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Abstract

The present investigation was focused on the development of Soluplus®-based
nanomicelles (NMs) (10 % wi/v) loaded with Efavirenz (EFV) (5 mg/mL) and
Curcumin (natural bio-enhancer) (CUR) (5, 10 and 15 mg/mL) to improve the oral
bioavalability of EFV. Micellar formulations were obtained employing an acetone-
diffusion technique. Apparent aqueous solubility was increased up to ~1250-fold and
25,000-fold for EFV and CUR, respectively. Drug-loaded nanoformulations showed
an excellent colloidal stability with unimodal size distribution and PDI values < 0.30.
In vitro drug release was 41.5 % (EFV) and 2.6 % (CUR) from EFV-CUR-NMs over
6 h in simulated gastrointestinal fluids. EFV-CUR-loaded NMs resulted as safe
nanoformulations according to the in vitro cytocompatibility assays in Caco-2 cells.
Furthermore, CUR bio-enhancer activity was demonstrated for those
nanoformulations. A CUR concentration of 15 mg/mL produced a significant
(p<0.05) increment (2.64-fold) of relative EFV oral bioavailability. Finally, the active
role of the lymphatic system in the absorption process of EFV, after its oral
administration was assessed in a comparative pharmacokinetic study in presence
and absence of cycloheximide, a lymphatic transport inhibitor.

Overall our EFV-CUR-NMs denoted their potential as a novel nanotechnological
platform, representing a step towards an optimized “nano-sized” therapy for AIDS
patients.

Keywords: Efavirenz; Curcumin; Oral bioavailability; Bio-enhancer; Polymeric
micelles; HIV/AIDS

1. Introduction

Since its discovery in 1981 the Human Immunodeficiency Virus/Acquired
Immunodeficiency Syndrome (HIV/AIDS) has remained a major public health issue
worldwide, having claimed 40.1 million lives so far. According to the latest World
Health Organization (WHO) statistics, more than 38 million people are infected with



HIV, and around 1.5 million people became infected with HIV in the last year (World
Health Organization (WHO), 2023). To this day HIV remains uncurable, and so the
only alternative left to patients with HIV/AIDS is a treatment called High Activity
Antiretroviral Therapy (HAART), which consists of the chronic oral administration of
a combination of antiretroviral drugs which can temporarily suppress viral replication
(World Health Organization (WHO), 2023). However, issues like toxicity and viral
resistance to the drugs are very common in prolonged treatments as HAART.
Therefore, many patients do not tolerate the side effects of the drugs and must often
rotate antiretrovirals. One of the main reasons why HAART is unable to cure this
illness is due to the ability of the HIV virus to form anatomical reservoirs in different
locations within the human body, such as the central nervous system (CNS),
lymphatic system, liver, lungs and reproductive organs. These viral reservoirs are
isolated by various anatomical barriers that limit the entry of the antiretroviral drugs,
affecting their antiviral activity. (Cao and Woodrow, 2019).

The preferred route of administration for any chronic treatment is the oral route due
to its convenience and patient compliance. However, the low oral bioavailability of
some antiretrovirals drugs has been a tough challenge to overcome; as low water
solubility, hepatic metabolism, P-glycoprotein (P-gp) efflux, etc., are all factors that
can negatively affect the oral drugs bioavailability (Rehman et al., 2017).

Studies on the lymphatic system have shown that it plays a major role in the
absorption of substances with low water solubility such as lipids and lipophilic drugs.
Due to this phenomenon, the lymphatic system has been thought of as an alternative
pathway for certain drugs, ideally leading to an increase in oral bioavailability (Yanez
et al., 2011). Interestingly, it has been reported that the lymphatic system also works
as an anatomical reservoir for the HIV (das Neves et al., 2010).

EFV is a highly potent non-nucleoside reverse transcriptase inhibitor commonly used
in HAART (World Health Organization (WHO), 2021a). It is still included in the
WHO list of essential medicines due to its high antiretroviral capacity (World Health
Organization (WHO), 2021b). However, EFV is far from the ideal drug, due to its
high lipophilicity (log P =5.4), low aqueous solubility (4 ug/mL) (Chiappetta et al.,
2011), and extensive presystemic metabolism in the liver (mainly by CYP3A4 and
CYP2B6) (Asif et al., 2022), EFV still suffers from low oral bioavailability (between
40 and 45%) and more importantly high inter-patient variability (Csajka et al., 2003).
This can result in adverse clinical outcomes as low EFV plasma levels produce
treatment failure. On the contrary, high plasma drug levels are mainly associated
with CNS side-effects (Marzolini et al., 2001). In this framework, overcoming these
(bio)pharmaceutical EFV limitations is necessary to optimize the HIV
pharmacotherapy.

Several approaches have been made to try and improve the pharmacokinetic
parameters and hence bioavailability of drugs. For a while now, natural bio-
enhancers have been sought out and have gained importance as their capabilities
of improving oral absorption have been made evident (Ajazuddin et al., 2014). The
use of bio-enhancers can help in reducing the dose of the drug thereby potentially



reducing drug toxicity and adverse reactions. Furthermore, they have potential in
lowering drug resistance problems and could lead to a reduced cost of medication
(Dudhatra et al., 2012).

Among these, curcumin (CUR) a yellow orange polyphenolic compound isolated
from the Curcuma longa (Goel et al., 2008), that has strong antioxidant and anti-
inflammatory properties (Hasanzadeh et al., 2020; Prasad et al., 2014), has been
used satisfactorily as a bio-enhancer for some drugs such as paclitaxel (Ganta et
al., 2010), docetaxel (Yan et al., 2010) and norfloxacin (Pavithra et al., 2009). CUR
has been found to inhibit metabolic enzymes in the liver especially CYP3A4, it has
also been reported to induce changes in drug transporters across the intestinal
epithelial lining interacting with P-gp and breast cancer resistance protein (BCRP)
(Gantaetal., 2010; Yan et al., 2010; Karibe et al., 2018). \When administered orally,
CUR faces similar limitations as many other drugs. So, despite its beneficial
properties, this bio-enhancer presents problems such as poor aqueous solubility,
scarce tissue absorption and limited bioavailability (Anand et al., 2007).

For a few years now, drug encapsulation within polymeric micelles has been an
attractive platform of study as a nanotechnological strategy to improve the aqueous
solubility and oral bioavailability of lipophilic drugs (Hwang et al., 2020). A modern
and interesting biocompatible copolymer used to form nanomicelles (NMs) is the
polyvinyl caprolactam—polyvinyl acetate—polyethylene glycol graft copolymer known
as Soluplus® (Galdoporpora et al. 2022). This biomaterial has been successfully
employed to prepare polymeric micelles with the objective to encapsulate a wide
variety of liphophilic drugs, including carvedilol (Wegmann et al., 2017), CUR (Rani
et al., 2020), doxorubicin (Jin et al., 2015), quercetin (Dian et al., 2014), paclitaxel
(Maravajjala et al., 2020) and rifampicin (Grotz et al., 2019). To this date, different
nanotechnological platforms such as polymeric nanoparticles (Szymusiak et al.,

2016), solid lipid nanoparticles (Makwana et al., 2015), nanoemulsions (Wan et al.,
2016), nanosuspensions (Wang et al., 2017) and polymeric micelles (Chiappetta et
al., 2010; Wang et al. 2018) have been developed to overcome the EFV and CUR
biopharmaceutical limitations individually. To the best of our knowledge, no research
has been done involving the co-encapsulation of both drugs, with the objective to
improve the pharmacokinetic parameters and hence the oral bioavailability of EFV.
Accordingly, this study was aimed to enhance the oral bioavailability of EFV by
employing a solubilizing agent (NMs) and a natural bio-enhancer (CUR). EFV-CUR-
loaded NMs were prepared and characterized in detail. Subsequently, in vitro cell
compatibility and in vivo biodistribution of radiolabeled NMs were conducted.
Furthermore, the role of the lymphatic system in the oral delivery of EFV was
assayed using a comparative pharmacokinetic study in the presence and absence
of cycloheximide (CHX), a lymphatic transport inhibitor.

2. Materials and Methods

Materials



Efavirenz (EFV) was from Laboratorio LKM SA (Buenos Aires, Argentina). Curcumin
(CUR) was from Sigma-Aldrich (CABA, Argentina). Polyvinyl caprolactam—
polyvinylacetate—PEG (Soluplus®, MW 120.000 g/mol) was provided by BASF
(CABA, Argentina). Tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium], inner salt (MTS) and
phenazine methosulfate (PMS) were purchased from Promega Corporation
(Wisconsin, USA). All solvents such methanol and acetonitrile were purchased from
(Sintorgan®, Argentina). Solvents were high performance liquid chromatography
(HPLC) grade.

Preparation and characterization of free and drug-loaded NMs

Firstly, we dispersed Soluplus® in distilled water (10 % w/v) under magnetic stirring
(500 rpm, 25 °C, 3 h) to obtain the nanomicellar dispersion. Then, samples were
stored at 25 °C for 24 h before use.

Secondly, EFV and CUR co-encapsulation within the NMs was obtained by an
acetone displacement technique (Moretton et al., 2017). For this purpose, EFV and
CUR were dissolved in acetone and added dropwise to the nanomicellar dispersion
(10 mL) and then samples remained under magnetic stirring (500 rpm) over 4 h at
room temperature. In the case of EFV, the concentration used was of 5 mg/mL, and
for CUR, three different concentrations were prepared (5, 10 and 15 mg/mL). Then,
the resulting colloidal dispersions were filtered (0.45 um, acetate cellulose filters,
Microclar, Argentina) to remove insoluble material. In this case, EFV and CUR-
loaded Soluplus® NMs were denoted as EFV-CUR-NMs (5:5), (5:10) and (5:15). In
parallel, CUR-free EFV-loaded NMs were prepared in the same manner as
previously described. This system was denoted as EFV-NMs.

The amount of EFV and CUR was quantified by HPLC. In detail, the analysis was
performed with Shimadzu HPLC system (UV-detector SPD-10A, Autosampler SIL-
10A, Column oven CTO-10A, Pump SCL-10A, Japan) and a C18 column (4.6 mm x
250 mm, 5 ym, Fluophase PFP, Thermo, USA). For both drugs, the injection volume
was 100 pyL and the elution rate was adjusted at 1.4 mL/min. The EFV detection
wavelength was 248 nm and the mobile phase consisted of distilled
water:acetonitrile:trimethylamine (60:40:0.2; pH 3) (Chiappetta et al. 2011). CUR
was detected at 425 nm using acetonitrile-2 % acetic acid (50:50, v/v) as the mobile
phase (Jayaprakasha et al., 2002). Mobile phases were filtered through a 0.45 ym
nylon membrane filter and ultrasonically degassed prior to use.

EFV and CUR solubility factors (fs) were calculated according to the equation 1:
fs=SalS (1)

where, Sa and S are the apparent solubility of drug in the micellar systems and the
intrinsic drug solubility in water, respectively.

Finally, drug loading (DL) and encapsulation efficiency (EE) of each drug in the NMs
were calculated according to the following equations:



DL (%) = (Weight of drug in the NMs) / (Total weight of NMs + drug) X 100 (2)
EE (%) = (Weight of drug in the NMs) / (initial weight of drug used) X 100 (3)
Assays were done by triplicate and the results were expressed as mean = S.D.
Micellar size, size distribution and morphology of NMs

Micellar size, size distribution, polydispersity index (PDI) and zeta potential of the
drug-free and EFV- and EFV-CUR-NMs were assessed at 25 °C and 37 °C by
dynamic light scattering (DLS) using a Zetasizer Nano-ZSP (ZEN5600, Malvern
Instruments, Malvern, UK) at a scattering angle of 8 = 173¢ to the incident beam.
Prior to the analysis, each sample was equilibrated at 25 °C. Finally, the results of
Z-average (Z-ave), PDI and zeta potential values were expressed as the average of
five measurements + S.D.

The morphology of EFV-CUR-(5 and 15 mg/mL, respectively)-loaded NMs was
explored by means of transmission electron microscopy (TEM, Philips CM-12 TEM
apparatus, FEI Company, The Netherlands). Briefly, a Fomvar film was employed to
cover the samples (5 uL) on a clean grid. Afterwards, phosphotungstic acid solution
(1 % wl/v, 5 L) was used to negatively stain the micellar dispersions. Finally samples
were washed (distilled water, 5 yL) and dried (silica gel container) before the
analysis.

In vitro physical stability of the nanoformulations

The in vitro physical stability of the drug-loaded nanoformulations was investigated
in terms of i) micellar aggregation over temperature, ii) micellar dissociation in
presence of sodium dodecyl sulphate (SDS); a well-known destabilizing agent (Garg
et al., 2015) and iii) micellar behaviour in simulated gastrointestinal fluids (SGIFs) .
Briefly, the former study was performed by measuring the Z-average (Z-ave) values
and size distribution (polydispersity index, PDI) of drug-free, EFV- and EFV-CUR-
NMs in aqueous media by dynamic light scattering (DLS, scattering angle of 6=173°
to the incident beam, Zetasizer Nano-ZSP, ZEN5600, Malvern Instruments, United
Kingdom) from 25 to 38 °C at increments of 1 °C. Results were expressed as mean
* standard deviation (S.D.), n=3.

The dissociation of the nanoformulations was assessed by the incubation of
nanomicellar systems in a ratio of 3:2 (v/v) with an aqueous solution of SDS (20
mg/mL). Size and size distribution of the samples was determined by DLS as
described previously (see above) at 25 °C (n = 3).

Finally, the in vitro physical stability of the drug-loaded NMs was investigated in
simulated gastrointestinal fluids (SGIFs) in order to mimic micellar dilution and pH
gradient values after an oral administration. Thereafter, four solutions were prepared
simulating the different phases of the gastrointestinal tract (Table S1) (Schellekens
et al., 2007). Then, drug-loaded NMs were diluted (1/100) in each solution for a



certain time (Table S1), and micellar size was determined by DLS as described
previously (see above) at 25 and 37 °C (n = 3).

In vitro antioxidant capacity assays
DPPH Colorimetric Assay

The antioxidant properties of various nanoformulations were assessed by measuring
their ability to scavenge the stable 2,2-diphenyl-1-picrylhydrazyl free radical
(DPPH?e). To do this, 1 mg/mL aliquots of the different formulations dissolved in
methanol were mixed with 3 mL of a methanolic solution containing DPPH- at a
concentration of 25 mg/L. After a 10-min incubation, the absorbance of the mixture
was recorded at 517 nm. A calibration curve was established using Trolox, a vitamin
E analog, as the standard, and the results were reported in terms of nmol Trolox
equivalents per milligram of the sample and the percentage of DPPH inhibition
(Dobrecky et al., 2020).

ABTS Colorimetric Assay

By employing 2,2-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid (ABTS), a
radical cation can be generated. This ABTS radical is produced by reacting an ABTS
salt solution (75 mM) with a potent oxidizing agent (2 mM ABAP) and allowing this
reaction to proceed for one hour at 45 °C. The reduction of this blue-green ABTS
radical by hydrogen-donating antioxidants results in light absorption at 734 nm when
carried out in a phosphate buffer. To assess the antioxidant activity, aliquots of
aqueous dispersions of the various formulations (1 mg/mL) were incubated with 3
mL of ABTSe- solution. After a 4-minute incubation period, the absorbance of the
mixture was measured at 734 nm. A calibration curve was constructed using Trolox
(a vitamin E analogue) as a reference standard, and the results were reported in
terms of nmol Trolox equivalents per milligram of the sample and the percentage of
ABTS inhibition (llyanov et al., 2020).

In vitro EFV release

The drug in vitro release profiles from EFV- and EFV-CUR (15 mg/mL)-NMs were
investigated by using a dialysis method in four simulated gastrointestinal fluids
(Table S1) (Schellekens et al., 2007) with the addition in each media of Tween 80
(0.5 % v/v) and ethanol (30 % v/v) to ensure sink conditions (Riedel et al., 2021).
Briefly, samples were diluted with distilled water (1/10) and aliquots (1 mL) were
placed into dialysis membranes (Spectra/Por®3 Dialysis Membrane, molecular
weight cut off = 3,500, nominal flat width 18 mm, USA) which were placed in Falcon®
conical tubes and exposed to 10 mL of release medium. The samples were
incubated at 37 + 0.5 °C for 6 h by inversion using a sample rotator (Mini Labroller
LabNet rotator, St. Louis, MO, USA, 40 RPM). To simulate the passage of the NMs
through the gastrointestinal tract, each system was exposed 2 hours in SGF, 2 hours
in SIF (pH 6.8), 30 minutes in SIF (pH 7.5) and 1.5 hours in SCF. At different time
points (1, 2, 3, 4, 4.5 and 6 h) the total release medium was removed and replaced
with equal volume of fresh medium pre-heated at 37 °C. Then, EFV and CUR content



was determined by RP-HPLC as previously described, and calculated as cumulative
percent released. Results are expressed as mean * standard deviation (S.D.), n =3.

In vitro cytocompatibility

Caco-2 cells were cultured in Dulbecco's minimum essential medium (DMEM®),
supplemented with 10 % fetal bovine serum, 1 % non-essential amino acids (v/v),
100 U/mL penicillin, and 100 mg/mL streptomycin, under standard conditions of 5 %
CO2 and 37 °C. For the in vitro cytocompatibility assays, cells were seeded in 96-
well plates (Corning Costar, Fisher Scientific, USA) at a density of 10,000 cells per
well and incubated for 24 h to facilitate cell attachment. Subsequently, the cells were
exposed to four different concentrations (1, 10, 50, and 100 ug/mL) of EFV-NMs,
EFV-CUR (15 mg/mL)-NMs, drug-free-NMs, and a copolymer-free EFV solution (5
mg/mL) for an additional 24 h. Cell proliferation was assessed quantitatively by
measuring the activity of the lysosomal enzyme hexosaminidase (Landegren,
1984). After the incubation period, the cell culture medium was aspirated, and the
cells were rinsed twice with phosphate-buffered saline (PBS). Then, each well
received 60 pL of a solution containing 7.5 mM p-nitrophenyl-N-acetyl B-D-
glucosaminide (Sigma-Aldrich Co.) with 0.5 % Triton X-100 in a 0.1 M citrate buffer
(pH 5) and was incubated for 2 h at 37°C. The enzymatic reaction was halted by
adding 90 pL of a 100 mM glycine/10 mM ethylenediaminetetraacetic acid buffer at
pH 10.4 (Sigma) to each well. The optical density of each well was measured at 405
nm using a microplate reader (Biotrak |l Plate Reader, Amershan Biosciences, USA).
Each treatment was performed in triplicate, and the results were expressed as a
percentage of untreated control cells, which were set at 100 %.

In vivo pharmacokinetic study

Oral pharmacokinetics of EFV was assessed in male Wistar rats (220-250 g). Four
micellar systems were tested and compared: (i) EFV-NMs, (ii) EFV-CUR-NMs (5:5),
(i) EFV-CUR-NMs (5:10), and (iv) EFV-CUR-NMs (5:15). In addition, two
extemporaneous suspensions (drugs were homogenously dispersed in a 1%
carboxymethylcellulose dispersion in citrate buffer pH 5.0) containing EFV and CUR
were prepared as controls. The first suspension contained EFV 5 mg/ml and the
second EFV-CUR 5 mg/ml-15 mg/ml.

Animal experiments were in line with the “Principles of laboratory animal care” (NIH
publication No. 85-3, revised 1985) and local regulations and were approved by the
Ethics Committee of our institution (REDEC-2021-2792-E-UBA-DCT). Animals were
maintained on a 12 h light/dark routine at 22 + 2 °C with the air adequately recycled.
They received a standard rodent diet (Asociacién Cooperativas Argentinas, Buenos
Aires, Argentina) with the following composition (w/w): 20 % proteins, 3 % fat, 2 %
fiber, 6 % minerals, and 69 % starch and vitamin supplements. Experiments were
carried out in rats fasted overnight (12 h). Drug formulations were administered by
gavage; a stomach tube was carefully inserted into the oesophagus of conscious
rats and the corresponding dose poured into the stomach through the tube.



The dose of EFV evaluated was 20 mg/kg. Sample volumes were adjusted according
to the drug concentration in the formulation and the required dose per weight. After
the administration, blood samples (70 pL) were collected from the tail vein at 0.5, 1,
1.5, 2, 3,4, 5, 6, and 8 h. Samples were centrifuged (10,000 rpm, 10 min, 4 °C) to
isolate the plasma. Blood sampling could alter the pharmacokinetic and the
pharmacodynamic behaviour of the drug due to fluid loss. In our experimental
protocol, the total blood volume extracted was approximately 700 pL, over 24 h. This
volume is significantly smaller than the maximum recommended (3.5 mL) (Aimone,
2005) and therefore we assume that the volemia decrease did not affect the
pharmacokinetic parameters calculated for EFV. Plasma (10 uL) was deproteinized
with acetonitrile (20 uL) and the concentration of the drug was determined by liquid
chromatography (HPLC), using a Phenomenex Luna 5 mm, C18, 150 mm x 4.60
mm column (Phenomenex, CA) with a UV detector (248 nm, UVIS 204, Linear
Instruments, Reno, USA). The mobile phase composed of distilled
water:acetonitrile:triethylamine (50:50:0.2; pH 3) was pumped at a flow rate of 1.0
mL/min. The analytical method for quantification was validated in the 20-5000 ng/mL
range.

Evaluation of in vivo data

Using the TOPFIT program (version 2.0, Dr. Karl Thomae Gmbh, Schering AG,
Godecke AG, Germany), which employs a cyclic three-stage optimization routine
comprising 1D direct search, vectorial direct search/Hooke-Jeeves modification, and
GaussNewton/Marquadt modification; non-compartmental analysis of EFV plasma
concentrations was determined. For each formulation, several pharmacokinetic
parameters were determined, including the area under the curve (AUCO0-8),
maximum plasma concentration (Cmax), and time to maximum plasma
concentration (tmax). To enhance the consistency of the variance, we performed a
log transformation of the pharmacokinetic parameters of EFV for statistical analysis.
Subsequently, we compared these parameters using a one-way ANOVA and applied
the Bonferroni test as a post-hoc analysis. All statistical tests were conducted using
GraphPad Prism version 8 for Windows (GraphPad Software, San Diego, California,
CA, USA), with statistical significance defined as p < 0.05. Finally, we determined
the relative oral bioavailability (Fr) by calculating the ratio of the AUCO0-8 for the
nanomicellar systems to that of the EFV extemporaneous suspension (used as the
reference).

Fr (%) = AUC{/AUCk x 100 (4)

AUCt and AUCk being the AUC,_g of the tested (T) sample and the reference (R),
respectively.

Lymphatic transport study

Oral pharmacokinetics of EFV was assessed as described in the previous section.
However, to evaluate intestinal and lymphatic transport the study was carried out in
the presence and absence of a lymph transport inhibitor, cycloheximide (CXH). Rats



received 3 mg/kg dose of a saline CXH solution (3 mg/mL) by i.p. route or with saline
as a negative control (Hu et al., 2017). One h post dosing the nanomicellar systems
and their extemporaneous suspensions controls were administered by oral gavage
to different groups of rats (dose of 20 mg/mL). Blood samples were collected from
rats at 0.5, 1, 1.5, 2, 3, 4, 5, 6, and 8 h post dose and samples were processed and
analyzed as explained in the previous section.

In vivo biodistribution of radiolabeled PMs
Radiolabeling procedure of Soluplus® nanomicelles

Drug-free-NMs and CUR (15 mg/mL)-NMs were radiolabeled using a reducting
agent (stannous chloride (SnCI2); analytical grade, Merck, Germany), following a
previously reported procedure with minor adjustments (Grotz et al., 2019). In
summary, aqueous nanomicelles (2 mL) were mixed with of an acidic solution (50
uL, pH = 3.0, acidified with HCI 0.1 N) of SnCI2 (1 mg/mL). To this mixture, 600 yL
of freshly prepared sodium pertechnetate (Na99mTcO4; 1.5 mCi) eluted from a
99Mo/99mTc generator (Laboratorios Bacon SAIC, Villa Martelli, Argentina) was
added. Then, after pH adjustment to 7.0 employing 0.1 % w/v aqueous NaOH
solution, the mixture was maintained at room temperature over 30 min in a closed
chamber to minimize exposure to air.

Radiolabeling efficiency and stability

The 99mTc-labeled nanomicelles were subjected to assessments for both labeling
efficiency and radiochemical purity. An ascending chromatography method was
employed to identify any free TcO4-. This process utilized Instant Thin Layer
Chromatography-Silica Gel (ITLC-SG, Varian, Palo Alto, CA, USA) as the stationary
phase and methyl-ethyl-ketone as the mobile phase. For the detection of 99mTc-
radiocolloids and hydrolysate, the same stationary phase (ITLC-SG) was applied,
but a different mobile phase composed of a pyridine:acetic acid:water mixture (in the
ratio of 3:5:1.5). This procedure was also used to evaluate the stability of the 99mTc-
nanomicelles after in-vitro incubation in saline solution at room temperature for 1 and
24 h, as well as in rat plasma at 37 °C for 1 and 24 h.

Biodistribution studies

Animal experiments were conducted following the approved experimental protocol
of the Ethical Committee at the School of Pharmacy and Biochemistry, University of
Buenos Aires (REDEC-2021-2792-E-UBA-DCT_FFYB). Female Sprague-Dawley
rats, aged 6 weeks and weighing approximately 200 + 10 g, were sourced from the
animal facility at the School of Pharmacy and Biochemistry, University of Buenos
Aires. The rats were allowed a minimum acclimatization period of 48 h and were
housed in stainless steel cages, provided with unrestricted access to food and water,
and maintained on a 12-h light/dark cycle. Prior to the experiment, the animals
underwent a 4-h fasting period. Subsequently, they were restrained for the oral
administration of approximately 0.2 mCi (0.5 mL) of radiolabeled nanomicelles.
Following a 3-h post-administration interval, the rats were euthanized, with each



group comprising 4 groups, each consisting of 5 rats. Organs of interest, including
the liver, spleen, lungs, kidneys, mesenteric lymph nodes, small intestine, large
intestine, and stomach, were carefully removed, cleaned, and weighed. The
radioactivity content in each organ was quantified using a calibrated well-type
gamma counter (Alfanuclear, Argentina). The results were reported as a percentage
of the injected dose per gram of tissue, accounting for decay correction in the
calculations.

The procedure of, in vivo biodistribution assay was performed in radiolabeled drug-
free-NMs and radiolabeled EFV-free-CUR(15 mg/mL) NMs groups both in presence
and absence of CHX to total a number of 4 experimental groups. For this purpose,
each group received either saline (control group) or CHX solution (3 mg/kg)
(treatment group) by i.p. route 1 hour before receiving the radiolabeled drug-free-
NMs or the radiolabeled CUR(15 mg/mL)-NMs.

Results and discussion
Drug encapsulation and micellar characterization

EFV remains as an essential medicine due to its high antiretroviral activity.
Nevertheless, its biolimitations such as its low aqueous solubility and its high inter-
patient variability highlight the requirement of novel EFV formulations. In this way,
nanotechnology offers an attractive platform as the nanomicelles which could
optimize the EFV-based therapy.

With this in mind, a novel nanoformulation deploying Soluplus® nanomicelles co-
loaded with EFV and CUR was developed (Scheme 1). One of the main goals was
to improve EFV pharmacokinetic parameters in an attempt to enhance the oral drug
bioavailability. Furthermore, efforts have been directed to evaluate the role of
intestinal lymphatic uptake in the oral absorption of the drug from the nanomicellar
reservoirs.

The strategy of co-loading EFV and CUR has been already explored for topical
application of a multi-protective and microbicide formulation based on lactoferrin
nanoparticles (Lakshmi et al., 2016). However, to the best of our knowledge, EFV-
CUR co-encapsulation within a nanocarrier has not been studied for an oral
administration. Besides, both drugs have not been explored for the development of
a nanoformulation based on polymeric micelles. Furthermore, it is worth stressing
that the potential of CUR as a bio-enhancer of EFV has not been explored yet.

The co-encapsulation of both hydrophobic drugs within the nanomicellar system was
achieved. Soluplus® (10 % w/v) nanomicelles with 5 mg/mL of EFV and three
different concentrations of CUR (5, 10 and 15 mg/mL) were developed, which were
named EFV-CUR-NMs (5:5), (5:10) and (5:15), respectively. These CUR



concentrations were chosen taking to account the drug:CUR ratios employed in
previous studies where CUR was used as a bio-enhancer of different drugs (Sharma
et al., 2017; Yan et al., 2010).

The apparent aqueous EFV solubility of these nanoformulations was increased up
to ~1250-fold, in accordance with the drug intrinsic water-solubility (Chiappetta et
al., 2010). Then, taking into account CUR intrinsic water-solubility (0.4 pg/mL)
(Yallapu et al., 2012), the apparent water solubility was increased approximately
8,333, 16,666 and 25,000 times for 5, 10 and 15 mg/mL, respectively. In the case of
EFV, the DL values by the nanoformulations with and without CUR were between
4.2 and 4.7 % w/w and EE values close to 100 %. For CUR, the DL values were
between 4.5 and 12.4 % w/v and EE values > 99 % (Table 1). Similar results were
observed for CUR-loaded Soluplus® micelles (Rani et al., 2020). These high EE
values may be ascribed to the highly lipophilic nature of these drugs and their
interaction with the hydrophobic micellar core.

To gain further insight into the fate of the drug-loaded nanoformulations after its oral
administration, their micellar size and size distribution was evaluated and compared
with drug-free NMs. As it is shown in Table 1, for EFV- and EFV-CUR-NMs (5:5) the
micellar size and size distribution were not modified when compared with drug-free
NMs. Similar results were observed for silymarin loaded-Soluplus®-based mixed
micelles (Piazzini et al., 2019). In the case of EFV-CUR-NMs (5:10) and (5:15),
micellar size was slightly increased (Table 1). Similar results were observed for
CUR-loaded mixed micelles composed by Soluplus® and TPGS, where an increase
in the CUR load in the micelles produces an increase in their size (Ji et al., 2018).
Moreover, nanoformulations showed unimodal size distribution with PDI values <
0.30 indicating homogeneity in the colloidal dispersion.

On the one hand, results demonstrated a narrow size distribution of the drug-loaded
polymeric micelles according with the small PDI values observed (Bhattacharjee,
2016).

On the other hand, micellar size results after EFV- and CUR- co encapsulation
remained under 200 nm which could indicate that these nanoformulations might
efficiently avoid their elimination by mucociliary clearance, improving their diffusion
through the epithelial barrier (Primard et al., 2010). Furthermore, investigations
based in nanoparticles with < 200 nm demonstrated a higher potential for lymphatic
uptake (Desai and Thakkar, 2016).

The macroscopic aspect of the samples revealed translucent bright yellow
nanoformulations with absence of macroscopic aggregates. The colour of the
micellar dispersions could be attributing to the presence of CUR. Furthermore, the
micellar morphology resulted spherical according to the TEM micrographs (Figure
1).

Finally, nanoformulations exhibited neutral ZP values for every micellar dispersion
assayed. Indeed, ZP values were ranged between 0.13 and 0.32 mV (Table 1).



These results could be associated with the non-ionic nature of PEG which
constitutes the micellar corona. Other investigations also observed similar results
with rifampicin-loaded Soluplus® polymeric micelles (Grotz et al., 2019).

In vitro stability of the nanomicelles

It has been well demonstrated that polymeric micelles are dynamic colloidal systems
where their final micellar size strongly depends on external factors such as
temperature, ionic strength, pH and even dilution (Owen et al., 2012). With this in
mind, a better understanding of the nanoformulations in terms of their behaviour after
temperature increment, the presence of a destabilizing agent which could favour
micellar dissociation, dilution and pH variations, was sought out.

Firstly, it is known that Soluplus® micelles aggregate with increasing temperature to
form a larger 3D network structure, where samples become turbid to the naked eye
(Kennedy et al., 2023). This behaviour is shown by a perceived increase in the
diameter and the PDI of the samples. PDI values above 0.3 are indicative of the
aggregation of micelles into supramolecular structures (Alopaeus et al., 2019). In
this case, drug-free NMs showed constant size values between 25 and 30 °C
(Figure 2A), with PDI values between 0.2 and 0.3. Then, a pronounced increase in
PDI values occurred from 31 °C, until reaching a PDI value close to 1 at 34 °C
(Figure 2B). Kennedy et al. observed similar results with drug-free Soluplus®
micelles (Kennedy et al., 2023). Following a similar trend, EFV-NMs presented PDI
values between 0.15 and 0.30 from 25 until 30 °C (Figure 2A), reaching PDI values
close to 1 at 36 °C (Figure 2B). Interestingly, the addition of CUR to EFV-loaded
Soluplus® nanomicelles avoids its aggregation with the temperature increment
(Figure 2A and B). To gain a better understanding of this behaviour, we also studied
the NMs with a higher concentration of EFV (10 mg/mL) without CUR, and the NMs
with the three concentrations of CUR assayed without EFV. Surprisingly, like EFV-
NMs, CUR (5 mg/mL)-NMs fail to prevent micellar aggregation. Conversely, NMs
with EFV (10 mg/mL) and NMs with CUR (10 and 15 mg/mL) prevents aggregation
and favours the formation of more homogeneous systems (the higher concentration
of drug, the lower PDI values) (Figure S1). Hence it is interesting to point out the
influence of the hydrophobic drugs encapsulated within the NMs and the physical
stability of the nanoformulation under different external factors. It is known that
amphiphilic copolymers can interact with poor-water soluble drugs through
hydrophobic interactions (Lavra et al., 2017). Particularly, Soluplus® presents a
carbonyl group which can form hydrogen bonds with the drug molecules (Zhang et
al., 2022). Therefore, the stability of our drug-loaded nanoformulations is probably
due to a strong interaction between both drugs; EFV and CUR, with the Soluplus®
nanomicellar core, thus preventing its aggregation.

Secondly, to gain further insight on the physical stability of the nanoformulations, the
micellar dissociation using DLS in presence of SDS, which acts as a destabilizing
agent was evaluated (Kang et al., 2005). As it can be observed in Figure 3A" the
presence of SDS with drug-free Soluplus® NMs clearly modified the aggregation
behaviour of Soluplus® (Figure 3A). In this case three size populations were



observed with a PDI value of 0.86 (Figure 3A"). Similar results were obtained by Xia
et al., where they demonstrated that the presence of SDS in Soluplus® micellar
dispersion modifies the micellar structure until its disintegration (Xia et al., 2016). In
the same way, systems with EFV, and EFV-CUR (5:5) presented three size
populations with PDI values of 0.82 and 1.00, respectively (Figure 3B",C’).
Interestingly, micellar systems with 10 and 15 mg/mL of CUR showed unimodal size
distribution with PDI values of 0.29 and 0.16, respectively (Figure 3D",E"). Hence,
an increase in the concentration of CUR resulted in an improved stability against
SDS, preventing micellar dissociation. Moreover, these results are in good
accordance with those observed for the physical stability of the nanoformulations
after temperature increment.

Finally, the physical stability of the nanoformualtion was also assessed after sample
dilution and pH variations. These are key parameters since micellar systems will be
exposed to a dilution in the gastrointestinal tract and to the variation of pH levels
which could influence their physical stability after an oral administration. Taking this
into account, behaviour against the effect of a large dilution in the simulated
gastrointestinal fluids (SGIFs) was studied. For this, EFV- and EFV-CUR-NMs (5:5),
(5:10) and (5:15) were diluted 1/100 (above the CMC) with different media to
establish a variation of pH values between 1.2 and 7.5. Thereafter, each sample was
diluted and the size and size distribution was determined by DLS for a certain time
(Table S1) at 25 and 37 °C.

At 25 °C, there was a sharp decrement of the Z-ave values (between 60 and 70 nm)
after the dilution of EFV- and EFV-CUR-NMs in the SGIFs (Figure 4A, B, C and D)
in comparison with the un-diluted systems in distilled water (Table 1). In this case,
the number of copolymer monomers of the micelles could be reduced after dilution
to maintain the equilibrium between those monomers in the bulk and those being
part of the micellar nanocarrier (Bonde et al., 2020). Contrarily, a different behaviour
was observed for the micellar systems at 37 °C. As can be observed in Figure 4A,
EFV-NMs demonstrated a clear size increment (~100 nm) in SGF (pH 1.2) and
between 144 and 155 nm in the other mediums (SIF pH 6.8 and 7.5, and SCF pH
6.0) (Figure 4A). These results clearly suggest that the aggregation behaviour of the
NMs is influenced by the electrolyte type, concentration and pH of the media
affecting the Soluplus® micellization process. A similar aggregation behaviour was
observed by furosemide-loaded Soluplus® micelles, where at 37 °C the Z-ave value
is higher in phosphate buffer (pH 7.4) that in HCI 0.1 M (Alopaeus et al., 2019).

On the other hand, the addition of CUR to the micellar systems strongly influences
the physical stability of the nanoformulations upon dilution. Figure 4 B-D shows that
the co-encapsulation of both drugs avoids the increase of Z-ave values of the
nanomicellar systems at 37 °C, regardless of the medium assayed. Once again, the
presence of CUR improved the physical stability of the Soluplus® micelles as it was
previously observed after temperature increment and the SDS presence.
Furthermore, this high physical stability under dilution has also been observed
previously for Soluplus® nanomicelles co-loading CUR with other hydrophobic drugs
such as paclitaxel and rifampicin (Riedel et al., 2021; Galdoporpora et al., 2022).



Considering that nanomicelles can disassemble after their oral administration, these
are promising results with great clinical relevance.

In vitro antioxidant capacity assays

Considering that oxidative stress has been linked to HIV disease progression and
that EFV also induces oxidative stress (Cohly et al., 2003; WeiB et al., 2016), it is
reasonable to consider that natural antioxidants could be used as a possible tool to
complement the pharmacotherapeutic treatment. Also, in the case of CUR, it has
been shown that it can inhibit HIV-1 replication in vitro (Prassad and Tyagi, 2015).

Commonly, two methods are used to evaluate in vitro antioxidant activity of natural
compounds in formulations and biological systems. One of them is the 2,2-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) test, that measures the relative
ability of antioxidants to scavenge the ABTS generated in the aqueous phase, and
the other is the 2,2-diphenyl-1-picrylhydrazyl (DPPH) test, a stable free radical used
in organic phases (Dobrecky et al., 2020).

The total antioxidant capacity of the different nanoformulations was determined
using ABTS and DPPH methods. As can be observed in the table 2, NMs containing
CUR showed antioxidant properties in both assays.

As expected, EFV did not show any antioxidant activity in either of the two assays.
Instead, the suspension of EFV and CUR showed antioxidant activity with both
methods due to the presence of CUR (Table 2). In the case of ABTS assay, CUR
co-loaded NMs showed high antioxidant activity, where an increase in the CUR
concentration in the nanomicellar systems (5, 10 and 15 mg/mL) generated a greater
antioxidant capacity (22.9-, 32.8- and 40.7-fold, respectively) in comparison with
EFV-CUR-suspension (Table 2). CUR encapsulation in the NMs produces a
significant increase in its apparent solubility allowing CUR to exert its antioxidant
properties. Similar results were observed for CUR-paclitaxel-loaded mixed micelles
composed by Soluplus® and TPGS (Riedel et al., 2021).

In the DPPH test, EFV-CUR suspension presented a higher antioxidant activity
compared to ABTS" test (63.1 versus 36.3 %). This behaviour is due to the high
solubility that CUR presents in methanol. Also, as in the ABTS test, a higher
concentration of CUR in the nanomicelles generates a significant increment in the
total antioxidant activity (Table 2).

It is important to observe that the antioxidant properties of CUR were not affected by
its encapsulation within the nanomicelles, as can be observed in the results of the
assays.

In vitro cytocompatibility

One of the requirements that the nanocarriers must meet for their use as
nanomedicines is their biosafety (Su et al., 2018). Bearing this in mind and the route
of administration for the nanoformulations, a colorectal cancer cell line (Caco-2 cells)



was selected to evaluate the cytocompatibility of EFV solution, EFV-NMs, EFV-CUR-
NMs (5:15) and drugs-free-NMs.

As can be seen in Figure 5, EFV solution exhibited concentration-dependent
cytotoxicity. At 24 h, the viability of cells treated with 1 ug/mL of EFV solution was
>80 %, while 10 uyg/mL caused a pronounced decrease of cell viability (~25 %). This
behaviour is expected, since EFV generates mitochondrial dysfunction with a drop
in O, consumption and an increased production of reactive oxygen species
(Apostolova et al., 2017). Similar results for EFV solution were previously observed
in Caco-2 cells during 24 h of incubation (Nunes et al., 2018). On the contrary,
nanomicellar systems, with and without drugs, exhibited viability values above 75 %
for all concentrations studied (Figure 5). It is important to note that, cell viability
values above 70 % are considered safe in in vitro assays according to the ISO
10993-5 guideline (Gellynck et al., 2015).

Importantly, these results demonstrate the low cytotoxicity of Soluplus®, as has
already been observed in other cell lines (Bernabeu et al., 2016; Grotz et al., 2019;
Nicoud et al., 2023), and the decrease in the in vitro cytotoxicity caused by EFV, a
fact that has been reported for different nanoplatforms (Nunes et al., 2018;
Kenchappa et al., 2022). Hence, EFV- and EFV-CUR-loaded in Soluplus® NMs
exhibit the potential of a reduced toxicity than the pure drug in the gastrointestinal
tract.

In vitro release

Commonly, the in vitro drug release assays from polymeric micelles are carried out
to assess the influence of copolymers and preparation techniques on drug release.
To profile the drug release from the nanomicelles we used the dialysis method, one
of the most common techniques employed for in vitro drug release assays from
nanocarriers (Ghezzi et al., 2021).

Accordingly, the effect of CUR co-encapsulation on the EFV in vitro release profile
was evaluated. Considering the physical stability assays, it made sense to assay
those nanoformulations with the highest amount of CUR (15 mg/mL). Hence, the in
vitro drug release of EFV-NMs and EFV-CUR-NMs (5:15) were studied by a dialysis
method in SGIFs over 6 h (Figure 6). Taking to account that EFV and CUR presents
low-aqueous solubility; tween 80 and 30 % of ethanol was added to the release
mediums to asses Sink conditions (Riedel et al., 2021).

As can be observed in Figure 6, results demonstrated that EFV could be released
from the nanomicellar systems (with and without CUR). In the case of EFV-NMs,
~50 % of EFV was release at 6 h, and ~40 % from EFV-CUR-NMs during the same
period of time. Interestingly, the presence of CUR in the NMs slowed the EFV release
from the micellar matrixes. This behaviour is probably due to the formation of a more
stable system as was have previously observed in the in vitro stability assays.

On the other hand, CUR from EFV-CUR-NMs showed a slow release pattern over
time (Figure 6). For instance, only 2.6 % of the CUR was released over 6 h. Similar



results have been observed for other CUR-co-loaded nanomicellar systems
developed with Soluplus® (Riedel et al., 2021; Galdoporpora et al., 2022).
Therefore, the presence of CUR led to a higher physical stability of the micellar
systems, this could be explained by the formation of hydrogen bounds between the
carbonyl groups of the copolymer and CUR (Rani et al., 2019). So, the high affinity
of CUR for the hydrophobic micellar core could explain the slow release of CUR from
the micellar matrix in comparison with EFV. Similar results were observed for the
release profiles of other hydrophobic drugs like rifampicin and paclitaxel versus
curcumin from Soluplus® micelles (Riedel et al., 2021; Galdoporpora et al., 2022).

An important caveat to consider is that in vitro release studies only work as
preliminary simulations and cannot fully represent the release and distribution of the
drug in a live organism. Therefore, it is crucial to gain further insight by preclinical
assays.

In vivo pharmacokinetic studies
Oral bioavailability study in rats

For some years, polymeric micelles have been successfully used to increase the
oral bioavailability of EFV (Chiappetta et al., 2010; Chiappetta et al., 2011).
However, until now, the use of a dual strategy: employing a solubilizing agent (NMs)
and a natural bio-enhancer (CUR), has not been explored as a tactic to improve the
oral bioavailability of EFV.

As expected, a significant increase in the plasma drug profile compared to the drug
suspension was observed for the EFV-NMs (Figure 7). C,.x and AUC, for EFV-
NMs increased by 1.28 and 1.45 fold compared to EFV-suspension (Table 3). The
oral relative bioavailability (F;) for NMs compared to the aqueous suspension was
increased by 1.45 fold. Similar behaviour was observed in EFV-loaded Pluronic®
and Tetronic® micelles (Chiappetta et al., 2010; Chiappetta et al., 2011). To
evaluate the effect of CUR as bio-enhancer, the three EFV:CUR ratios
(mg/mL:mg/mL) were tested (5:5, 5:10 and 5:15) (Figure 7). NMs with ratios (5:5
and 5:10) of EFV:CUR increased the F, of EFV 1.11- and 1.23-fold, respectively, in
comparison with the EFV suspension, but failed to improve the performance of EFV-
loaded NMs without CUR (Table 3). Clearly, these CUR concentrations were not
sufficient to generate an improvement in the pharmacokinetic parameters of EFV
(Table 3). On the contrary, the highest concentration of CUR (15 mg/mL) did
produce a significant (p < 0.05) increase in the F, of EFV of 2.64-fold (Table 3),
presenting a better performance in the pharmacokinetic parameters versus the EFV-
NMs without CUR. For example, C,.x and AUCy values for EFV-CUR-NMs (5:15)
were significantly (p < 0.05) increased, 2.01 and 1.82 fold compared to EFV-NMs
(Table 3). These observed patterns of behaviour could be explained by alterations
in the function and/or expression of proteins involved in the transportation and
metabolism of EFV. Previous studies have demonstrated that CUR inhibits P-gp and
BCRP efflux transporters in vivo (Yan et al., 2010; Karibe et al., 2018), while also
diminishing the activity of hepatic CYP3A4 enzymes in in vitro assays (Jiang et al.,



2020). Furthermore, ex vivo studies have provided evidence of the interaction
between EFV and BCRP in the intestine (Peroni et al., 2011). In this context, a
synergistic performance from CUR as BCRP- and CYP3A4-inhibitor to increase the
EFV oral bioavailability cannot be discarded.



Interestingly, CUR bioenhancing effects with other drugs such as paclitaxel (Ganta
et al., 2010), docetaxel (Yan et al., 2010) or norfloxacin (Pavithra et al., 2009) was
observed by pre-treating study animals with CUR daily, three or four days before
starting the drug treatment. In this case, the co-encapsulation and, therefore, co
administration of EFV:CUR was enough to observe this bio-enhancer effect. This
would represent a considerable advantage by not having to conduct a pre-treatment
to increase the oral bioavailability of EFV.

To further explore the effect of CUR on the oral bioavailability of EFV, we studied its
capacity as bio-enhancer considering the CUR dosage form (suspension versus
NMs). As expected, EFV-NMs with CUR (15 mg/mL) in suspension presented a
worse performance versus EFV-CUR co-loaded NMs, observing an increase in the
F. of EFV of 1.61-fold for the former, and 2.64-fold for the latter (Table S2). Likewise,
pharmacokinetic parameters such as C,,.x and AUC were considerably improved
by CUR in NMs compared to CUR in suspension (Table S2). For example, the
addition of CUR in suspension to EFV-NMs versus EFV-NMs showed a moderate
increase of C.x from 801 to 1297 ng/mL and of AUCg from 3757 to 4162 ng/mL/h;
differences were not statistically significant. While the co-encapsulation of CUR and
EFV in NMs generated a pronounced increase of C,ax from 801 to 1611 ng/mL and
of AUCy from 3757 to 6854 ng/mL/h. This important difference is attributed to the
low oral bioavailability that CUR presents when it is administered as powder or
suspension (Ma et al., 2019), which probably prevents reaching a concentration
enough to inhibit the efflux transporter or attenuate liver enzymes.

Lymphatic transport study

Keeping in mind that the lymphatic system is one of the main reservoirs of HIV, where
almost 98% of the lymphocytes (cellular reservoirs) circulating in the body are
distributed (Battaglia et al., 2003), it made sense to study the lymphatic transport of
EFV from EFV-NMs and EFV-CUR-NMs (5:15). For this, in vivo studies were
performed in the presence and absence of CHX, a commonly used lymphatic
transport inhibitor (Dahan and Hoffman, 2005; Gao et al., 2011). CHX is a known
protein synthesis inhibitor, which blocks the secretion of chylomicrons from the
enterocytes, inhibiting the lymphatic transport of lipids or hydrophobic substances
(Zhang et al., 2021).

Pharmacokinetic parameters such as AUC_;and C,,x were considerably reduced in
the rats treated with CHX (Figure 8 A,B). For example, in the case of EFV-NMs the
Cmax Of EFV decreased from 785 to 492 ng/mL after the treatment with CHX (Table
4). Moreover, the AUCy_; of EFV was reduced ~1.7-fold in the rats pre- treated with
CHX (Table 4). Similar results have been observed for dabigatran etexilate-loaded
mixed micelles composed of Soluplus® and TPGS (Hu et al.,, 2017), where
pharmacokinetic parameters as C,,x and AUC,_; were significantly reduced in the rats
treated with CHX versus untreated, suggesting that drug-loaded mixed micelles might
be transported through both, blood and lymphatic pathway. In the same way, for EFV-
CUR-NMs the pre-treatment with CHX produced a considerable decrease in the C,ax
and the AUC,. ,~4.20- and ~3.64-fold, respectively (Table 4). These results being



consistent with the potential blockade of the intestinal lymphatic transport of EFV in
the CHX pre-treated animals. Similar results have been obtained for different
nanoplatforms loading hydrophobic drugs such as darunavir (Bhalekar et al., 2016),
halofantrine (Lind et al., 2008) and CUR (Wang et al., 2015).

Therefore, it is clear that the lymphatic system participates actively in the absorption
process of EFV after its oral administration.

In vivo biodistribution of radiolabeled NMs

In order to further explore the in vivo fate of the Soluplus® nanomicelles with and
without CUR, nanoformulations were radiolabeled with 99mTc to study their in vivo
biodistribution in rats after oral administration. It is important to note that the
biodistribution data was obtained using this non-invasive imaging technique, which
has been successfully used in different nanomicellar systems (Tesan et al., 2017;
Galdoporpora et al., 2022).

The radiolabeling of the nanoformulations determined by the direct method was
efficient with yields > 95 %, with predictable impurities that remain within the accepted
limits (Bringhammar and Zolle, 2007). In addition, these NMs did not show release
of 99mTc during the 24 h of incubation, maintaining a radiochemical purity > 95 % in
serum samples. The radioactivity biodistribution was expressed as % Ai/g for different
organs or body fluids.

Figure 9A shows the in vivo biodistribution of radiolabeled CUR-free- and CUR-NMs
at 3 h post administration. This assay demonstrated that both nanosystems presented
identical biodistribution profiles, showing that the organ with the highest uptake is the
stomach, seconded by the small intestine. In the case of CUR-free and CUR-NMs,
the uptake was of 17.03 + 5.65 % Ai/g and 14.98 £ 2.96 % Ai/g for stomach, and 5.05
1+ 1.94 % Ai/g and 4.46 + 0.93 % Ai/g for small intestine, respectively (Figure 9A). No
significant differences were found (p > 0.05). The presence of CUR in the NMs does
not modify the biodistribution profile of Soluplus® nanomicelles.

To further deepen the study of the in vivo biodistribution of NMs, a group of animals
pre-treated with CHX for each nanoformulation was added. In this case, as can be
observed for the groups without CHX treatment, the biodistribution profile for both
nanoformulations was very similar (Figure 9B). However, pre-treatment with CHX
showed that the uptake of NMs (with and without CUR) was considerably decreased
in the stomach and small intestine compared to the groups without CHX. For
example, for CUR-free-NMs the pre-treatment with CHX produced a considerable
decrease in uptake in the stomach and small intestine, about ~6.8- and ~21.0-fold,
respectively (Figure 9C). Similarly, the uptake of CUR-NMs was also markedly
reduced in the stomach (4.9-fold) and in the small intestine (18.6-fold) (Figure 9C).
As previously mentioned, CHX is commonly used as a lymphatic transport inhibitor;
by means of blocking the formation of quilomicrons and interfering in the phagocytic
process of M-cells thus altering lymphatic transport via these cells (Sun et al., 2011).
M-cells are epithelial cells, coating the intestinal lymphoid follicles (Neutra et al.,



1999), able to transport microorganism and even particles from intestinal lumen to
the underlying lymphoid tissues (Fievez et al., 2009).

In this case, the decrease in the uptake of the micelles in the CHX-groups is notorious.
It has been reported that nanoparticles can be taken up by intestinal M-cells and
delivered to the lymphatic system, this being the favoured mechanism for particles
with a size < 200 nm (Desai and Thakkar, 2016). For example, Parayath et al.
observed that epirubicin-loaded styrene maleic acid nanomicelles with a size
between 80 and 134 nm were incorporated satisfactorily by enterocytes and M-cells
(Parayath et al., 2015). On the other hand, another factor that could improve the
uptake of nanoparticulate systems by M cells is the presence of PEG on the surface
of the nanosystems (des Rieux et al., 2007). Further, it has been stated that the
surface presence of PEG could also enhance the nanoparticle transport through
mucosal surfaces (Hwang et al., 2020). Indeed, PEG has been investigated due to
its mucus penetrating properties for nanomedicine delivery through mucosal barriers.
This behaviour is associated to the non-ionic nature of PEG and its polarity (Hwang
et al., 2020).

The NMs in this study presented a micellar size of ~120 nm and are composed of a
PEG-based micellar corona. So, the uptake of these nanoformulations by M cells
would be favoured.

Moreover, these results also suggest that lymphatic transport plays an important role
in the uptake of Soluplus® nanomicelles. Further studies will be required to elucidate
exact mechanisms involved in the NMs uptake.

Conclusions

Improving the oral bioavailability of antiretroviral drugs remains a key issue to
enhancing patient adherence to a chronic pharmacotherapy such as HAART. With
this in mind, a micellar nanocarrier loaded with both, EFV and a natural bio-enhancer
CUR with optimized colloidal stability was successfully developed. To the best of our
knowledge, this is the first time that polymeric micelles co-loaded with EFV and CUR
were developed for oral administration. Micellar systems resulted as “safe
nanoformulations” according with the in vitro cytocompatibility assays in Caco-2 cells.
The presence of CUR significantly improved the relative oral bioavailability of EFV,
denoting the bio-enhancing properties of CUR. Furthermore, it is important to
highlight that the lymphatic system stands as one of the main anatomical HIV
reservoirs and it also actively participates in the absorption process of EFV after its
oral administration. Indeed, the in vivo biodistribution assays also assessed the
potential role of the lymphatic transport in the uptake of the Soluplus® nanomicelles.
In this way, this investigation represents a step toward an optimized “nano-sized”
therapy for AIDS patients.
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Table and Figure captions

Table 1. EFV and CUR payload, size (Z-average), size distribution (PDI) and Zeta
potential (ZP) values of NMs at 25 °C (n = 3).

Table 2. Antioxidant activity of nanoformulations (EFV-suspension, EFV-CUR
suspension, EFV-CUR-NMs (5:5), EFV-CUR-NMs (5:10) and EFV-CUR-NMs (5:15)),
calculated as the inhibition percentage of ABTS radical and DDPH radical. Data are
expressed as mean = S.D. (n = 6).

Table 3. Pharmacokinetic parameters of EFV- and EFV-CUR-NMs administered
orally (EFV dose: 20 mg/kg). Results are expressed as mean + S.E. (n = 6).

Table 4. Pharmacokinetic parameters of EFV- and EFV-CUR-NMs in rats in the
presence and absence of lymphatic transport inhibitor (CHX) administered orally.
Results are expressed as mean = S.E. (n = 6).

Scheme 1. Graphical representation of the Soluplus® NMs loaded with both, EFV
and CUR.

Figure 1. TEM micrograph of EFV-CUR (5 mg/mL and 15 mg/mL)-NMs (10% w/v).
Red arrows point out the polymeric nanomicelles. Scale bar: 20 nm. Photo Inset:
macroscopic aspect of the drug-loaded nanomicellar dispersion.

Figure 2. Effect of temperature increase on the (A) Z-ave (hnm) and (B) PDI for the
NMs with and without drugs.

Figure 3. Size distribution of drug-free- and drug-loaded NMs in presence and
absence of SDS. Data represents mean + standard deviation (S.D.), n = 3.

Figure 4. Size of (A) EFV-NMs, (B) EFV-CUR-NMs (5:5), (C) EFV-CUR-NMs (5:10),
and (D) EFV-CUR-NMs (5:15) after dilution 1/100 in the simulated gastrointestinal
fluids at 25 and 37 °C. Data represents mean + standard deviation (S.D.), n = 3.

Figure 5. Cell viability of Caco-2 cells after 24 hours of treatment with an EFV solution
(5 mg/mL), drug-free NMs, EFV-NMs and EFV-CUR-NMs (5:15) (37 °C, 5 % CO2).
Data represents mean + standard deviation (S.D.) (n = 3).

Figure 6. /n vitro EFV and CUR release profiles from EFV-NMs and EFV-CUR-NMs
at 37 °C over 6 h. Data represents mean * standard deviation (S.D.), n = 3.

Figure 7. EFV plasma concentration profiles of EFV-loaded nanomicelles, EFV-CUR-
loaded nanomicelles (5:5), (5:10) and (5:15), and an extemporaneous suspension of
EFV after oral administration of a 20 mg/kg dose in rats (n = 6).



Figure 8. Comparison of (A) AUCy; and (B) C,ax of EFV-NMs and EFV-CUR-NMs
(5:15) in presence and absence of cycloheximide (CHX).

Figure 9. Biodistribution of CUR-free and CUR-NMs without (A) and with (B) CHX
pre-treatment. (C) Comparison of CUR-free and CUR-NMs uptake in stomach and
small intestine without and with CHX pre-treatment. Results of percentage of the
injected dose (% Ai/g) are shown mean £ SD.



Table 1. EFV and CUR payload, size (Z-average), size distribution (PDI) and Zeta potential (ZP) values of NMs at 25 °C

(n=3).
Size f, DL (%) EE (%)
EFV CUR ZP(mV)
Samples
Z-ave (nm) PDI
(mg/mL) | (mg/mL) EFV | CUR EFV CUR |EFV|cur| *SD)
(£ SD) (£ SD)
] ] 97.1(1.1) | 0.21(0.01)| - ] ] ] - | - |013(0.03)
5 ; 96.6 (0.6) | 0.26 (0.01) - | 4741008 ] 995| - |0.23(0.05)
Soluplus®
5 5 96.4 (1.1) | 0.25 (0.01) 8333 | 4.53+0.06 | 452+0.11 | 99.7 | 99.5 | 0.19 (0.04)
NMs 1250
5 10 | 103.9(5.3) | 0.21 (0.01) 16666 | 4.33 +0.05 | 8.63+0.16 | 99.7 | 99.3 | 0.20 (0.09)
5 15 | 103.7 (2.5) | 0.20 (0.02) 25000 | 4.15 + 0.06 | 12.41+0.21 | 99.8 | 99.3 | 0.32 (0.06)




Table 2. Antioxidant activity of nanoformulations (EFV-suspension, EFV-CUR suspension, EFV-CUR-NMs (5:5), EFV-CUR-
NMs (5:10) and EFV-CUR-NMs (5:15)), calculated as the inhibition percentage of ABTS radical and DDPH radical. Data are
expressed as mean = S.D. (n = 6).

ND: Not determined

ABTS DPPH
Sample Total Antioxidant Capacity Total Antioxidant Capacity

Inhibition Inhibition

(nmol Trolox Eq/mg (%) (nmol Trolox Eq/mg (%)

sample) sample)

EFV suspension (5) ND ND ND ND
EFV'CU('_;_?;‘;"’G”S'O” 2194 + 99 36.3+1.8 13718 + 1327 63.1+10.2
EFV-CUR-NMs (5:5) 50141 + 2664 62.0+4.7 4723 + 57 228 +1.7
EFV-CUR-NMs (5:10) 71892 + 1727 85.1+£0.2 7547 + 215 35.5+£0.9
EFV-CUR-NMs (5:15) 89282 + 13750 89.2+1.9 11433 + 693 514129




Table 3. Pharmacokinetic parameters of EFV- and EFV-CUR-NMs administered orally (EFV dose: 20 mg/kg). Results are
expressed as mean = S.E. (n = 6).

Parameter | Units | EFV-suspension EFV-NMs EFV-CUR-NMs (5:5) | EFV-CUR-NMs (5:10) | EFV-CUR-NMs (5:15)
t h 3.66 + 0.58 4.57 £0.99 2.88 +0.30 3.12 + 0.96 441 +1.20
tmax h 20+0.6 1.9+£0.7 1.5+£0.2 1.4+£0.3 2507
Crnax ng/mL 628 + 85 801 + 54 772 +134 833 + 80 1611 £ 275*#&F
AUCp: | ng/mL/h 2592 + 412 3757 £ 454 2879 + 405 3174 + 394 6854 + 989*#&t
AUCy.. | ng/mL/h 3618 + 546 5771+ 1017 3518 + 446 4097 + 525 9309 + 1366*3t
Fr % 100.0 144.9 111.1 122.5 264 .4

*p < 0.05 vs. EFV-suspension

#p < 0.05 vs. EFV-NMs

& p < 0.05 vs. EFV-CUR-NMs (5:5)

T p <0.05 vs. EFV-CUR-NMs (5:10)




Table 4. Pharmacokinetic parameters of EFV- and EFV-CUR-NMs in rats in the presence and absence of lymphatic
transport inhibitor (CHX) administered orally. Results are expressed as mean = S.E. (n = 6).

Parameter | Units | EFV-NMs | EFV-NMs + CHX | EFV-CUR-NMs (5:15) | EFV-CUR-NMs (5:15) + CHX
tmax h 1.8+0.8 3.3+1.7 23+0.38 1.3+0.3
Crax ng/mL 785 £ 65 492 + 148" 1550 + 325 369 + 159%
AUC ng/mL/h | 3545 £ 625 2106 + 1045 6696 *+ 896 1840 + 920#
Fr % 136.8 81.3 258.3 71.0

*p <0.05
vs. EFV-
NMs

#p<0.05
vs. EFV-
CUR-NMs
(5:15)
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