. Texture profile analysis (TPA) parameters of binary polymeric hydrogels composed of 17.5% (w/w) poloxamer 407 (polox407) and

hydroxypropyl methylcellulose (HPMC) or sodium carboxymethylcellulose (NaCMC), without? or added of neutral erythrosine (ERI) or disodium

salt erythrosine (ERISs), at 5 (blue), 25 (yellow) and 37 °C (red). ?[44].
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The determination of softness index compliments TPA properties, predicting spread-
ability and sensorial evaluation of semi-solid formulations. The technique is able to determine
the plasticity of the systems using a specific conical probe [44]. In pursuit of the evaluation of
smoothness of the semi-solid formulations, this measurement was performed under
physiological conditions in preparations with or without drug. Softness index is determined as
the necessary force during penetration of the conic al probe at a depth of 10 mm of the material
[39,53], with results displayed in Fig. 4. A higher softness index means systems with higher
resistance to the probe (rigidity). Formulations without drug, for both cellulose derivative
systems, demonstrated higher rigidity. The presence of ERI or ERIs reduced the softness index
of the systems, in agreement with values of hardness by TPA and, k index by flow rheology.
Generally, HPMC formulations demonstrated higher softness indexes than NaCMC ones,
linked to the higher amount of total solute in them. Among NaCMC systems, ERIs showed the
greatest impact on this measurement. It caused reduction in the softness index in comparison
with the preparation without drug and the ERI-NaCMC system. For HPMC formulations, the

ERI and ERIs had an equivalent negative effect on softness index.
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Fig. 4. Softness of binary polymeric systems composed of 17.5% (w/w) poloxamer 407
(polox407) and 1% (w/w) sodium carboxymethylcellulose (NaCMC) or 3% (w/w)
hydroxypropyl methylcellulose (HPMC), without or with neutral erythrosine (ERI) or
disodium salt erythrosine (ERIs), at 37 °C. Each value represents the mean (x+ standard

deviation) of at least three replicates.

3.4. Bio/mucoadhesion assessment

The tensile strength method is widely used to evaluate the mucoadhesive performance
of different formulations, such as solids, liquids and semi-solids. Typically, detachment force
and work of adhesion are determined against several types of substrate [76]. Numerous types
of animal mucosa [77], synthetic mucosa [52,78], mucin disks [38] or animal skin [79] may be
used as substrates, allowing for performance testing of materials and mechanistic study of
adhesiveness of the formulations. Fig. 5 displays the results of detachment force and work of

adhesion for all polymeric systems containing polox407 and HPMC or NaCMC, using mucin
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disk and porcine skin as substrates. It also shows their performance in the presence of ERI or
ERIs on substrates. Detachment force represents the measurements of the maximum force
necessary to detach the hydrogels from the substrates, while the work of adhesion provides a
wider evaluation of the sum of established bonds, including cohesion in the formulation

[52,80].
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three replicates. * Results statistically significative (p<0.05).

27



Generally, a higher mucoadhesive (to mucin) than bioadhesive (to skin) signal was
determined for all the formulations. Evaluating the mucoadhesion using mucin disk by the
detachment force or work of adhesion gave no difference among most NaCMC-systems.
Significant difference was observed by detachment force between the system without drug and
with ERIs, where the ERIs preparation presented higher adhesiveness. For HPMC formulations
statistical difference was observed among all systems by work of adhesion (p < 0.05).
Meanwhile, considering the detachment force, formulations without drug showed the greatest
mucoadhesion (p < 0.05), whilst HPMC-systems with drug were equivalent. The bioadhesion
using porcine ear skin did not show significant difference between most NaCMC and HPMC
formulations when measuring the detachment force. The only exception was NaCMC-ERI and
its preparation without drug, where there was a significative (p < 0.05) decrease in the adhesion
performance of the system when adding ERI. By work of adhesion, in turn, there was difference
for both ERI and ERIs NaCMC-formulations compared to their control, with no difference
between HPMC preparations. Therefore, the bioadhesion for HPMC preparations with or
without drug was statistically equivalent by both detachment force and work of adhesion.

Although the formulations were able to establish stronger interactions with mucin than
with the skin, they presented good mucoadhesive and bioadhesive ability overall if compared
to mixtures containing polox407 and polyacrylic acid derivatives or pure polyacrylic acid
derivative solutions [38,39,81]. HPMC preparation, without drug, showed the highest
mucoadhesion. Whilst, for bioadhesion, NaCMC systems without drug reached the highest
values. The anionic state of NaCMC may impair its mucoadhesive performance in comparison
to HPMC formulations due to a repulsive electrostatic effect with mucin, which presents
negative net charge under physiological conditions [76,80]. Furthermore, the lower interaction
of HPMC and polox407 have been reported in the literature in comparison to NaCMC [44,45],

suggesting more HPMC chains are available to perform physical interlocking with mucin

28



chains, improving its mucoadhesive performance. Comparing ERI and ERIs formulations, both
had similar adhesive profile; however, ERIs had slightly higher values in the majority of the
cases. The addition of ERI or ERIs in NaCMC systems increases its mucoadhesion as measured
by detachment force, while they appear to decrease it when incorporated into HPMC
preparations. On the other hand, for bioadhesion measurements, by the same parameter, the
addition of both drugs leads to a reduction of this property in NaCMC preparations with some

inclination to increase it in HPMC systems.

3.5. Permeation study

The ex vivo determination of percutaneous permeation was performed by photoacoustic
spectroscopy using porcine oral mucosa and skin, which possesses a high similarity to human
skin [82,83]. Due to the high reactivity and short half-life of singlet oxygen, only neighboring
molecules are affected by PDT, therefore, the localization of the PS is important to the outcome
of this therapy [84]. Permeation study allows for the evaluation of drug retention in the skin,
fundamental for the understanding of active agent disposition after administration. ERI should
be able to cross the stratum corneum barrier when applied to the skin, remaining on this tissue
in a suitable concentration to exhibit biological activity [4], where the adequate light
wavelength is able to excite the PS. Photoacoustic spectroscopy is a helpful tool to investigate
the permeation, retention and distribution of drugs in biological tissues by in vitro, ex vivo or
in vivo tests [56,85]. This technique is based on the determination of several optical spectral of
absorption by photoacoustic signals. The photoacoustic spectra obtained for the preparations

in porcine skin and mucosa are displayed in Fig. 6.
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Fig. 6A includes the absorption spectra of all tested formulations. Raw NaCMC and
HPMC did not show optic absorption at the region analyzed. Both aqueous control solution,
and formulations containing ERI or ERIs demonstrated a broad band of optic absorption
between 300 to 600 nm. Therefore, the detection of this signal alongside the animal tissue
indicates the presence of the topically applied drug. Fig. 6B and C display the optic absorption
spectrum of epidermis and dermis surface after 30 min of topical application. It is possible to
observe the presence of the drug by the increase of the intensity at 300-600 nm in comparison
to the skin control (Fig. 6B and C). To quantify dermis retention, the integration of the area of
absorption between 300 and 650 nm was assessed (Fig. 6C).

The data demonstrate the biomedical systems were capable of releasing ERI and ERIs
in a relatively short time (Fig. 6, Fig. S4, Table S5). Evaluating the dermis tissue, both ERI and
ERIs reached this portion of the skin, suggesting the topical systems are promising for PS
delivery. They allowed the release of both PSs along with cutaneous and mucosal diffusion
effects. The study demonstrated the systems ensure efficacy when applying radiation in the
green region. In the epidermis ERI attained higher concentrations after 30 minutes in
comparison to ERIs when in polymeric systems, which may be related to its amphiphilic
potential, contributing with its higher skin diffusion. Considering the dermis, HPMC-ERI
preparation was the system that showed the highest permeation, in accordance with its high
relative hydrophobicity and small size (15.5 £ 3.5 nm). It was followed by NaCMC-ERI
system, HPMC-ERIs and NaCMC-ERIs systems, which agrees with the size of their micelles
already reported in the literature (14.5 + 7.3 nm, 144 + 29 nm and 21.5 + 9,8 nm,
respectively). Comparing the solution with drug delivery preparations, the micellar systems
improved the permeation of both drugs into the dermis, suggesting their carriage through the
outer skin barrier by micelles may improve their delivery to this deeper layer. Moreover, it is

also believed the hydrophilic/hydrophobic balance and charge density of the mixtures may
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affect their permeation profile. Even with lower bioadhesion compared to the mucoadhesion,
the fast permeation of the drug in the skin may ensure its therapeutic efficacy. Nonetheless,
NaCMC-ERIs system was the only preparation that presented slight reduction of permeation
in comparison to the control, which may be supported by its high charger density, plus its
increased micellar size previously evidenced by TEM.

Considering the mucosal tissue, ERIs reached higher permeation than ERI, with
HPMC-based preparation demonstrating better performance, following the control solution.
The lowest size of micellar structures found for HPMC systems may facilitate permeation and
retention in both tissues. Compared to the dermis, ERI presented lower permeation in the
mucosa. Since there is a higher degree of hydration, its comparatively higher hydrophobicity
could make its permeation unsuited in this tissue, particularly in the presence of mucus.
However, once ERI was incorporated to the micellar preparations, its permeation was higher
than the aqueous solution. Although ERIs could achieve increased permeation on the mucosa,
when added to the polymeric preparations its permeation was slightly impaired, since its free
form may be more available to diffuse in a hydrated environment than the nanostructured

system.

3.6. Evaluation of photodynamic activity

As potential drug delivery systems for photodynamic therapy, the preparations were
evaluated regard their chemical photodynamic activity. Chemical dosimeters have been used
to estimate the ability of the PS generating highly cytotoxic reactive oxygen species (ROS),
especially singlet oxygen, when incorporated into binary polymeric systems (Fig. S8A) [4,35].
The experiments involving UA evaluate the photochemical and photophysical processes to
which the PS is exposed after excitation. The absorption of photons, through the chromophore

of the xanthene portion, is possible due to their adequate spectral overlap (Fig. S8B). Once this
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absorption occurs, ERI and ERIs electrons are elevated to their excited state (Eri*s"9't), where
intersystem crossing (ISC, ®ISC = 0.68 in water [86]) can occur with the formation of Eri*"Plet
(Fig. S8A) [87]. The triplet state has sufficient lifetime to allow the interaction between
Eri*"Pet and neighboring molecules with the same multiplicity (e.g. molecular oxygen).
Thereby, the PS can develop reactions involving the Type | mechanism, producing superoxide,
peroxide or hydroxyl radicals and/or Type I, with singlet oxygen formation. The products of
each type of reaction exhibit high cytotoxicity, being able to lead many microorganisms and
tumoral cells to death [33,88]. Along with the assessment of photodynamic activity, the
formation of these reactive species promotes the degradation of UA, consequently reducing its
peak of absorption at 293 nm, as shown in Table 2 [4,33].

Table 2 shows the spectra obtained with illumination time and absorption intensity at
each wavelength, during the photodynamic activity assessment. Generally, in the absence of
light, the electronic absorption band of UA remains constant in the systems, since there are not
products able to degrade it in the supernatant solution. However, when illuminated, the PS
becomes activated and may produce ROS, which fosters UA degradation, with consequent
reduction of its band at 293 nm. Besides the remarkable change in the relative peak of UA, the
erosion of the polymeric systems containing ERI or ERIs may also occur, which is confirmed
by the rapid increase of ERI and ERIs peaks at 528 nm, after few minutes of assay. According
to the literature, the effects of erosion in hydrogels predominantly composed of polox407
depend on the nature and proportion of the polymeric mixture [89,90]. For instance, some
authors have evaluated dermatological systems composed of polox407 and methylcellulose
(MC) or HPMC. They attributed dissolution effects of their matrix to changes in the number
and dimensions of micellar aqueous channels, linking it to the interaction between polymers,
which promote variations in the viscosity of the systems [90]. Therefore, the favored

dissolution of the matrix can lead to the increase of the peak at 528 nm, which is also observed
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in Table 2, with ERIs-preparations presenting a larger shift after 20 min. This effect may be
associated with the reorganization processes of the drug in the micellar microenvironment, as
well as with its partition to the aqueous medium (molar absorption coefficient in the water at
532 nm, 9.66x10* L/mol/cm) [91] governed by the highly hydrophilic profile of ERIs (log kp
-0.05) [50] in comparison to the amphiphilic behavior of ERI (log kp 0.46) [92].

Studies were also conducted involving the matrices in the absence of the drugs, showing
the maintenance of the absorption band of UA, either in presence or absence of light (not
shown). Kinetic adjustments using bi-exponential model, although frequently reported in the
literature [4,59,62], were not able to fit the data. The absorption spectra of erythrosine shows,
among others, main bands at 528 and 260 nm [1], with the latter extremely close to the UA
peak. Hence, the low molar absorptivity and slowly increasing ERI/ERIs peak, at 260 nm [93],
may blur the decreasing peak of UA, impairing the applicability of the kinetic model.
Nonetheless, from the outcomes, it is possible to ensure substantial photodynamic activity,
even considering the effects of the matrix dissolution and release of ERI or ERIs into the
aqueous medium. These data agree with studies performed by Pellosi and collaborators, which
showed satisfactory values of ®»*02 (quantum singlet oxygen yield) for ERI in water (0.62)

and into polox407 dispersions (0.64) [1].
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Table 2

Evaluation of the photodynamic activity of neutral erythrosine (ERI) or disodium salt erythrosine (ERIS) comprising binary polymeric systems composed of

17.5% (w/w) poloxamer 407 (polox407) and 3% (w/w) hydroxypropyl methylcellulose (HPMC) or 1% (w/w) sodium carboxymethylcellulose (NaCMC).
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3.7.

Phototoxicity assay

Considering the potential photodynamic activity of the polymer systems containing ERI

and ERIs, their phototoxicity were evaluated using non-tumoral murine fibroblasts (Balb/3T3,

Fig. 7) and tumoral melanoma cells (B16-F10, Fig. 8). PDT has been reported to change cell

signaling and metabolism through some pathways, leading to cell death by apoptosis or

necrosis. The type of photodamage is linked to the subcellular localization of the PS within the

cell. PS diffusion across the cellular membrane is dependent both on ionic charges and the

partition coefficient between aqueous and lipophilic phases (log P) properties of each PS

system [84].

viable cells (%)

viable cells (%)

non-irradiated fibroblasts

120 .
1 @
Q00 s s s s i o i e S S g
b 3
80 —_— . i
604
40
20
c T b G T T T T T
RO AN ng" ¢« &
& &
&L 10 pg.mL" 0.1 pg.mL™’
a
—
120
L J
100 —e%—-=--crcrereRovereccroreoncsrosaonnsy g
o A ‘
80 2
604
40
204
[ . ; : . .
(\‘"O\ ‘o\’ (¢} 0(0 OQ'G-’ < Q,@
0 &
€ &L 10 pg.mL” 0.1 pg.mL"’

viable cells (%)

viable cells (%)

irradiated fibroblasts

120 Y
o N .
400 - o epeeniesnnsmsind P s e R e e S PUTOU PP
o
°
80 - B
60
404
20 g *
” o
0 o -l =
T T T T T T T
o &
<& & 10 pg.mL”? 0.1 pg.mL”!
l*;l
120
— . -
I I AR SOIES  SORSPRC TSSO gz eeensens
2
80-] - .
60
40
20 *
* -
0 $oe ——
T T T T T T
sg} 6&* <) & c¢b < &
o &
G, o 10 pg.mL”? 0.1 pg.mt”’

Fig. 7. Cytotoxicity and phototoxicity of the preparations in non-tumoral murine fibroblasts.

Polymer systems were kept at 10 pg/mL, containing 0.1 ug/mL of ERI/ ERIs and, ERI and
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ERIs solutions were evaluated at the same concentration (0.1 pg/mL). Results were from four
independent experiments performed in technical quadruplicate with the line showing the
medians of the independent experiments. * Results statistically significative (p < 0.05) using
Mann-Whitney non-parametric test. Dotted lines show the interval of 0-30% reduction of cell
viability [91]. Preparations composed of poloxamer 407 and hydroxypropyl methylcellulose
(H), with neutral erythrosine (HE) or disodium salt erythrosine (HES); poloxamer 407 and
sodium carboxymethylcellulose (C), with neutral erythrosine (CE) or disodium salt erythrosine

(CES); neutral erythrosine solution (E) and disodium salt erythrosine solution (ES).

The control represents cells without treatment, which defined a median of 100%
viability. The outcomes show that polymer systems without erythrosine were biocompatible,
since the fibroblast viability was not reduced, even under light exposure (Fig. 7). On the other
hand, erythrosine-loaded systems decreased the fibroblasts viability by around 50% and 40%
for HPMC and NaCMC preparations, respectively. When exposed to the suitable light
wavelength (Fig. 7B), both polymeric systems - containing ERI or ERIs - exhibited high
photodynamic activity, decreasing cell viability to around 5%. Interestingly, pure erythrosine
(in both at neutral or salt form) did not affect the cell viability even after light irradiation (Fig.
7). This behavior is probably linked to the self-aggregation state of the PS when into aqueous

solutions [21].
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Fig. 8. Cytotoxicity and phototoxicity of the preparations in melanoma tumor cell. Polymer
systems were kept at 10 ug/mL, containing 0.1 ug/mL of ERI/ ERIs and, ERI and ERIs
solutions were evaluated at the same concentration (0.1 ug/mL). Results were from four
independent experiments performed in technical quadruplicate and the line showed the medians
of the independent experiments. * Results statistically significative (p < 0.05) using Mann-
Whitney non-parametric test. Dotted lines show the interval of 0-30% reduction of cell
viability [91]. Preparations composed of poloxamer 407 and hydroxypropyl methylcellulose
(H), with neutral erythrosine (HE) or disodium salt erythrosine (HES); poloxamer 407 and
sodium carboxymethylcellulose (C), with neutral erythrosine (CE) or disodium salt erythrosine

(CES); neutral erythrosine solution (E) and disodium salt erythrosine solution (ES).
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The potential antitumoral phototoxic activity of the erythrosine, incorporated into the
polymeric systems, was evaluated against melanoma tumor cells (Fig. 8). The melanoma cells
treated with erythrosine-loaded polymeric systems showed around 65% to 83% viability
relative to control (Fig. 8). Even though this cell viability reduction was statistically significant
(p<0.05), it could be classified as a non- to moderately- cytotoxic product according to 1SO
10993-5 [94,95]. When exposed to light, the viability of the melanoma cells treated with both
PS loaded-polymeric systems decreased by around 30-40% (Fig. 8). There were no differences
considering the effect of erythrosine-type loaded into the systems. However, among all the
tested systems the HPMC loaded with the ERI form (HE) showed an improved performance
against the melanoma cell line (Fig. 8), as well as the highest dermis permeation among the
systems, as mentioned previously. Comparing the melanoma cell viability treated with HE,
before and after the light exposure, it is possible to detect a greater decrease of cell viability
after the light exposure (p < 0.05). Interestingly, this behavior was not observed among the
other binary polymeric preparations (Fig. S9).

Furthermore, as also observed in non-tumoral fibroblasts, melanoma cells were not
affected by pure erythrosine (ERI or ERISs), even after light exposure (Fig. 8). The observed
phototoxic biological effect corroborated that the log P of the drug may impair their
photodynamic mechanism of action. When they were incorporated into the micellar system,
both ERI and ERIs were able to significantly reduce healthy and tumor cell viability, mainly
in presence of light (Fig. S9), whilst preparations without drug or solutions containing only the
PS were not able to do the same (Fig. S10). Hence, the micelles were able to boost
photodynamic activity of ERI and ERIs, facilitating their interaction with biological
membranes. Although some poloxamers have been reported to present some tendency to cause
cell damage, copolymers of polox407, with PPO = 3.6 kDa, have presented low cytotoxicity in

certain cell lines (Caco-2 and HMEC-1) [96]. Moreover, topical application is considered to be
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relatively low risk as a route of administration due to the presence of epithelial barriers such as
the Stratum Corneum.

Despite the systems presenting an elevated cytotoxicity for the healthy fibroblasts, the
selectivity of the systems against the tumor cells may be achieved by the topical application of
the thermoresponsive and mucoadhesive formulations. The mechanical, rheological, and
adhesive properties of the systems contribute to their local retention after the local application.
Further studies have to be performed varying drug concentration and/or time of light
exposition, in order to understand the photodynamic therapy of ERI/ERIs against melanoma
cell line. However, it is feasible the structuration and size micelles may have important bearing
with the activity against melanoma cells, since HPMC-ERI system have already demonstrated

improved interaction among its constituents, small micelle size [23] and high skin permeation.

4. Conclusion

Polymeric blends composed of polox407 and HPMC or NaCMC were developed and
characterized for ERI or ERIs delivery with good performance in photodynamic therapy. The
rheological characterization of the formulations demonstrated pseudoplastic behavior, with
ERI or ERIs, affecting yield value. All systems presented thixotropic and viscoelastic
properties at 37 °C, with suitable Tsoigel for topical use. The mechanical properties were suitable
for application, with improved softness index for systems containing drug. Bio/mucoadhesion
performance was efficient for all the evaluated systems, displaying improved adhesion to the
mucosa in contrast to the skin. Ex vivo assays showed the systems could release and deliver
both PSs, reaching different layers of the skin and mucosa. Despite the differences observed
on the structuring and characterization of the systems containing ERI or ERIs, all formulations
composed of 17.5% (w/w) polox407 and 3% (w/w) HPMC or 1% (w/w) NaCMC with 1%

(w/w) ERI or ERIs produced sufficient in vitro cytotoxic species in non-tumoral cell culture
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phototoxicity assay. However, the polox407/HPMC/ERI system keen interest against
melanoma cell line, with important phototoxic outcomes in line with its characterization.
Therefore, it was possible to conclude the functional micelles composed of thermoresponsive
and mucoadhesive polymers could boost the photodynamic activity of ERI and ERISs,

improving the delivery of both PSs to the cells.
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