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In this study, nanostructured lipid carriers (NLC) were developed and employed to obtain in
situ thermosensitive formulations for the ductal administration and prolonged retention of
drugs as a new strategy for breast cancer local treatment. NLC size was influenced by the
type and concentration of the oil phase, surfactants, and drug incorporation, ranging from
221.6 to 467.5 nm. The type of liquid lipid influenced paclitaxel and 5-fluorouracil
cytotoxicity, with tributyrin-containing NLC reducing 1Cso values by 2.0-7.0-fold compared
to tricaprylin NLC in MCF-7, T-47D and MDA-MB-231 cells. In spheroids, the NLCs
reduced ICsy compared to either drug solution (3.2-6.2-fold). Although a significant
reduction (1.26 points, p<0.001) on the health index of Galieria mellonella larvae was
observed 5 days after NLC administration, survival was not significantly reduced. To produce
thermosensitive gels, the NLCs were incorporated in a poloxamer (11%, w/w) dispersion,
which gained viscosity (2-fold) at 37°C. After 24 h, ~53% of paclitaxel and 83% of 5-
fluorouracil were released from the NLC; incorporation in the poloxamer gel further
prolonged release. Intraductal administration of NLC-loaded gel increased the permanence of
hydrophilic (2.2-3.0-fold) and lipophilic (2.1-2.3-fold) fluorescent markers in the mammary
tissue compared to the NLC (as dispersion) and the markers solutions. In conclusion, these
results contribute to improving our understanding of nanocarrier design with increased
cytotoxicity and prolonged retention for the intraductal route. Tributyrin incorporation
increased the cytotoxicity of paclitaxel and 5-fluorouracil in monolayer and spheroids, while
NLC incorporation in thermosensitive gels prolonged tissue retention of both hydrophilic and
hydrophobic compounds.

Keywords: lipid nanoparticles; intraductal; breast cancer; thermosensitive gel; paclitaxel; 5-
fluorouracil

1. Introduction
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Ductal carcinoma in situ (DCIS) is a heterogeneous breast cancer phenotype that
arises in the epithelium of ducts and represents 20-25% of breast tumors (Badve and
Gokmen-Polar 2019). Despite being considered a local form of breast cancer by several
authors, its treatment is aggressive and involves surgery, radiotherapy and long-term
endocrinotherapy due to the risk of progression to invasive forms (Badve and Gokmen-Polar
2019, van Seijen, Lips et al. 2019). However, this standard of care has been criticized for
low-grade DCIS and stimulated the scientific community to explore less invasive
management strategies (Narod, Igbal et al. 2015, Groen, Elshof et al. 2017, Sagara, Julia et al.
2017). Among them, the intraductal administration of cytotoxic drugs has attracted attention
(Sapienza Passos, Dartora et al. 2023).

Intraductal therapy can be defined as drug delivery directly into the mammary ducts
through the nipples (Murata, Kominsky et al. 2006, Stearns, Mori et al. 2011, Kuang, Liu et
al. 2020). Since DCIS originates in the ductal epithelium, the intraductal route allows
increased local exposure to the drug (Mahoney, Gordon et al. 2013, Sapienza Passos, Dartora
et al. 2023). It has been pre-clinically and/or clinically employed for administration of
paclitaxel, curcumin, methotrexate, piplartine and doxorubicin, among other compounds
(Okugawa, Yamamoto et al. 2005, Chun, Bisht et al. 2012, Kuang, Liu et al. 2020, Gao, Liu
et al. 2021, Dartora, Salata et al. 2022, Salata and Lopes 2022). These studies demonstrated
the possibility of cannulating the affected mammary ducts of patients with DCIS in a well-
tolerated and safe manner and provided strong evidence that intraductal drug administration
results in therapeutic responses with reduced systemic adverse effects. Despite its promises,
several challenges related to duct cannulation, perforation and personnel training have been
reported (Singh, Gao et al. 2012, Gu, Gao et al. 2018, Kuang, Liu et al. 2020), highlighting
the need to develop local formulations that prolong drug retention in the mammary tissue and

enable reduction of the administration frequency to improve the acceptance and widen the
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application of this promising route (Joseph, Islam et al. 2020, Patil, Narvenker et al. 2020).
Nanocarriers (like polymeric nanoparticles and nanoemulsions) and other delivery systems
were proposed to fulfill this need (Carvalho, Salata et al. 2019, Joseph, Islam et al. 2020,
Salata and Lopes 2022, Sapienza Passos, Dartora et al. 2023). Recently, it has been
demonstrated that fluorescence of hydrophilic markers in the breast declined more slowly
after administration of a PLGA (poly(lactic-co-glycolic acid) gel compared to nanoparticles
(Joseph, Islam et al. 2020), which led us to hypothesize that incorporation of nanocarriers in
in situ gels could further prolong tissue retention of drugs while aiding cytotoxicity. Thus, the
main goal of the present study was to combine the advantages of nanostructured lipid carriers
(NLC) and thermosensitive gels and develop a new nanotechnology-based system for the
intraductal delivery of hydrophilic and hydrophobic cytotoxic drugs and local treatment of
breast cancer. The NLC was selected based on previous studies demonstrating (i) its ability to
prolong drug release, which is interesting for a local delivery approach, (ii) its incorporation
into pharmaceutical dosage forms (including gels) without losing integrity and (iii) the
possibility to include other lipids in the matrix that might aid cytotoxicity (Shamma and
Aburahma 2014, Migotto, Carvalho et al. 2018, Garg, Tandel et al. 2021, Lanna, Siqueira et
al. 2021).

In the first part of the study, the impact of surfactants, liquid lipid and drug properties
on NLC characteristics and cytotoxic properties was assessed. Although the optimization of
NLC properties has been examined for systemic therapy (Pedro, Almeida et al. 2019, Poonia,
Kaur Narang et al. 2019, Chand, Kumar et al. 2021, Gadag, Narayan et al. 2021), NLC
development taking into consideration the characteristics and aims of intraductal
administration is missing. Paclitaxel and 5-fluorouracil were selected as model cytotoxic
compounds with varying physicochemical characteristics. Their incorporation separately in

the NLC enabled us to assess the effects of NLC on the cytotoxicity and mammary retention
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of compounds with varying lipophilicity but still potentially employed for breast cancer
treatment. Although treatment of breast cancer varies with the type, stage and
histopathological characteristics, most guidelines include 5-fluorouracil and paclitaxel in
chemotherapy regimens (Fujii, Le Du et al. 2015, Korde, Somerfield et al. 2021). For
example, doxorubicin and cyclophosphamide for 4 cycles followed by paclitaxel for 4 cycles
is frequently employed in the United States (Moo, Sanford et al. 2018), while fluorouracil-
containing regimens have been accepted in sequential combination with taxanes (Fujii, Le
Du et al. 2015, Del Mastro, Poggio et al. 2022). Paclitaxel stops cell division by B-tubulin
binding and stabilization of microtubules. Despite the broad spectrum of efficacy, its use is
limited by its toxicity and high lipophilicity (log P = 3.2 and MW = 853.9 g/mol), which
represents a challenge for formulation development and bioavailability (Gradishar 2006,
Marupudi, Han et al. 2007, Jain, Kumar et al. 2012, Weaver 2014, Bernabeu, Cagel et al.
2017, NCBI 2022). 5-Fluorouracil (5-FU), in turn, is a hydrophilic (log P = -0.89 and MW =
130.1 g/mol) antimetabolite analogue of uracil, which acts by erroneous incorporation into
RNA and interruption of its processing and assembly (Longley, Harkin et al. 2003, NCBI
2021), and inhibition of thymidylate synthase, the only source of thymidylate for DNA
replication and repair (Longley, Harkin et al. 2003).

In the second part of the study, we investigated the NLC incorporation into poloxamer
407 thermosensitive dispersions. This polymer undergoes a sol-gel transition at ~34°C by
desolvation and aggregation of its hydrophobic chains (Dewan, Bhowmick et al. 2015,
Soliman, Ullah et al. 2019), and has been demonstrated to increase the local retention of
drugs after their intravaginal, ocular and intravesical administration (Ci, Huang et al. 2017,
Yoon, Chang et al. 2019). Because it is fluid at room temperature, we hypothesized that the
NLC-loaded poloxamer dispersion would be easily administered through the ducts, but its

gelation at body temperature could prolong mammary tissue retention. After formulation
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optimization, assessment of in vivo mammary tissue retention and local irritation, formulation

safety and stability were investigated.

2. Materials and Methods

2.1 Materials

Polysorbate 80 (Tween 80), sorbitan oleate (Span 80), tributyrin, decyl glucoside and
poloxamer 407 (Pluronic 127) were obtained from Sigma (St. Louis, MO, USA). Paclitaxel
was purchased from Cayman Chemical (Ann Arbor, MI, USA) and soy phosphatidylcholine
(PC) and 1-palmitoyl-2-(6-((7-nitro-2-1,3-benzoxadiazol-4-yl)amino)hexanoyl)-sn-glycero-3-
phosphocholine (NBD-PC) were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
5-Fluorouracil were obtained from Oakwood Chemical (Estill, SC, USA). Rhodamine B and
propylene glycol were acquired from Synth (Sdo Paulo, SP, Brazil) and Alexa Fluor 647 was
obtained from ThermoFisher Scientific (Waltham, MA, USA). Tricaprylin was kindly
supplied by Croda Health Care (Edison, NJ, USA), and glyceryl behenate (Compritol® 888
ATO) by Gattefosse (Saint-Priest, France). Ultrapure water was used unless stated in the

individual methods.

2.2 Formulation design and development

As the general procedure to obtain NLC, the fusion emulsification technique was
employed (Passos, Martino et al. 2020). The solid lipid (glyceryl behenate), liquid lipid and
oil phase surfactant were mixed, and melted at 80 °C. Once the solid lipid was completely
melted, the heated aqueous phase containing the hydrophilic surfactant was added into the oil
phase under vortex stirring. The resulting system was sonicated in a water bath at room
temperature in pulses (50 s on and 30 s off) and 40% amplitude (VCX500, Sonics, Newtown,

CT). To this general procedure, several modifications were included to investigate the
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influence of the NLC components on the nanocarrier characteristics as described in the

subsequent subsections and summarized in the Supplementary Table S1.

2.2.1. Influence of the liquid oil and oil phase surfactant types: the starting point was the
NLC previously characterized by our group (Passos, Martino et al. 2020), in which Span 80
and tricaprylin were employed as hydrophobic surfactant and liquid lipid, respectively. Our
first goal was to understand the effects of replacing Span 80 with phosphatidylcholine as
surfactant, which has been previously associated with low local irritation, increased tumor
cell uptake, and easier surface functionalization (Vater, Apanovic et al. 2021, Wiinsch, Mulac
et al. 2021, Zhan, Yi et al. 2021). A second goal was to assess whether tricaprylin could be
replaced by tributyrin as liquid lipid, since this triglyceride has been demonstrated to
potentiate the cytotoxicity of drugs against cancer cells (Carvalho, Migotto et al. 2017, Salata
and Lopes 2022, Fukumori, Branco et al. 2023). To the mixture of glyceryl behenate with
tricaprylin or tributyrin (comprising 10% w/w of the total formulation), we added the oil
phase surfactant (either Span 80 or phosphatidylcholine at 3%, w/w), and the system was
melted at 80 °C. The heated agueous phase containing polysorbate 80 (3% w/w, comprising
90% of the total amount of formulation) was subsequently added under vortex stirring. The
resulting system was sonicated in pulses (50 s on and 30 s off) and 40% amplitude for 10 or

20 min to assess the influence of sonication time on particle diameter.

2.2.2. Influence of the aqueous phase surfactant concentration and type: to try to reduce
surfactant content, NLC production was investigated using the aqueous phase containing 1%
(w/w) of either polysorbate 80 or decyl glucoside as surfactant, which was added to the
mixture of glyceryl behenate and tributyrin. The system was sonicated for 20 min in pulses

(50 s on and 30 s off) and 40% amplitude.
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2.2.3. Influence of drug type and content: since one of our aims was to compare the
NLC ability to incorporate, prolong mammary retention and increase the cytotoxicity of
drugs with varying physicochemical characteristics, the influence of paclitaxel and 5-FU
concentration on NLC characteristics was assessed. For drug-loaded nanocarriers, paclitaxel
was dissolved in the oil phase, while 5-FU was dispersed in the oil phase surfactant (prior to
addition into the oil phase). The drugs were incorporated separately in the NLCs. The
aqueous phase was subsequently added, and the mixture was probe sonicated; two drug

concentrations (0.5 and 1.0%, w/w) were evaluated.

After each of these methodological variations, a formulation was selected according
to a desired size rage and PDI. Although previous studies suggest that smaller nanoparticles
result in lower retention (Singh, Gao et al. 2012, Gu, Gao et al. 2018, Joseph, Islam et al.
2020), the upper diameter limit that can maximize retention without causing duct obstruction
has not been defined. Because ductal diameter changes with location, we set the desired
diameter at 200-500 nm to prolong retention without compromising safety. The second
desired characteristic was PDI below 0.30 for low polydispersity (Danaei, Dehghankhold et

al. 2018).

2.3. Nanocarrier characterization
2.3.1. Size distribution, zeta potential and morphology

For nanocarrier characterization, particle size, polydispersity index (PDI) and zeta
potential were measured at 25°C using a Malvern Zetasizer NanoZS90 equipment (Malvern

Instruments Ltd., UK). The NLC were diluted with ultrapure water at 1:100 (v/v), and 3
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individual measurements of each formulation batch were obtained. Results were expressed as
average + standard deviation.

To confirm the results from dynamic light scattering (DLS) and evaluate the
morphological aspects of the nanocarriers, the formulations were analyzed by scanning
electron microscopy (SEM). The samples were diluted with distilled water (1:500, v/v) and
placed in a glass coverslip to dry overnight at room temperature (Passos, Martino et al. 2020).
All samples were placed on stubs of aluminum and metalized with platinum before
visualization under a Quanta FEG 650 scanning electron microscope (FEI Company,

Hillsborough, OR, USA, located at the Polytechnic School, University of S&o Paulo).

2.3.2. Thermal analysis

Thermal analysis was performed to characterize the liquid lipid influence on the solid
lipid crystallinity and melting point, as well as drug solubilization in the nanocarrier matrix.
To conduct differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA),
the simultaneous thermal analyzer Discovery SDT 650 (TA Instruments, Delaware, USA)
was employed. Samples of 7 - 10 mg were subjected to a heating rate from room temperature
(25 °C) to 500 °C at 10 °C/min, under nitrogen atmosphere (100 mL/min), using an alumina
crucible (90 ulL) (Passos, Martino et al. 2020, Losito, Lopes et al. 2021). Analyzes were
performed for the following samples: liquid lipid, solid lipid, a physical mixture of liquid and
solid lipids (with and without drugs) in the ratios used in the optimized formulation and

lyophilized drug-loaded or unloaded nanocarriers.

2.4 Effects of the formulation on cell viability

2.4.1 Cell culture
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Breast cancer cells (MCF-7, T-47D and MDA-MB-231) and non-tumoral mammary
cells (MCF-10A) were obtained from ATCC (Manassas, VA, USA). Breast cancer cells were
cultured in Dulbecco’'s Modified Eagle Medium:Nutrient Mixture F-12 (DMEM-F12) culture
medium supplemented with 10% fetal bovine serum (FBS, Gibco/Invitrogen, USA), 50
pg/mL penicillin, 50 pg/mL streptomycin, and 0.5 pg/mL amphotericin. MCF-10A cells were
cultured in DMEM - GlutaMAX™ (Gibco, Carlsbad, CA) medium supplemented with 5%
horse serum (Gibco, Carlsbad, CA), 0.1 ug/mL cholera toxin, 10 ug/mL insulin, 0.5 ug/mL
g/mL hydrocortisone, 0.02 ug/mL Epidermal Growth Factor, and 1% penicillin and
streptomycin (100 U/mL and 100 pg/mL Gibco, Carlsbad, CA). Cells were maintained at 37

°C and 5% CO, atmosphere.

2.4.2 Cytotoxic effects of the nanocarrier in cell monolayers (2D model)

To assess the cytotoxic effects of the nanocarriers, the MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide) assay was used (Apolinario, Salata et al. 2022, Salata
and Lopes 2022). Cells (T-47D, MCF-7, MDA-MB-231 and MCF-10A) were seeded (5x10*
cells per well) in 96-well micro-plates containing 200 uL of DMEM-F12 medium and
allowed to attach for 24 h. After overnight incubation, cells were treated with formulations at
concentrations in the range of 0.003 — 50 mg/mL. After 72 h of treatment, the culture medium
was removed and replaced by 150 pL of the MTT dye solution (0.5 mg/mL) for 3 h. Next, the
medium was removed from each well, and an equal amount of dimethyl sulfoxide (DMSO)
was added. Absorbance was measured in a plate reader at 595 nm and drug effect was

calculated in relation to a negative control (untreated cells).

2.4.3 Cytotoxic effects of the nanocarrier in spheroids (3D model)
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Spheroids of MCF-7 and T-47D were obtained using the liquid overlay technique
(Salata, Malago et al. 2021, Salata and Lopes 2022). Round bottom 96-well microplates were
coated with an agarose gel at 1% (50 pL/well) before seeding the cells at 5 x 10° cells/well.
Next, the plates were centrifuged at 1000 rpm for 7 min and incubated at 37°C in a 5% CO,
atmosphere. After 5 days of incubation, the spheroids were treated with serial dilutions of
drug solutions, unloaded nanocarriers (NLC without paclitaxel or 5-FU) and drug-loaded
nanocarriers for 72 h. After treatment, spheroid viability was assessed using the
CellTiterGlo® 3D kit (Promega, Madison, WI, USA) and luminescence (recording at 560
nm) as previously described (Salata, Malago et al. 2021). The morphology of MCF-7 and T-
47D spheroids was evaluated using a Nikon Eclipse TE300 microscope (Melville, NY, USA)
on days 1 and 5 after incubation (before treatment), as well as after treatment for 72 h with

NLC-TB-P and NLC-TB-5FU at their respective 1Csq values.

2.5 Evaluation of biosafety in Galleria mellonella model

To estimate safety of unloaded nanocarriers (without paclitaxel or 5-FU) prior to
administration in rats, the Galleria mellonella model was employed (Migotto, Carvalho et al.
2018, Passos, Martino et al. 2020). Healthy larvae (2.0 — 2.5 cm in length and 150 — 200 mg
of body weight) were selected and separated into experimental groups of 16 larvae. An
aliquot of 10 pL of unloaded NLC or PBS (negative control) was administered at the last left
pro-leg of the larvae, which were incubated in Petri dishes containing beeswax and pollen at
37 °C. Survival and health status were assessed daily for up to 5 days; high health indexes

and survival rates indicated low toxicity and safety of the formulation.

2.6 Nanocarrier incorporation into a thermosensitive gelling system
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The first step was to select the concentration of Poloxamer 407 to obtain a fluid gel at
biologically relevant temperatures while remaining liquid at room temperature (to facilitate
intraductal administration). Poloxamer 407 dispersions were obtained by adding an
appropriate amount of poloxamer (1 — 20%, w/w) in distilled water while stirring, and
allowing the samples to rest overnight in the refrigerator (4 °C) for poloxamer dissolution. To
obtain a formulation with appropriate viscosity for intraductal administration that gained
viscosity in vivo to improve retention time in the breast, the sol-gel transition temperature
was studied using the test-tube inversion method (Yoon, Chang et al. 2019). Briefly, glass
vials containing 2 mL of each formulation were placed in a water bath and heated at a rate of
3 °C every 5 minutes from 4 °C to 40 °C. The gelation temperature was set as the temperature
at which the solution lost fluidity.

Selected poloxamer solutions (11 — 15%, w/w) were evaluated for their rheological
behavior and viscosity using a cone-plate rheometer (RST-CPS Cone/Plate equipped with
Rheo3000 software, Brookfield, Massachusetts, USA) and a bath circulator (TC-650,
Brookfield Engineering Laboratories, Massachusetts, USA) (Apolinéario, Salata et al. 2022).
Samples were maintained at 25 or 37 °C and the shear rate was varied in the range of 0 - 2000
1/s. To classify the fluid behavior, the Power law equation was used (t=Kyn), in which t =
shear stress, K = consistency index, y = shear rate and n = flow index (Barnes 1989, Sinko
2011, Hosmer, Steiner et al. 2013). In this model, the value of n indicates the type of
behavior, and when n=1 it is a Newtonian fluid, n>1 it is a dilatant fluid, and n<1 it is a
pseudoplastic fluid. The analysis was performed using the Origin 2018 software. Poloxamer
at 11% (w/w) was selected as the optimal polymer concentration.

For NLC incorporation in the selected poloxamer dispersion, optimized nanocarrier
formulations were freeze-dried using trehalose as cryoprotectant (Khan, Mudassir et al. 2019,

Karakash, Vasileska et al. 2020). A trehalose solution at 10% was added to the NLC
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formulation (1:1, v/v) and the mixture was frozen at -20°C for 12 hours, followed by 24
hours of drying (vacuum and temperature of -50°C, FreeZone 2.5, Labconco). Freeze-dried
nanocarriers were resuspended to the initial volume of the formulation (0.5 mL) in poloxamer
solutions and vortexed until a homogeneous dispersion was obtained. The NLC dispersion as
obtained will be referred to as “NLC aqueous dispersion”, while the NLC incorporated in

poloxamer will be referred to as “NLC poloxamer dispersion”.

2.7 Changes on NLC characteristics and drug encapsulation upon short-term storage

To estimate stability, a preliminary study was performed to assess changes as a
function of time on the characteristics of the optimized nanocarriers as obtained (NLC
aqueous dispersion), after freeze-drying and as poloxamer dispersion. The samples were
stored at room temperature (25 °C) in conical vials. At days 0 (immediately after production),
7, 15, 30, 45 and 60, formulation evaluation was performed, both macroscopically
(coalescence and/or gravitational separation) and microscopically (analysis of size
distribution and zeta potential) (Passos, Martino et al. 2020). Particle size, polydispersity
index (PDI) and zeta potential were assessed using a Malvern Zetasizer NanoZS90 equipment
(Malvern Instruments Ltd., UK). The NLC dispersion was diluted with ultrapure water at
1:100 and 1:1000 (v/v, with no significant difference in the values of diameter obtained),
while the poloxamer dispersion containing NLC was diluted at 1:1000 (v/v). The unloaded
poloxamer dispersion (no NLC) was diluted at the same ratio and employed as a control for
interference, i.e., to ensure that there were no particles with the same size distribution as the
NLC. Three individual measurements of each formulation batch were obtained, and results
were expressed as the average + standard deviation.

We also assessed changes in the encapsulation efficiency of paclitaxel and 5-

fluorouracil at days 30 and 60. For freeze-dried nanoparticles, redispersion in water (to obtain
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the same volume as before freeze-drying) was performed before evaluation. Drug
encapsulation was evaluated indirectly by the ultrafiltration method as previously described
(Passos, Martino et al. 2020). Samples were diluted in MilliQ water (1:2, v/v) and placed in
the upper chamber of an Amicon Ultra 4 centrifugal filter (Millipore Corporation, USA). The
diluted formulations were centrifuged for 1h at 4000 rpm (Eppendorf, mod. 5430R,
Hamburg, Germany) and the filtrate was collected for drug quantification by HPLC. The
encapsulation efficiency (EE%) was calculated using the equation EE% = (Winitial drug — Wiree
drug)! Winitial drug X 100, where Wipitial arug 1S the drug amount used for NLC obtainment and

Whree drug 1S the amount of free drug quantified in the filtrate.

2.8 Evaluation of in vitro drug release

Paclitaxel and 5-fluorouracil release from the NLC—loaded poloxamer dispersion was
compared to the NLC aqueous dispersions using Franz diffusion cells for 24 h. Because the
poloxamer dispersion gains viscosity at 37°C (see results), and the assay was conducted at
this temperature, the gel was formed in situ at the beginning of the experiment. One hundred
and fifty microliters of each formulation were placed in the donor compartment and separated
from the receptor. phase (phosphate buffer, pH 7.4, with or without 20% ethanol, for
paclitaxel and 5-FU, respectively) using a cellulose dialysis membrane (MWCO 14,000 Da,
Sigma-Aldrich, St. Louis, MO, USA). The drug solutions were employed as controls to
ensure that they could diffuse through the membrane and dissolve in the receptor phase
(Mekjaruskul, Beringhs et al. 2021, Salata and Lopes 2022). The system was maintained at
37°C under stirring (350 rpm) and, at specific intervals, 300 pL of the receptor phase was
withdrawn and replaced with 300 pL of fresh receptor phase.

Drug quantification was performed using High-Performance Liquid Chromatography

(HPLC) (Carvalho, Migotto et al. 2017, Hanif, Akhtar et al. 2018, Fukumori, Branco et al.
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2023). Briefly, separation of paclitaxel was performed on a Shimadzu HPLC system (SCL-
10A VP) equipped with a Phenomenex C18 column (150 x 4.6 mm) and a mobile phase
composed of acetonitrile:water (6:4, v/v) at a flow rate of 1.0 mL/min and detection at 228
nm at room temperature (25°C) (Carvalho, Migotto et al. 2017). Linearity was observed
within the range of 0.05 to 50 pg/mL, with a limit of quantification of 0.2 pg/mL (Hosmer,
Shin et al. 2011, Carvalho, Migotto et al. 2017). 5-Fluorouracil was quantified on a Shimadzu
LC2030C 3D system with a Phenomenex C18 column (150 x 4.6 mm) and mobile phase
composed of a 10mM acetic acid solution and acetonitrile at 98:2 (v/v), at a flow rate of 1.0
mL/min and detection at 265 nm (Hanif, Akhtar et al. 2018, Fukumori, Branco et al. 2023).
Linearity was observed at 0.1 - 20 pg/mL, with a quantification limit of 0.3 pg/mL.

For evaluation of release kinetics, the amount of drug released was fitted to different
models: zero-order Kinetics (Q;= Qo + Ko t), Higuchi kinetics (Q = Kut*?) and first-order
kinetics (log Q;= —K2303 + log Qo). On those models, Q; represents the amount of drug
released in t (time in hours), Qg is the initial amount of drug, Ko is a zero-order kinetic

constant and K, the Higuchi dissolution constant (Costa and Lobo 2001, Jain and Jain 2016).

2.9 Evaluation of in vivo mammary tissue retention
2.9.1 Animals

Female Wistar rats (6 weeks) were obtained from the Animal Facility for the
Production of Rats of the Institute of Biomedical Sciences of the University of S&do Paulo
(ICB-USP) and housed in the Animal Facility of the Department of Pharmacology with free
access to food and water. The room was kept at a temperature range of 22 - 23 °C under a 12-
hour light-dark cycle. All experiments were conducted according to the guidelines of the
National Council for Animal Experimentation (CONCEA) and approved by the Animal Care

and Use Committee of the ICB-USP.
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2.9.2 Intraductal administration and local retention of a fluorescent marker

The aims of this experiment were (i) to compare the mammary tissue retention of
lipo- and hydrophilic fluorescent markers (rhodamine B and Alexa Fluor 647, respectively)
incorporated into NLCs and administered via intraductal or systemic routes (i.p), and (ii) to
assess whether nanocarrier incorporation in the poloxamer dispersion increased the residence
time of the markers compared to simple solutions (in propylene glycol and water, for
rhodamine and Alexa Fluor, respectively) and the NLC aqueous dispersion. Nanocarriers
containing rhodamine (0.05%, w/w) or Alexa Fluor (0.01%, w/w) were prepared by replacing
the drugs in the optimized formulation with the markers: rhodamine was dissolved in the oil
phase while Alexa Fluor was dispersed in the oil phase surfactant prior to addition into the oil
phase. Both fluorescent markers-loaded NLCs were obtained with 10% of oil phase (glyceryl
behenate and tributyrin, 1:1), 6% of surfactants (Span 80 and polysorbate 80, 1:1), and 84%
of PBS, and were probe sonicated for 20 minutes protected from light.

For intraductal administration, rats were anesthetized with isoflurane (2 — 2.5%, by
inhalation) and abdominal hair was removed using a depilatory cream (Migotto, Carvalho et
al. 2018, Carvalho, Salata et al. 2019, Salata and Lopes 2022). After 24 h, the nipples were
gently rubbed with gauze soaked in 70% alcohol to reveal the duct orifices, and the
treatments were intraductally administered (20 pL, 33G needle, Hamilton, Bonaduz,
Switzerland) to three pairs of nipples; intraperitoneal (i.p) injection was used as a control of
systemic administration. The in vivo fluorescence intensity was assessed using the IVIS
Spectrum system (Perkin-Elmer Life Sciences, Waltham, MA, USA, CEFAP-ICB-USP) for
up to 120 h. The following instrument settings were fixed for comparison among groups:

exposure time = 0.5 s, binning factor = 8 — 2 and excitation/emission = 465/540 nm
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(rhodamine B) or 640/780 nm (Alexa Fluor 647). To ensure that fluorescence was related to
the markers, unloaded nanocarriers were administered as controls.

To assess formulation-mediated histological changes, the mammary tissue was
excised, fixed in 10% formaldehyde and embedded in paraffin for sectioning (5 pum) and
staining (with hematoxylin/eosin) prior to microscopic analysis. In each section, the
infiltration of inflammatory cells and changes in the morphology of the ductal and lobular
units were studied (Carvalho, Salata et al. 2019, Salata and Lopes 2022). In addition to local
irritation evaluation, blood samples were collected from the left ventricle of the rats, at the
time of euthanasia, in tubes containing EDTA, to perform blood smears and differential

leukocyte counts.

2.10 Statistical analysis

The results are reported as means + standard deviation or means + standard error.
Data were statistically analyzed using t test or ANOVA followed by Tukey post hoc test
(GraphPad Prism Software, California, USA). Values were considered significantly different

when p<0.05.

3. Results
3.1 Nanostructured lipid carrier development and optimization

Particles obtained with Span 80 as surfactant and sonicated by 10 min displayed a
similar size whether tricaprylin or tributyrin were employed as liquid lipid (Figure 1 A).
Increasing the sonication time to 20 min reduced particle diameter only by 1.1 and 1.2-fold
for tributyrin and tricaprylin, respectively. When Span was replaced by PC and sonication
time was maintained at 10 min, a significant (p < 0.0001) increase in the diameter of

tributyrin-containing NLC (388.8 nm) compared to tricaprylin-containing NLC (221.6 nm)
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was observed. Increasing sonication time to 20 min reduced (by 1.3-fold) the diameter of
tributyrin-containing NLC, and it became similar to that containing tricaprylin.

All nanoparticles showed homogeneous size distribution, regardless of the choice of
formulation components and sonication time (denoted by a PDI < 0.25). Additionally, all
NLCs were negatively charged (-9.3 to — 25.5 mV). NLC obtained with tricaprylin showed
significantly lower Zeta potential values (p < 0.0019 and 0.0001) compared to NLC obtained
with tributyrin. For particles obtained with tricaprylin as liquid lipid, using Span 80 as
surfactant further reduced the Zeta potential of the formulation. Therefore, based on the
results, to use phosphatidylcholine as a surfactant and tributyrin as the liquid lipid (aiming at
enhancing the cytotoxic effect), longer sonication times were required to achieve the desired
size.

In the second round of formulation modifications, we assessed the effect of type and
concentration of the aqueous phase surfactant (Figure 1 B) when NLCs were produced using
PC at 3% as oil phase surfactant, tributyrin as liquid lipid and sonication for 20 min.
Nanoparticles obtained with 3% of surfactants in the aqueous phase showed reduced size,
regardless of whether Tween 80 or decyl glycoside was used. Reducing the surfactant
concentration to 1% increased the particle size significantly (1.6- and 2.6-fold for NLC
obtained with Tween 80 and decyl glucoside, respectively, p < 0.01 or 0.0001) and increased
the PDI in samples obtained with decyl glucoside (from 0.22 to 0.35, p < 0.0001). At 3%, the
aqueous phase surfactants reduced the Zeta potential, an effect that was more pronounced
with decyl glucoside (2.2-fold, p < 0.0001). However, the dispersions obtained with decyl
glucoside showed signs of low stability (mainly characterized by signs of creaming) after 2
weeks despite the fact that they were more negatively charged at the time of obtainment.

Based on these results, polysorbate 80 at 3% was selected as the aqueous phase surfactant.
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Next, the effect of drug incorporation was assessed (Figure 1 C). NLC obtained with
5-FU presented smaller diameter than paclitaxel-loaded nanocarriers at both concentrations
studied; the most significant difference was in formulations obtained with 1% of drugs and
10% of oil phase (1.33-fold smaller; p < 0.001). As all formulations were within the desired
size range for the proposed route of administration (200 — 500 nm), NLCs containing 1% of
the drugs were selected. Increasing the proportion of the oil phase to 20% reduced particle
size by up to 1.26-fold; however, a visual increase in the viscosity of the system was
observed, which could make intraductal administration of the formulation difficult.
Therefore, NLCs obtained with 10% of oil phase were selected.

Based on these results, optimal formulations were obtained with 1% of cytotoxic drug
(paclitaxel or 5-FU), 10% of oil phase (tributyrin and Compritol; 1:1, w/w), 6% of surfactants
(Tween 80 and phosphatidylcholine; 1:1, w/w) and 83% of aqueous phase (PBS). From now
on, the selected NLC will be referred to as NLC-TB, NLC-TB-P and NLC-TB-5FU,
respectively. Their composition is depicted in Table S2. Nanocarriers containing tricaprylin
as liquid lipid were employed for comparison in cytotoxicity studies, and will be referred to
as NLC-TC, NLC-TC-P and NLC-TC-5FU.

The morphological aspects, of the selected nanocarriers (drug-loaded and unloaded)
were further assessed using scanning electron microscopy (SEM) and the images revealed the
presence of approximately spherical particles with homogeneous distribution and mean sizes
in accordance with light scattering findings (Figure 2). On day 0, the entrapment efficiencies
of paclitaxel and 5-FU in selected NLC-TB dispersed in water were 92.6 + 0.4% and 60.7
1.5%, respectively, which supports previous observations of higher encapsulation of
lipophilic compounds (Andalib, Varshosaz et al. 2012, Bang, Na et al. 2019). NLC freeze-
drying promoted a slight reduction on the encapsulation efficiency of paclitaxel and 5-

fluorouracil (1.08 and 1.18-fold, respectively).
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3.2 Thermal analysis

Thermogravimetric analysis and differential scanning calorimetry were conducted to
evaluate the influence of tributyrin (the selected liquid lipid) in Compritol (solid lipid)
crystallinity and the influence of drugs on the thermal properties of the lipids. The DSC curve
of bulk Compritol shows two endothermic peaks at 73.5 °C and 430.9 °C (Table 1 and
Figure 3), which can be associated with the melting point and degradation of the lipid,
respectively (Aburahma and Badr-Eldin 2014). Its thermogram presents three main events:
first, we observed weight loss due to water evaporation (1.9% of weight loss), followed by a
two-step weight loss process (7.0 and 86.7%) related to Compritol degradation with an
endothermic peak around 430.9 °C (59.8 J/g), which can be attributed to the molecular
complexity of Compritol (mixture of glyceryl mono-, di- and tri-behenates). For tributyrin,
three events of weight loss were also observed, which can be attributed to water evaporation
or dissociation of other weakly bound molecules, lipid evaporation and degradation (NCBI
2023). The addition of tributyrin slightly reduced the melting temperature of Compritol from
73.5t0 65.9 °C, which was previously attributed in the literature to the molecular interactions
between the lipids (Marcial, Carneiro et al. 2017).

In the paclitaxel thermogram, three events were observed: weight loss due to water
evaporation (0.6% of weight loss from 25 to 200 °C), paclitaxel fusion (220.5 °C) and
exothermic drug degradation (243.6 °C and 47.6 J/g), which is in accordance with previous
reports (Marcial, Carneiro et al. 2017). When mixed with Compritol (1:10), the peaks
associated to paclitaxel fusion and degradation were not present, suggesting that the drug is
incorporated into the lipid matrix in an amorphous state or in a molecularly dispersed state
(Yerlikaya, Ozgen et al. 2013, Marcial, Carneiro et al. 2017). In this sample, only two heat

flow events were observed, referring to Compritol melting and degradation (73.7 and 430.6
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°C, respectively). Similar results were obtained for the mixture of paclitaxel, Compritol and
tributyrin (1:5:5). Finally, for 5-fluorouracil, two heat flux events were observed: water loss
(0.5% of weight loss from 25 to 120 °C) and drug fusion followed by its degradation (282.2
and 320.9 °C, respectively), which is in accordance with previous reports (Patel, Lakkadwala
et al. 2014). When mixed with Compritol, drug thermogravimetric events were not observed,
suggesting its amorphization in the lipid matrix (Amasya, Gumustas et al. 2018). However,
when tributyrin was added to the mixture, 5-FU decomposition event was observed (282.0
°C), indicating that part of the drug could be in the crystalline state.

The curves obtained for the NLCs suggest a complex system, as evidenced by a
change in the curve profiles. The unloaded-NLC (NLC-TB) exhibited a shift in the initial
Tonset (from 182.8 to 173 °C) compared to the curve of Compritol and tributyrin mixture,
suggesting possible interactions between the lipids and the other formulation components in
the nanostructured form. No distinct melting points were observed as in the physical mixtures
of the components. In drug-loaded NLCs (NLC-TB P and NLC-TB 5FU), a thermal profile
similar to unloaded NLC-TB was observed, reinforcing the interaction among the
components of the formulation and suggesting that the drug is incorporated in the
nanoparticles. Additionally, drug thermogravimetric events (fusion and degradation) were not
present, suggesting the amorphization of the drugs in the NLCs (Marcial, Carneiro et al.
2017, Amasya, Gumustas et al. 2018). Interestingly, NLC-TB 5-FU exhibited a weight loss
event (3.6%) at 102.4 °C, which was not observed in the other nanocarriers; however, we
believe this may be a shift from the weight loss event of the physical mixture of 5-FU,
Compritol and tributyrin observed at 145 °C (9.4% of weight loss). Finally, greater stability
of the nanocarriers is suggested compared to isolated materials, since their degradation was

less abrupt and there was the presence of a greater mass of residue (7.0 — 10.1%) at 500 °C.
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3.3 Formulation effects on cell viability

The cytotoxic effects of the nanocarriers were investigated on breast cancer cells as
monolayers and spheroids; luminal A (progesterone and estrogen receptors positive) MCF-7
and T-47D cell lines and triple-negative MDA-MB-231 were evaluated (Holliday and Speirs
2011). The experiments were conducted to assess whether (i) paclitaxel or 5-FU
incorporation in nanocarriers increased its cytotoxic effects compared to the drug solutions,
and (ii) tributyrin incorporation as the liquid lipid increased NLC cytotoxicity. To study
selectivity towards tumor cells, non-tumor MCF-10A cells were also treated with selected

formulations.

3.3.1 Nanocarriers cytotoxic effects in monolayers

Figure 4 (left panel in A, B, C and D) demonstrates the effects of nanocarriers on
cell viability. Nanoparticles obtained using tricaprylin as liquid lipid (NLC-TC) did not
reduce cell viability to values below 50%, not even at the highest NLC concentration (50
mg/mL). In turn, nanocarriers cbtained with tributyrin (NLC-TB) showed increased cellular
cytotoxicity as their concentration increased, resulting in a shift of the viability curve to the
left and ICs values ranging between 7.1 and 24.6 mg/mL (Table 2). The least pronounced
effect was in MDA-MB-231 cells. NLC cytotoxicity was approximately 3-fold greater in
MCF-7 and T-47D cells than in the triple negative cancer model, suggesting differences on
the cell line sensitivity. As expected, drug incorporation increased the cytotoxicity of NLC-
TB.

Comparing the nanocarriers with drug solutions, the cytotoxicity of drug-loaded
tributyrin-containing NLC was comparable to the drug solution in tumor cells, resulting in
similar values of ICsp. On the other hand, higher values of ICsy were observed for drug-

loaded NLC containing tricaprylin (NLC-TC), both for paclitaxel and 5-fluorouracil. The
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ICsp of NLC-TB-P was 2 to 6.1-fold lower than NLC-TC-P. For 5-fluorouracil, the
differences ranged from 2.3 to 10.8-fold depending on the cell type. For both drugs, the most
pronounced differences were observed in MDA-MB-231 cells. Thus, the use of tributyrin as
liquid lipid in the nanocarrier brought an advantage in terms of increased cytotoxicity
compared to tricaprylin, but not to the drug solution. Due to its higher cytotoxicity, only

NLC-TB was evaluated in 3D models.

3.3.2 Nanocarriers cytotoxic effects in 3D models

Three-dimensional culture systems were developed to better mimic the physical and
biochemical features of the tumor microenvironment in vivo than cell monolayers (Dartora,
Salata et al. 2022, Salata and Lopes 2022). MCF-7 and T-47D cells were selected for
spheroid production since their spheroids present a compact architecture that facilitates
handling and a detailed characterization in the literature (Kapatczynska, Kolenda et al. 2018).
Incorporation of drugs increased nanocarrier cytotoxicity (Figure 5 and Table 2) as
expected, resulting in a shift of the viability curve to the left and reduction in ICs, values of
the formulation. The most pronounced effect was observed for 5-fluorouracil-loaded carriers
in T-47D spheroids, in which a 11-fold reduction (from 58.9 mg/mL) was observed on the
formulation 1Cs, value when 5-fluorouracil was incorporated.

Comparing the cytotoxicity of drug solutions and drug-loaded NLC-TB, we observed
that paclitaxel and 5-FU nanoencapsulation increased their cytotoxicity in MCF-7 spheroids
by 2.6- and 3.8-fold compared to their drug solutions, respectively. For T-47D spheroids drug
cytotoxicity was increased by 2.0- and 4.0-fold. These results suggest an advantage of the
nanocarrier compared to the drug solution in a more representative tumor model.

Images of spheroids were included in Figure 5 to compare average size and visual

aspects before and after treatment. On day 1 after preparation, MCF-7 and T-47D spheroids
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presented an approximately spherical morphology and mean sizes of 410.5 + 14.1 and 365.3
+ 45.4 um, respectively; on day 5, the size of the spheroids increased by approximately 1.25-
fold, and it is possible to see the darker, necrotic center in the images (Dartora, Salata et al.
2022). After treatment with the nanocarriers (at their 1Csg), the spheroids became darker and a
greater presence of loose cells and cellular debris in both cell lines was observed, which is
consistent with previous reports (Salata and Lopes 2022). Furthermore, for MCF-7 spheroids,

a loosening of cellular packaging and spheroid fragmentation was observed.

3.4 Formulation safety

Although the aim of this study is the local delivery of the incorporated drugs by the
intraductal route, it is important to evaluate the safety of the selected formulation in case part
of the nanocarriers undergo systemic absorption. The Galleria mellonella model was chosen
for formulation safety screening before using in vivo models since it is easy to handle,
provides visible health index results (larvae activity, melanization, survival and pupal
formation), is maintained at physiological temperature and allows administration by different
routes (in this study, proleg injection was chosen to mimic systemic absorption) (Migotto,
Carvalho et al. 2018, Passos, Martino et al. 2020, Piatek, Sheehan et al. 2021). Three days
after administration, a significant reduction in the health index of larvae treated with
nanocarriers was observed compared to the control (Figure 6A), which is consistent with
tributyrin ability to increase the NLC cytotoxicity even in the absence of drugs. However, the
reduction in health index did not reflect a significant reduction in larval survival (Figure 6B),

suggesting the overall safety of the formulation for local administration.

3.5 Nanocarriers incorporation in thermosensitive systems



Journal Pre-proof

The first step of the NLC incorporation into thermosensitive solutions was the
selection of the poloxamer concentration. Solutions containing 1 — 20% of the polymer were
prepared and their viscosity under heating was studied using the tube inversion method
(Tavakoli, Taymouri et al. 2019). Solutions of poloxamer 11 — 15% were selected for the
evaluation of the rheological behavior, as viscosity gain at biological temperature was
observed without the formation of a high viscosity gel, which could cause duct obstruction
(Supplementary Table S2). Figure 7 and Supplementary Figure S1 show the rheological
behavior and viscosity of selected poloxamer dispersions at 25 and 37°C. Poloxamer aqueous
dispersions at 11 — 14% presented linearity between shear stress and shear rate, characterizing
a Newtonian fluid behavior (flow index ~ 1, Supplementary Table S3). Increasing
poloxamer concentration to 15% resulted in absence of linearity between shear stress and
shear rate at 37°C and pronounced viscosity gain, characterizing a pseudoplastic behavior
(flow index < 1). Poloxamer at 11% was selected because it met the criteria of fluidity at
room temperature (which should result in an easy administration) and formation of a fluid gel
at physiological temperature for an increased retention in the breast tissue without risking the
occurrence of obstruction.

Next, we evaluated whether the rheological behavior of the dispersion was altered
upon nanoparticle incorporation. Figure 7A and B represents the rheological behavior and
viscosity of selected nanocarriers dispersed in water (as obtained), poloxamer aqueous
dispersion (at 11%) and NLC dispersed in poloxamer. The NLC dispersed in water exhibited
a non-linear relationship between shear stress and shear rate and decrease of viscosity with
progressive increases of the shear rate for both temperatures, which is consistent with
pseudoplastic rheological behavior (flow indexes of 0.14 and 0.05 at 25 and 37 °C,
respectively). In turn, the poloxamer aqueous solution before and after nanocarrier

incorporation presented Newtonian rheological behavior at 37°C, represented by the linearity
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between shear stress and shear rate. Viscosity gain (1.40- and 2.03-fold for solutions with and
without nanocarriers, respectively) at physiological temperature was observed, confirming
poloxamer thermoresponsive behavior even after nanoparticle incorporation. Taken together,
these results indicate that incorporation of nanoparticles did not alter the rheological and

thermosensitive behavior of poloxamer solutions.

3.6. Changes on NLC characteristics and drug encapsulation upon short-term storage

The drug-loaded NLC characteristics were evaluated in a short-term storage study (60
days) and compared to the unloaded formulations. Three experiments were performed to
evaluate changes (i) on the NLC as a dispersion (as it was obtaired, Figure 8A), (ii) on NLC-
loaded poloxamer dispersion (Figure 8B), and (iii) on the encapsulation efficiency of drugs
in the NLC aqueous dispersion as obtained, in the NLC poloxamer dispersion and after
freeze-drying (Figure 8C). The NLC aqueous dispersions (as obtained) remained stable and
within the quality criteria in the first 30 days of the trial. After this period, a significant
reduction in the absolute value of the zeta potential and an increase in the diameter of the
nanoparticles was observed, especially for drug-loaded NLCs. The diameter of paclitaxel and
5-fluorouracil-loaded nanocarriers increased by 1.3- and 1.7-fold, while the zeta potential
decreased by 1.2 and 1.3-fold, respectively. The polydispersity index of the nanoparticles
presented more discreet variations over time. No alterations, such as the formation of
aggregates or phase separation, were observed macroscopically.

Nanocarriers that were freeze-dried and resuspended in poloxamer dispersion
displayed less changes on physicochemical characteristics than the NLC in water (as
obtained) during the storage period. After 60 days, less pronounced increases in the mean
diameter of unloaded- (1.1-fold), paclitaxel-loaded (1.1-fold) and 5-FU-loaded (1.2-fold)

particles were observed compared to initial values compared to the nanocarriers dispersed in



Journal Pre-proof

water (Figure 8B). No change in the macroscopic aspect of the formulation was observed
and there were no pronounced changes in the values of PDI and zeta potential, suggesting
that incorporation into the gel improves the stability of the system.

After 30 days of storage, the encapsulation efficiency of the drugs in the NLC
aqueous dispersion was reduced (2.3- and 1.8-fold compared to day 0 for paclitaxel and 5-
fluorouracil), which may be justified by drug release. As expected, after freeze-drying, the
systems preserved drug encapsulation. After 60 days, the encapsulation efficiency of
paclitaxel in the NLC aqueous dispersion, NLC poloxamer dispersed in gel and after freeze-
drying was 8.65-, 4.11- and 1.08-fold lower. Similar results were obtained for 5-FU:
reduction of 6.67-, 2.16 and 1.14-fold in encapsulation efficiencies were observed for NLC
dispersed in water, NLC-Poloxamer and freeze-dried samples. These results demonstrate that
freeze-drying the NLC can not only enable the cobtainment of thermosensitive delivery

systems, but also preserve drug encapsulation during short-term storage.

3.7 Evaluation of in vitro drug release

To assess whether NLC incorporation in the poloxamer dispersion prolonged drug
release compared to the NLC aqueous dispersion and simple drug solutions, in vitro studies
were performed. As shown in Figure 8D, paclitaxel was released at a slower rate from
nanocarriers compared to a drug solution with approximately 53% of the drug released of the
NLC by 24 h compared to 94% of drug diffused from the control. Linear correlation
coefficient (R?) values for zero-order, first-order and Higuchi models were 0.9887, 0.7368
and 0.9982, which suggests that drug release kinetics follows the Higuchi model (Marathe,
Shadambikar et al. 2022). The incorporation of nanocarriers in gel resulted in a drug release
profile similar to its dispersion in water, suggesting that for lipophilic drugs, the main barrier

for release is most likely the diffusion out of the lipid matrix. Only at the last time point time
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(24 h), drug release from the thermosensitive system differed from the nanocarrier in water,
being 1.25-fold smaller. Higher R? values were also observed when data was fitted according
to the Higuchi model (R? = 0.9338).

The release rate of 5-FU from the NLC was faster than paclitaxel, with approximately
33.9 £ 3.4% of the drug being released over the first hour. Smaller amounts of 5-FU were
released from the NLC compared to the drug solution within the first hours of the
experiment; however, after 8 h no significant difference was observed compared to the
control. Data fitting to study release kinetics employed the cumulative drug released until 8 h,
since a plateau was observed after this time period. Incorporation in the poloxamer dispersion
provided a slower release of 5-fluorouracil: approximately 30% of the drug was released after
8 hours and 44% at the end of the experiment, suggesting the higher impact of the gel matrix
for the release of a hydrophilic compound. 5-Fluorouracil release from NLC and the gel
containing NLC was best described by the Higuchi model (R?= 0.9201 and 0.9583 for NLC
dispersion and NLC gel, respectively), which is in accordance with previous studies

(Rajinikanth and Chellian 2016).

3.8 Evaluation of Formulation Mammary Tissue Retention

To evaluate the effect of nanocarriers on the retention time in the breast tissue of
compounds with different physicochemical properties administered by the intraductal route,
we developed nanoparticles with lipo- and hydrophilic fluorescent markers (rhodamine B and
Alexa Fluor 647, respectively). Using an in vivo imaging system, we compared the retention
of markers administered locally or systemically and whether nanocarrier incorporation in the
poloxamer solution affected tissue retention. First, nanocarriers without the incorporation of
markers were intraductally administered (NLC i.d.) to ensure that the formulation did not

show autofluorescence; the absence of tissue autofluorescence was also verified (Figure 9A).
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Administration of the nanocarrier as aqueous dispersion (as obtained) was more
difficult than the fluorophore solution or the poloxamer dispersion, leading to needle
obstruction; in three of the animals, about 1/3 less volume was administered compared to the
solutions. This was a disadvantage of the NLC dispersion. To account for this technical
difficulty, the fluorescence staining along 120 h was measured, and the remaining
fluorescence at each time point was calculated to estimate the formulation ability to prolong
mammary tissue retention.

Systemic administration of rhodamine-loaded nanocarriers (NLC-R i.p.) resulted in
intense fluorescence staining in the abdominal cavity on the day of administration, which was
reduced to approximately 18% of the initial intensity after 24h, indicating its distribution and
elimination (Figure 9B). When compared to systemic administration, intraductally
administered rhodamine solution (Sol-R i.d.), rhodamine-loaded NLC (NLC-R i.d.) and its
further incorporation in the thermosensitive system (NLC-R Gel i.d.) promoted greater
fluorescence signal in the breast tissue, evidencing the advantage of local administration.
Staining resulting from the administration of rhodamine-loaded NLC and the solution of the
fluorochrome along 120 h was similar, as was the fluorescence decay. In turn, the
thermosensitive system resulted in greater permanence of fluorescence staining in the breast
tissue: 65.7-+ 18.9% fluorescence intensity was observed on day 5 for the thermosensitive
group, compared to 30.7 £ 12.1% and 28.2 + 10.4% for rhodamine-loaded NLC and
rhodamine solution, respectively.

For the hydrophilic marker (Alexa Fluor) a pronounced reduction of fluorescence
signal was observed 24 hours after its administration in solution. For NLC dispersed in water,
this reduction was less pronounced for up to 48 hours. Reduction of the fluorescence signal in
breast tissue was lower when the NLC was incorporated in a thermosensitive system. At the

end of the experiment (day 5), we observed that 81.0 = 11.4%, 37.0 + 0.0% and 26.6 + 8.9%
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of the fluorescent signal was maintained for the thermosensitive system, lipid carrier and
solution, respectively.

To assess local irritation, tissue histology was analyzed after formulations
administration (Figure 10). Mammary tissue architecture and its typical structures were
maintained in all groups, including the cuboidal epithelium of the breast ducts and the
surrounding adipocytes and connective tissue (stroma); no inflammatory signs were observed
(Masso-Welch, Darcy et al. 2000). Additionally, blood smears were analyzed, which revealed
the absence of any changes in numbers or abnormalities in the animals’ white blood cell
count (Supplementary Table S4) (Jacob Filho, Lima et al. 2018). Thus, these results suggest
that although addition of tributyrin increased NLC cytotoxicity in vitro, it did not lead to

changes in blood cell count or local tissue irritation.

4. Discussion

Despite the growing interest, the characteristics and quality attributes of formulations
intended for intraductal administration have not been intensively investigated yet (Singh, Gao
et al. 2012, Gu, Gao et al. 2018, Joseph, Islam et al. 2020). The ideal nanocarrier diameter to
improve drug retention in the ducts, for example, is a matter of debate. Nanoparticles with
diameter ranging from a few nanometers to a few micrometers have been investigated, and it
seems that, within a specific range, smaller nanoparticles lead to lower tissue retention
(Singh, Gao et al. 2012, Gu, Gao et al. 2018, Joseph, Islam et al. 2020). However, an upper
limit for nanoparticle diameter that relates to maximal retention without promotion of
obstruction (especially in ducts filled with DCIS) is yet to be determined. Avoiding duct
obstruction and local damage is important for patients with pre-tumoral lesions and/or for
those considering intraductal therapy for prevention (Stearns, Mori et al. 2011). Thus, a size

range associated with safety was selected for NLC development here.
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Because inclusion of cytotoxic components in nanocarriers has been demonstrated to
potentiate drug cytotoxicity, we started this study assessing the possibility to replace the
liquid lipid by tributyrin (Migotto, Carvalho et al. 2018, Fukumori, Branco et al. 2023). NLC
obtained with tributyrin presented larger particle sizes than those obtained with tricaprylin,
which might be related to the viscosity differences and reductions in lipid phase diffusion
rates (Eiteman and Goodrum 1994, Jenning, Thinemann et al. 2000). However, cytotoxicity
was also reduced with tricaprylin use. NLC obtained with higher surfactant content presented
a reduction in nanoparticle size, which can be attributed to the reduction of surface tension,
improvement of the stabilization of smaller NLCs and prevention of their coalescence
(Gupta, Poudel et al. 2015). The relevance of surfactant type and geometry for NLC
characteristics was also observed comparing decy! glucoside (DG) and Tween 80. Despite
having have similar HLB values (~15), their molecular geometry is different: while DG has a
saturated tail, polysorbate 80 has an unsaturated and kinked chain, which affects the packing
of surfactant molecules at the oil-water interface (Saberi, Fang et al. 2013). These differences
in packing and steric hindrance effects on the surface of the particles may be associated with
the higher stability of polysorbate-based NLCs, despite the relatively lower values of zeta
potential compared to decyl glucoside (Li, Qin et al. 2016, Cortés, Hernandez-Parra et al.
2021).

An improvement in NLC stability was observed upon nanocarrier incorporation in the
poloxamer dispersion (to obtain the in situ gel), which is consistent with previous
observations by Vaghasiya and colleagues and attributed to the increased viscosity and the
three-dimensional network structure of the external phase as temperature increases,
prevention of particle aggregation and reduction of polymorphic transitions of the lipid
matrix (Vaghasiya, Kumar et al. 2013). Incorporation of NLCs in the poloxamer gel also

delayed drug release, which might help to reduce the frequency of administration.
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Differences in the release of paclitaxel and 5-FU were observed, with 5-FU release
being faster. This is consistent with the higher percentage of non-encapsulated 5-FU in the
system (about 40%), which could readily diffuse through the membrane. Additionally,
differences in drug solubility might also be involved (Zoubari, Staufenbiel et al. 2017,
Mekjaruskul, Beringhs et al. 2021). Zoubari and colleagues demonstrated that the release of
lipophilic drugs from lipid carriers occurs more slowly than more hydrophilic drugs (Zoubari,
Staufenbiel et al. 2017), which corroborate our observations that paclitaxel was released more
slowly than 5-FU.

The inclusion of tributyrin and phosphatidylcholine in the NLC was selected based on
the potential advantages of these components for uptake and cytotoxicity. The uptake of
NLCs by breast tumor cells has been reported to occur primarily by caveola-mediated
endocytosis (Ong, Bafiobre-Lopez et al. 2020, Tan, How et al. 2023), but other studies
suggest the participation of clathrin in the uptake of lipid nanocarriers by tumor cells (Granja,
Nunes et al. 2022). The influence of composition on the uptake of lipid nanoparticles has
been demonstrated in previous studies. For example, Zhan and colleagues demonstrated that
tumor-derived exosomes-in which PC were inserted showed up to a 2-fold increased tumor
cell uptake compared to native exosomes (Zhan, Yi et al. 2021). The internalization of
phosphatidylcholine and its derivatives seemed to occur preferentially in breast tumor cells
compared to-normal mammary cells (Villa, Caporizzo et al. 2005). When it comes to
cytotoxicity, tributyrin, a pro-drug of butyric acid, demonstrated cytotoxic effects against
tumor cells through caspase-3-independent pathways, dissipation of the mitochondrial
membrane potential, and epigenetic modulation of histones (Heerdt, Houston et al. 1999,
Heidor, Ortega et al. 2012). It increased nanoemulsion cytotoxicity in breast cancer cells even
in the absence of drugs (Migotto, Carvalho et al. 2018). Building upon this study, Salata and

Lopes demonstrated potentiation of paclitaxel cytotoxicity at a eight-fold lower concentration
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(Salata and Lopes 2022). Fukumori et al. demonstrated that both tributyrin and tripropionin
increased the cytotoxicity of 5-FU in multiple nanoemulsion, but the magnitude of this effect
depended on the mutation status of colorectal cancer cells (Fukumori, Branco et al. 2023).
Bras-Goncalves and colleagues also demonstrated the ability of a butyrate derivative (3-n-
butyrate) to increase the effectiveness of 5-FU in colorectal cancer cells (Bras-Gongalves,
Pocard et al. 2001). Although we did not study the impact of PC for nanocarrier
internalization here, our results corroborate the ability of tributyrin to improve the
cytotoxicity of NLC despite the differences in the physical state of the nanocarriers: the NLC
is solid at body temperature while nanoemulsions (employed in previous studies) are liquid.
The increase in cytotoxicity upon the replacement of tricaprylin by tributyrin was more
pronounced with the unloaded NLC. Nevertheless, even though drug release was slower from
the nanocarrier compared to the solution, 1Csy values for drug-loaded NLC-TB and drug
solutions were closer (and lower) than for NLC-TC. These results demonstrate the relevance
of optimizing NLC production to enable tributyrin use. Additionally, the cytotoxicity increase
of the drug-loaded NLC due to tributyrin incorporation was more pronounced in MDA-MB-
231 cells, which is interesting considering that there are limited options for triple negative
breast cancer treatmernt.

Another interesting finding was that nanoencapsulation promoted a more pronounced
reduction in the 1Csy of drugs in spheroids than in cell monolayers. Differences in viability
upon exposure to free or nanoencapsulated drugs have been reported for spheroids from
several cell lines (Juarez-Moreno, Chavez-Garcia et al. 2022). Since the three-dimensional
cell culture model better mimics drug diffusion characteristics and hurdles observed in vivo, it
is reasonable to suggest that nanoparticles might contribute to improve drug penetration into

the inner core of the spheroid as observed for other nanocarriers (Dartora, Salata et al. 2022),
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leading to increased drug accumulation and a more pronounced cytotoxic effect in spheroids
(Grabowska-Jadach, Zuchowska et al. 2018, Juarez-Moreno, Chavez-Garcia et al. 2022).
Nanocarrier modification with bioadhesive components and the administration of gels
have been demonstrated to prolong local retention of drugs (Joseph, Islam et al. 2020,
Dartora, Salata et al. 2022, Salata and Lopes 2022), which is relevant for reduction of the
frequency of administration, especially if we consider the technical difficulties described for
the intraductal administration (Love, Zhang et al. 2013). This led us to investigate the
association of NLC and an in situ poloxamer-based gel for prolongation of mammary
retention. Our results support the relevance of this association. Despite the difficulties in the
administration of the NLC aqueous dispersion (which constitute a disadvantage of the
nanocarrier), it was able to prolong the mammary retention of the hydrophilic, but not the
hydrophobic, fluorophore. On the other hand, incorporation of the nanocarrier in the
poloxamer dispersion seemed to prolong both. The lipophilicity of incorporated compounds
has been demonstrated to influence the ability of nanocarriers to prolong their retention in the
mammary tissue. For example, more lipophilic drugs are more likely to remain longer in the
ducts and mammary tissue because of interactions with fat components independently of their
encapsulation (Sapienza Passos, Dartora et al. 2023). This justifies doxorubicin hydrochloride
enhanced tissue permanence (ty, of 2.0 £ 0.4 h, solubility in water ~50 mg/mL) compared to
fluorescein disodium (14.5 min, solubility in water ~500 mg/mL) (Singh, Gao et al. 2012).
We have previously observed that a nanoemulsion affected more pronouncedly the retention
of the hydrophilic Alexa fluor compared to the lipophilic C6 ceramide (Migotto, Carvalho et
al. 2018, Carvalho, Salata et al. 2019). Therefore, in addition to aiding stability, addition of
nanoparticles into the poloxamer matrix seemed to prolong mammary retention. This effect
might be attributed to the aggregation of the hydrophobic blocks of the polymer and gel

formation with increasing temperature, reducing tissue clearance of encapsulated compounds
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(Ci, Huang et al. 2017, Soliman, Ullah et al. 2019). Increases in tissue retention allows a
reduction in dose frequency, and might contribute to treatment adherence and efficacy

(Shaker, Shaker et al. 2016).

5. Conclusion

In this study, we optimized nanostructured lipid carriers for the intraductal
administration of paclitaxel and 5-fluorouracil. The selection of tributyrin as oil phase was
essential to increase cytotoxicity in tumor cells, but to use phosphatidylcholine as a surfactant
and tributyrin as the liquid lipid, longer sonication times were required to achieve the desired
nanocarrier size. Incorporation of selected nanoparticles into poloxamer thermosensitive gels
contributed to the (i) sustained drug release and improved stability upon short-term storage of
the NLC, and (ii) prolonged in vivo retention of fluorescent markers with distinct
physicochemical characteristics. Taken together, the results from this study contribute to
improving our understanding of nanocarrier design with increased cytotoxicity and prolonged

retention for the intraductal route and local breast cancer treatment.
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FIGURE CAPTIONS AND TABLES

Figure 1. Influence of composition modification, sonication time and drug incorporation on
the physicochemical characteristics of nanocarriers. (A) Influence of the type of liquid oil
(tributyrin, TB, or tricaprylin, TC), oil phase surfactant type (span 80 or phosphatidylcholine,
PC) and sonication time (10 or 20 min) on size, PDI and zeta potential of the NLC. (B)
Influence of aqueous phase surfactant type (polysorbate 80 or decyl glucoside, DG) and
concentration (1 or 3%, w/w) on size, PDI and zeta potential of the NLC. (C) Influence of the
drug type (paclitaxel, P, or 5-fluorouracil, 5FU) and concentration (0.5 or 1%, w/w) on size,
PDI and zeta potential of the NLC. * p < 0.05, ** p < 0.01, *** p < 0.001 and *** p <

0.0001.
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Figure 2. Scanning Electron Microscopy images of (A) Unloaded nanocarriers, (B)
Paclitaxel-loaded nanocarriers and (C) 5-Fluorouracil-loaded nanocarriers. The original scale
bar is included in the images, but because of its reduced size, a white line with the same
length as the original scale bar was included in all images to facilitate size estimation. Scale

bar =2 um.

Figure 3. Thermogravimetric (TGA) and differential scanning calorimetry (DSC) curves of
tributyrin, Compritol, paclitaxel, 5-fluorouracil, the physical mixtures of the different
compounds and freeze-dried NLCs. NLC-TB: NLC containing tributyrin (TB) as liquid oil;
NLC-TB-P: NLC containing tributyrin (TB) as liquid oil and paclitaxel; NLC-TB-5FU: NLC

containing tributyrin (TB) as liquid oil and 5-FU.

Figure 4. Influence of nanocarrier composition and drug encapsulation on the cytotoxicity in
(A) MCF-7, (B) T-47D, (C) MDA-MB-231 cells and (D) MCF-10A in 2D (monolayer)
culture after 72 h of treatment. Data are represented as the mean = SO, n = 8 — 12. The
concentrations of the formulation and drugs, paclitaxel and 5-fluorouracil (5-FU), are
represented in mg/mL and uM, respectively. NLC-TC: NLC containing tricaprylin (TC) as
liquid oil; NLC-TC-P: NLC containing tricaprylin (TC) as liquid oil and paclitaxel; NLC-TC-
5FU: NLC containing tricaprylin (TC) as liquid oil and 5-FU; NLC-TB: NLC containing
tributyrin (TB) as liquid oil; NLC-TB-P: NLC containing tributyrin (TB) as liquid oil and
paclitaxel; NLC-TB-5FU: NLC containing tributyrin (TB) as liquid oil and 5-FU; sol-P:

solution of paclitaxel; sol-5FU: solution of 5-FU.

Figure 5. Influence of nanocarrier composition and drug encapsulation on cytotoxicity of (A)

MCF-7 and (B) T-47D cells in 3D (spheroids) culture after 72 h of treatment. Data are
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represented as the mean + sd, n = 3 — 4. The concentrations of the formulation and drugs
(paclitaxel and 5-FU) are represented in mg/mL and pM, respectively. NLC-TB: NLC
containing tributyrin (TB) as liquid oil; NLC-TB-P: NLC containing tributyrin (TB) as liquid
oil and paclitaxel; NLC-TB-5FU: NLC containing tributyrin (TB) as liquid oil and 5-FU; sol-

P: solution of paclitaxel; sol-5FU: solution of 5-FU.

Figure 6. Morbidity (A) and survival (B) curves of Galleria mellonella larvae treated with
nanostructured lipid carriers (NLC-TB) and PBS (negative control). ** p < 0.01 and *** p <

0.001 compared to negative control.

Figure 7. Characterization of the poloxamer dispersion containing NLC. Panels A and B
depict the influence of NLC incorporation on the rheological behavior (A) and viscosity (B)

of selected formulations at 25° (black circles) and 37 °C (grey circles).

Figure 8. Drug release and stability upon short-term storage of selected formulations. Panel
(A) shows the cumulative release of paclitaxel and 5-fluorouracil from nanocarriers and drug
solutions as a function of time. Panel (B) represents the changes in size, polydispersity index
and zeta potential of unloaded NLC (NLC-TB) and drug-loaded NLC (NLC-TB-P and NLC-
TB-5FU for paclitaxel- and 5-Fluorouacil-loaded nanocarriers) over 60 days. Panel (C)
represents changes on the encapsulation efficiency of paclitaxel and 5-fluorouracil for 60
days. Panel (D) represents the influence of NLC lyophilization and incorporation in
poloxamer dispersion on size distribution, polydispersity index (PDI) and zeta potential for
60 days. ** p <0.01, *** p <0.001 and *** p < 0.0001 vs NLC-TB at day 0; ## p < 0.01 and
### p < 0.001 vs NLC-TB-P at day 0; and $$ p < 0.01 and $$$ p < 0.001 vs NLC-TB-5FU at

day 0.
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Figure 9. In vivo mammary retention of the fluorescent markers rhodamine (“R”) and Alexa
Fluor 647 (“A”) over 120 h after intraductal (i.d.) or peritoneal (i.p) administration (A)
Representative images of the fluorescence signal in Wistar female rats treated with solutions
(Sol), nanostructured lipid carrier loaded with markers dispersed in water (NLC) or
incorporated in poloxamer (named NLC Gel, considering the viscosity gain at physiological
temperature); unloaded NLC was employed for autofluorescence assessment. (B) Decay of
fluorescence intensity along 120 h after ID administration. **** p < 0.0001 compared to

NLC Gel i.d.

Figure 10. Histological characteristics of breast tissue after treatment with experimental
groups: (i) intraductal unloaded-NLC, (ii) intraductal Rhodamine-NLC (NLC-R), (iii)
intraductal rhodamine-NLC incorporated in gel (NLC-R Gel), (iv) intraductal rhodamine

solution (Sol-R) and (v) intraperitoneal NLC-R. HE stains and scale bar = 100 pum.
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Table 1. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) data of the
pure substances (tributyrin, compritol, paclitaxel and 5-fluorouracil), the physical mixtures of the
different compounds and the selected nanostructured lipid carriers (drug-loaded and unloaded).
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T range = Temperature range, DTG = derivative thermogravimetry, AH = enthalpy (normalized), Tonset =
onset temperature, Tpea = peak temperatute, TB = Tributyrin, CP = Compritol, P = Paclitaxel, 5-FU = 5-
Fluorouracil, NLC-TB: NLC containing tributyrin as liquid lipid, NLC-TB-P: NLC containing tributyrin
as liquid lipid and paclitaxel, NLC-TB-5FU: NLC containing tributyrin as liquid lipid and 5-FU.

Table 2. Values of IC50 related to MCF-7, T-47D, MDA-MB-231 and MCF-10A cell lines cultured
in monolayer (2D model) or spheroids (3D model).

MCF-7 T-47D MD%‘{V'B' MCF-10A
IC Ic
IC50 | 50 | IC50
1C50 1C50 (mg/m | (U | (mg/m 50
Trea (mg/mL, 1C50 (UM, IC50 (UM, (n
Dru ] (mg/mL, L, M, L,
tmen (formulation drug) - drug) M,
t g ) formulation) formu | dr | Formu dr
lation) | ug | lation)
) ug)
Mon | Sph | Mon | Sph | Mon | Sph | Mon | Sph
olaye | eroi | olaye | eroi | olaye | eroi | olaye | eroi | Monolayer | Monolayer
r d r d r d r d
NLC
B ] 7.8 | 30.7 - - 7.1 | 589 - - 24.6 - 8.6 -
NLC X ) i ) ) i i i i ) i )
TC
NLC 49.3 54.5 58. 36.
B 1.3 9.7 | 14.9 7 1.1 9.7 | 151 7 5.0 4 3.1 5
NLC | Pacli 35 10
TC | taxel 2.6 - 30.6 | NE 3.3 - 40.0 | NE 23.2 35 9.0 6.1
Solut 303. 174, 12 22.
on 13 | 259 | 154 5 1.7 | 194 | 179 7 11.8 01 2.0 0
NLC 239. 161. 80. 50
B 1.3 78 | 832 5 1.4 52 | 107.7 9 1.6 3 6.9 73
NLC 86 10
5-FU | 3.6 - 2749 | NE 3.7 - 284.0 | NE 11.3 17.4 | 42.
TC 7.2 0
Solut 932. 655. 12 35
on 1.6 | 30.0 | 100.8 5 15 | 21.3 | 1189 2 35 8.0 4.8 6.0

NE = not evaluated
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