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ABSTRACT

The antiretroviral (ARV) cocktail revolved the treatment of the human immunodeficiency virus (HIV)
infection. Drug combinations have been also tested to treat other infectious diseases, including the
recent coronavirus disease 2019 (COVID-19) outbreak. To simplify administration fixed-dose combina-
tions have been introduced, however, oral anti-HIV therapy still struggles with low oral bioavailability
of many ARVs. This work investigated the co-encapsulation of two clinically relevant ARV combina-
tions, tipranavir (TPV):efavirenz (EFV) and darunavir (DRV):efavirenz (EFV):ritonavir (RTV), within the
core of B-casein (bCN) micelles. Encapsulation efficiency in both systems was ~100%. Cryo-
transmission electron microscopy and dynamic light scattering of the ARV-loaded colloidal dispersions
indicate full preservation of the spherical morphology, and x-ray diffraction confirm that the encapsu-
lated drugs are amorphous. To prolong the physicochemical stability the formulations were freeze-
dried without cryo/lyoprotectant, and successfully redispersed, with minor changes in morphology.
Then, the ARV-loaded micelles were encapsulated within microparticles of Eudragit® L100, which pre-
vented enzymatic degradation and minimized drug release under gastric-like pH conditions in vitro. At
intestinal pH, the coating polymer dissolved and released the nanocarriers and content. Overall, our
results confirm the promise of this flexible and modular technology platform for oral delivery of fixed
dose combinations.

© 2020 Published by Elsevier Inc.

* Corresponding author at: CryoEM Laboratory of Soft Matter, Faculty of Biotechnology and Food Engineering, Technion-Israel Institute of Technology, Haifa 3200003,

Israel.

E-mail addresses: Danino@Technion.ac.il, Dganit.Danino@GTIIT.edu.cn (D. Danino).

https://doi.org/10.1016/j.jcis.2020.12.021
0021-9797/© 2020 Published by Elsevier Inc.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2020.12.021&domain=pdf
https://doi.org/10.1016/j.jcis.2020.12.021
mailto:Danino@Technion.ac.il
mailto:Dganit.Danino@GTIIT.edu.cn
https://doi.org/10.1016/j.jcis.2020.12.021
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

P. Singh Chauhan, I. Abutbul Ionita, H. Moshe Halamish et al.

1. Introduction

The Human immunodeficiency virus (HIV-1) infection is one of
the major health burdens worldwide with approximately 37.9 mil-
lion people living with HIV in 2018 [1]. An estimated 1.7 million
individuals worldwide became newly infected with HIV in 2018
- about 5,000 new infections per day, as well as 940,000 people
that died of HIV that year [1]. Different antiretroviral (ARV) combi-
nations have been clinically trialed. Based on clinical evidence, the
chronic administration of a minimum of three ARVs of at least two
different families (out of the existing six) is critical to maintain
undetectable viral levels in plasma over time and to prevent the
progress from the infection to the active phase of the disease, the
Acquired Immunodeficiency Syndrome (AIDS) [2,3]. The ARV cock-
tail known as the highly active antiretroviral therapy (HAART) rev-
olutionized the treatment of the disease, making it manageable
and chronic. The rationale behind HAART is that the inhibition of
the HIV replication cycle at least at two different stages results in
therapeutic synergy. More recently, the clinical use of ARV combi-
nations has been implemented in pre-exposure prophylaxis and to
prevent HIV infection in non-infected individuals at very high risk.
ARV combinations have been also clinically assessed in the treat-
ment of viral diseases such as the severe acute respiratory syn-
drome (SARS) and lately in the corona virus 2019 (COVID-19)
outbreak [4-6]. In late March 2020, the World Health Organization
(WHO) launched the global clinical trial called SOLIDARITY com-
prising several thousands of patients worldwide that aims to find
a possible treatment for this new disease [7]. In this framework,
the efficacy of the lopinavir/ritonavir (LPV/RTV) combination to
prevent infection or improve clinical outcomes will be assessed.

Pill burden and complex administration regimens jeopardize
patient compliance and may lead to low therapeutic efficacy due
to poor adherence. Fixed-dose combinations (FDCs) are pharma-
ceutical products containing two or more active pharmaceutical
ingredients (APIs) in one single dosage form. FDCs have been
designed to reduce pill burden, simplify administration regimens,
improve patient compliance, and constrain the risk of
monotherapy-associated drug resistance [8]. There are more than
10 2-in-1 and 3-in-1 ARV FDCs approved by the US-Food and Drug
Administration (US-FDA) [9]. The non-nucleoside reverse tran-
scriptase inhibitor efavirenz (EFV) and the protease inhibitors dar-
unavir (DRV) and tipranavir (TPV) are among the ARVs approved
by the FDA and the European Medicines Agency (EMA) (Fig. 1).
EFV [10] is a first-line ARV listed in the WHO Model List of Essen-
tial Medicines [11]. DRV is also a first-line drug listed as essential
by the WHO, [11] while TPV is second-line due to severe side-
effects, though still used in patients that have shown resistance
to other protease inhibitors [12]. Protease inhibitors are always
associated with a boosting agent such as RTV, taken in low dose
[13]. A more selective boosting agent, cobicistat, was introduced
in FDCs in 2012 [14].RTV and cobicistat show similar efficacy
[15] but different side effects [16] with limited clinical data for
the latter in high-risk subpopulations [17]. Cobicistat-containing
FDCs are more costly than those of RTVand less affordable in
developing countries [18]. RTV (but not cobicistat) is catalogued
by the WHO as an essential drug [11].

EFV, DRV and TPV are classified into Class II of the Biopharma-
ceutics Classification System (BCS), displaying low water solubility,
high permeability and low oral bioavailability [17]. Conversely,
RTV belongs to Class IV (low water solubility and low permeability)
(Table S1). EFV displays low water solubility in a broad pH range
between 1 and 8 and limited oral bioavailability [19]. Protease
inhibitors are highly soluble in acid aqueous solutions [20] and
present a dramatic solubility decrease at neutral or basic pH. For
example, the water solubility of RTV decreases from 1.2 mg mL™!
at pH 1 to 5 mg mL~! at neutral pH [21]. Thus, even if administered
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in the form of water-soluble salts or solvates, protease inhibitors
precipitate in the small intestine in the form of relatively large par-
ticles with slow dissolution rate, a phenomenon that result in low
oral bioavailability [22,23]. In this context, the investigation of
advanced drug delivery systems that localize the delivery in the
gut is called for, to improve the efficacy and the quality of life of
patients and to reduce the medication costs in the therapy of HIV
[24-26].

Beta-casein (bCN, 24 kDa, 209 amino acids) is an unstructured
calcium-sensitive phosphoprotein, comprising about 36% of the
cow milk [27,28]. The most advantageous feature of bCN is its
amphiphilic structure that leads to self-assembly in aqueous solu-
tion, thereby forming stable colloidal micellar structures
[27,29,30]. The monomer radius of gyration (Rg) ranges between
7.3 and 13.5 nm [27,28] depending on temperature, pH, and ionic
strength. The critical micellar concentration (CMC) of bCN also
depends on these parameters, and at pH 7.0 and the temperature
interval relevant to this study it is between 0.5 and 2.0 mg mL™!
[28]. In our earlier studies, we showed that bCN micelles can effi-
ciently encapsulate and orally deliver high amount of hydrophobic
therapeutics such as celecoxib and except that becoming more
round, and importantly no change in the morphology of the
micelles occur even after freeze- drying and resuspension [29-31].

The oral route has been recognized as the most patient-
compliant, mainly owing to the minimal invasiveness, painless
self-administration and possible use of solid formulations with
better physicochemical stability and long shelf life and the ability
to sustain and localize the release in different portions of the gas-
trointestinal tract (GIT) [32]. Micelles are common and accepted
colloidal particles in drug delivery, and bCN micelles emerge as a
versatile, biocompatible platform for oral drug delivery. However,
they undergo degradation in the harsh acidic conditions of the gas-
tric fluids (pH 1-2.5) [33], a process that is catalyzed by gastric
enzymes such as pepsin [34].

Aiming to make a sound contribution to the combined ARV
therapy of HIV and pave the way for the use of bCN micelles in oral
drug delivery, in this work we investigated and characterized a
Nanoparticle-in-Microparticle Drug Delivery System (NiMDS) 2-
in-1 and 3-in-1 FDCs to improve the oral bioavailability and reduce
the administration frequency of ARVs. Our results demonstrate the
promise of these modular and versatile delivery constructs for the
local oral delivery of ARV FDCs in the therapy of HIV and possibly
other viral infections.

2. Materials and methods
2.1. Production of drug-loaded bCN dispersions

Bovine bCN ( >97% purity, Sigma-Aldrich) was dissolved in
50 mM phosphate buffered saline (PBS, pH 7.0, MP Biomedicals)
containing 5.65 mM NaH,PO4(99% purity, Merck Millipore),
3.05 mM Na,HPO, (99% purity, Merck Millipore), 80 mM NacCl
(98% purity, Loba Chemie) and 0.02% sodium azide (>99.5% purity,
Sigma-Aldrich). The bCN colloidal system was prepared at
10 mg mL~! (0.41 mM), above its CMC (0.5-2.0 mg mL™}, 0.021-
0.083 mM at pH 7.0, 25 °C), where physically stable bCN micelles
exist [28,29]. The system was stirred overnight at 4 °C, forming a
transparent colloidal dispersion.

For loading bCN micelles with TPV (>98% purity, MW of
602.66 g mol~!, Boehringer Ingelheim) and EFV (>98% purity,
MW of 315.67 g mol ', Gilead Sciences), the drugs were dissolved
in absolute alcohol (Bio-Lab Ltd.). For the preparation of bCN
micelles loaded with DRV (98% purity, MW of 547.66 g mol ', Leap
Chem Co.), EFV and RTV (99% purity, MW of 720.94 g mol~!, Leap
Chem Co.), they were dissolved in dimethyl sulfoxide (>99% purity,
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Fig. 1. Chemical structure of (A) EFV, (B) DRV, (C) TPV and (D) RTV.

DMSO, Bio-Lab Ltd.). As controls, each drugs mixture - TPV:EFV in
ethanol (99% purity, Parchem) or DRV:EFV:RTV in DMSO - was
added dropwise to PBS. All control drug dispersions were cloudy,
indicating poor dispersibility and poor solubility of the drugs in
buffer.

For the dispersion, a known amount of each drugs mixture was
added dropwise to bCN micelles (10 mg mL™!) under stirring for
30 min at 25 °C, at predetermined protein:drugs mole ratios. Etha-
nol or DMSO concentration in the final dispersion was always <5%
v v''. The drug-loaded dispersion bCN:TPV:EFV is designated as
bCTE (1:8:8 protein:drugs mole ratio) and bCN:DRV:EFV:RTV is
designated bCDER (1:8:6:1 protein:drugs mole ratio), and compo-
sitions are given in Table 1. All of these dispersions were transpar-
ent indicating good encapsulation of the drugs within the micelles.

Drug-loaded bCN micelles were encapsulated within Eudragit®
L100 (Evonik) using direct Nano Spray-Drying (see below) to form
gastro-resistant microparticles that are fully stable under gastric
pH conditions and dissolve fast at pH = 6-7 (small intestine). To
confirm the copolymer coating of the micelles, an acidic protease
solution from Aspergillus saitoi (0.6 U mg~!; Sigma-Aldrich) was
used to challenge their stability in vitro.

2.2. Freeze-drying

The drug-free and drug-loaded bCN colloidal dispersions were
frozen in liquid nitrogen and then freeze-dried in an Alpha 1-4

Table 1
Composition of different formulations used in this study.

LSC basic lyophilizer (Martin Christ) for 24 h. Samples were stored
at 4 °C, then resuspended in PBS, to reach the original concentra-
tion of 10 mg mL™!, or a higher concentration of 50 mg mL™".
Resuspension was performed by weighing the dry powder, adding
a measured volume of PBS, and stirring for 30 min at room temper-
ature. Transparent dispersions were obtained.

2.3. Turbidity

Turbidity measurements were performed using an Ultrospec
2100 Pro spectrophotometer (Amersham Biosciences Corp.) at a
wavelength of 600 nm with a light path of 1 cm. bCTE and bCDER
dispersions at predetermined molar ratios were characterized.

2.4. Characterization of drug-loaded bCN dispersions

The size distribution (scattering angle of 173°) and zeta-
potential (Z-potential) were measured by dynamic light scattering
(DLS) in a Zetasizer Nano ZSP (Malvern Panalytical Ltd.) at 25 °C. Z-
potential of bCTE and bCDER was measured before freeze-drying,
and after resuspension in PBS. An Olympus BX51 light microscope
(LM, Olympus Corp.) was operated at Nomarski differential
interference contrast (DIC) optics to examine the drugs in PBS
and drug-loaded bCN dispersions. One drop (5 pL) was placed on
a glass slide and covered with a cover slide. Images were recorded
digitally at magnifications of 10- to 60-fold, with an Olympus DP71

bCN:TPV:EFV Total amount (mg) bCN:DRV:EFV:RTV Total amount (mg)
Component bCN TPV EFV bCN DRV EFV RTV
Amount (mg) 10 1.90 0.99 12.9 10 1.7 0.74 0.28 12.7
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camera connected to the LM. Image processing was done using the
Cell A software (Olympus Corp.).

2.5. Direct-imaging cryogenic-transmission electron microscopy, Cryo-
TEM

Samples for cryo-TEM were prepared in a closed, home-made
specimen chamber that was saturated with water and maintained
at a controlled temperature (25 °C). A small drop (6 pL) of each col-
loidal suspension was placed on a 200 mesh carbon-coated copper
grid (Ted Pella, Inc.) held by tweezers. Excess sample was removed
by blotting with a filter paper to create a thin liquid film filling the
holes of the grid of the dispersion of the dispersion. The blotted
grids were vitrified upon plunging into the cryogen, liquid ethane
maintained at its freezing temperature (—183 °C), transferred to
liquid nitrogen (LN2) and then stored in liquid nitrogen
(=196 °C) until analysis. Samples were examined in a Tecnai 12
G2 transmission electron microscopy (TEM, FEI) at 120 kV with a
Gatan 626 cryo-holder (Pleasanton) maintained below — 170 °C
to avoid the crystallization of the vitreous ice. To minimize beam
exposure and radiation damage, images were recorded under
low-dose conditions to minimize radiation damage on a cooled
UltraScan 1000 2 k x 2 k high-resolution charge-coupled device
(CCD) camera (Gatan), using the Digital Micrograph software pack-
age (Gatan), and using methodologies we have developed, as pre-
viously described [35].

2.6. Wide-angle X-ray diffraction, XRD

XRD experiments of freeze-dried bCN, unprocessed drugs, (EFV,
TPV, DRV and RTV) and freeze-dried drug-loaded bCN samples
(bCTE and bCDER) were performed using a Philips PW 3020 powder
diffractometer equipped with a graphite crystal monochromator.
The operating conditions were CuKa radiation (0.154 nm), 40 kV
and 40 mA, in 26 recording range from 0° to 90° at room
temperature.

2.7. In vitro pH-dependent dissolution assay

To assess the dissolution and re-precipitation of drugs in PBS
media that mimics the pH conditions of the gastrointestinal tract
in vitro, 2.89 mg of TPV:EFV and 2.75 mg of DRV:EFV:RTV (total
drugs amount used for encapsulation) were dispersed in 0.001 M
HCI s (pH 2.0, 2.0 mL) at 37 °C and gently stirred at 350 RPM for
30 min. The dispersion was analysed by LM. Then, 5 mM KOH
aqueous solution was added to rise the pH from 2.0 to 6.5, and
the dispersion was examined again by LM.

2.8. Production and characterization of Nanoparticle-in-Microparticle
delivery Systems, NiMDS

NiMDS containing bCTE and bCDER as the nanoparticulate com-
ponent were produced by the redispersion of the drug-loaded
micelles in Eudragit® L100 ethanol solution and spray-drying
[36] and designated EbCTE and EbCDER, respectively. Briefly,
50 mg of freeze-dried drug-loaded bCN micelles were dissolved
in water and mixed slowly with the copolymer solution prepared
in absolute ethanol (5.0 mg mL™!), set the pH solution (7.5) and
then spray-dried to form microparticles using a BUCHI B-90 HP
Nano Spray Dryer (Flawil) in a closed loop system with the follow-
ing process setup: 4.0 pum mesh; 80 °C inlet temperature; 22-25 °C
outlet temperature; 100 L min~! gas flow rate; 20-25% pump
speed; 80% spray power; and 80-90 kHz frequency. As a control,
drug-free NiMDSs were produced by dispersing bCN micelles in
water and then in Eudragit® L100 solution in absolute alcohol as
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described above. Microparticles were stored at room temperature
until characterization.

Microparticles size and size distribution were assessed after
dispersion in 10 mM sodium chloride (25 pg mL™') using a Zeta-
sizer Nano ZSP, at 25 °C. The size and morphology were further
analyzed by scanning electron microscopy (SEM) using a Zeiss
Ultra-Plus microscope (Carl Zeiss NTS GmbH). Images were
acquired using secondary electrons at 2 keV and at a working dis-
tance of 2.5-4.0 mm.

2.9. Fourier-transform infrared spectroscopy, FTIR

To confirm the efficient coating of the micelles with Eudragit® L
100, that is critical to ensure their stability under gastric-like pH
conditions, bCN, pristine Eudragit® L 100 and the drug-free bCN
microparticles were analyzed by FTIR spectrometry using a Nicolet
6700 FTIR spectrophotometer (Thermo Fisher Scientific,) at scan-

ning range of 4000-500 cm~! and resolution of 2 cm™'.

2.10. Drug release in vitro

The release of DRV, EFV and RTV from the bCDER designated as
bCD, bCE, bCR and from EbCDER designated as EbCD, EbCE, EbCR
were assessed in vitro in both gastric- and intestinal-like pH condi-
tions. Drug-loaded samples (bCDER; 12.75 mg mL~! and EbCDER;
125 mg mL~!) were placed in a dialysis membrane (12-14 kDa
MWCO, Spectrum Laboratories Inc.) and immersed in pH 2.0 (lactic
acid solution) or pH 6.8 (PBS), at 37 °C, and magnetically stirred at
50 RPM for 48 h. At predetermined time points, release medium
aliquots were sampled and replaced by fresh pre-heated medium.
Aliquots were freeze-dried and re-dissolved in DMSO. Then, the
concentration of each drug was determined by UV-Vis spectropho-
tometry at 265, 247 and 238 nm respectively, using a calibration
curve in DMSO with concentrations up to 1 mg. From this, the
cumulative dissolution (expressed in percentage) was calculated.
Experiments were conducted in triplicates and results expressed
as Mean * S.D.

2.11. Protection against gastric enzymes

To evaluate the protective effect of Eudragit® L100 against gas-
trointestinal enzymes under gastric pH conditions, bCDER
(12.75 mg mL~! and EbCDER; 125 mg mL™!) were incubated with
acidic protease enzyme (6 U) in simulated gastric conditions (pH
2.0, 37 °C) with continuous shaking for 60 min. Samples (500 pL)
were taken at every 10 min and centrifuged at 8,000 RPM for
5 min, and supernatant were used for protease activity calculation,
knowing that one unit of enzyme hydrolyzes casein to produce color
equivalent to 1.0 pmole of tyrosine per min under standard
conditions.

2.12. Statistical analysis

Statistical testing was performed by one-way ANOVA for group
analysis using GraphPad Prism (GraphPad Software). The results
from three independent experiments are presented as mean
values = S.D.

3. Results and discussion
3.1. Production of drug-loaded bCN micelles

NiMDS are comprised of one nanoparticulate and one micropar-
ticulate component. Aiming to investigate the potential of bCN
micelles to serve as the nanocarrier in ARV NiMDS FDCs for oral drug
delivery, we encapsulated one 2-in-1 (TRP:EFV) and one 3-in-1
(DRV:EFV:RTV) drug combination. The former combination is a
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prototype used for the optimization of the production process,
while the latter is a clinically relevant ARV combination. We first
characterized the solubility of these combinations in PBS. As
expected, due to their poor solubility in PBS, these drug combina-
tions form large crystals that precipitate with time (Fig. 2A1, A2,
B1, B2).

After encapsulation of these hydrophobic ARV combinations
within bCN micelles, their aqueous solubility was dramatically
increased, resulting in completely transparent dispersions and
the absence of drug crystals (Fig. 2C1, C2, D1, D2). These results
are consistent with the formation of strong interactions between
the drug and the hydrophobic domains of the bCN micelles, that
result in their efficient encapsulation and the creation of stable
drug-loaded bCN dispersions, in agreement with our previous
reports for Celecoxib [30,31].

3.2. Characterization of the drug-loaded bCN colloidal dispersions

To evaluate the stability and shelf life of the drug-loaded disper-
sions, turbidity was measured at selected time points up
to ~ 2 weeks (0.5, 1, 24, 48, 96, 120, 144 and 312 h). All dispersions
showed good physical stability, and remained clear and transpar-
ent over the entire incubation time. The optical density (OD) was
0.08 + 0.01 and 0.040 + 0.01, for bCTE and bCDER, respectively. This
indicates that the ARV combinations were efficiently retained
inside the bCN micelles (Fig. 1S).

Then, we produced dry powders that usually display much higher
physicochemical stability and longer shelf life than aqueous liquid
dispersions. Superior to many other nanoparticulate drug delivery
systems [37], these dispersions could be successfully freeze-dried
without the addition of cryo/lyoprotectants, and, in addition, the

Journal of Colloid and Interface Science 592 (2021) 156-166

dry drug-loaded micelles were stable for at least 6 months in the
dry form. As shown in Fig. 3, the drug-free bCN colloidal dispersions
showed a single narrow peak with an average diameter of 25 + 2 nm
by DLS. Each of bCN-encapsulated dispersions (bCTE and bCDER)
showed a single peak as well, yet with larger average diameters of
35+1nmand 37+ 3 nm, respectively, before lyophilization and after
lyophilization and resuspension to the original concentration in PBS
(Table S2). The size growth upon drug encapsulation was consistent
with the enlargement of the hydrophobic domains of the micelle,
upon drugs encapsulation, as was also found for celecoxib [29]. All
the dispersions were transparent to the naked eye before (Fig. 3al,
b1, c1) and after freeze-drying and resuspension (Fig. 3a2, b2, c2).

Measurements indicated a slight increase in turbidity for the drug-
loaded bCN micelles with respect to the unloaded control, probably
owing to the size growth (Fig. 3). Z-potential of all the tested samples
remained unchanged (approximately —12 mV) (Fig. 3). These find-
ings highlight the high stability and processability of ARV-loaded
bCN micelles, in good agreement with our results with other
hydrophobicdrugs[30,31]. Remarkably, in this work, double and tri-
ple drug combinations were successfully encapsulated with com-
plete preservation of the micellar morphology.

To confirm the efficient drug encapsulation and disclose the
micellar morphology, bCTE and bCDER before and after freeze-
drying and resuspension were analyzed by cryo-TEM. bCTE micro-
graphs show the presence of a homogenous population of small
round and swollen micelles, with a diameter of 21 + 3 nm
(Fig. 4A1) for the fresh dispersion. The size remained almost
unchanged after freeze-drying and resuspension (Fig. 4A2). Cryo-
TEM images of bCDER showed round micelles of 25 + 3 nm before
(Fig. 4B1) as well as after freeze-drying (Fig. 4B2). The latter are
also larger which is consistent with the increased drug loading.

Fig. 2. LM and DIC images showing floating crystals of free drug combinations: (A) TPV:EFV, at 1:1 mol ratio, and (B) DRV:EFV:RTV, at 8:6:1 mol ratio, and complete
solubilization after encapsulation in bCN micelle: (C) bCTE, at 1:8:8 protein:drugs mole ratio, and (D) bCDER, at 1:8:6:1 protein:drugs mole ratio. bCN concentration is

10 mg mL~!, and compositions according to Table 1.
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Fig. 3. Right: Size distribution expressed as hydrodynamic diameters, of drug-free and drug-loaded bCN micelles (solid lines), with a mean diameter 25 + 2 nm growing to
35 + 1 nm and 37 + 2 nm after encapsulation. No influence of drying on the mean diameter was observed after resuspension the dry dispersions in PBS to the original
compositions (doted lines). The corresponding solutions were transparent both before (a1, b1, c1) and after (a2, b2, c2) lyophilization. Left: Turbidity (upper panel) and Z-
potential (lower panel) of drug-free and drug-loaded bCN micelles before and after lyophilization and resuspension shows no change in the overall electro-kinetic potential
suggesting good stability of the colloidal dispersion. The results from three independent experiments are presented as mean values + S.D.

100'nm

Fig. 4. (A) Cryo-TEM images of bCTE (1:8:8 protein:drugs mole ratio): (A1) fresh and (A2) after freeze-drying and resuspension to the original concentration. (B) Cryo-TEM
images of bCDER (1:8:8 protein:drugs mole ratio): (B1) fresh and (B2) after freeze-drying and resuspension to the original concentration.
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We further resuspended the freeze-dried bCDER powder in a
smaller aqueous medium volume to reach a higher concentration
(50 mg mL™!) than the original one. This concentration change
might be relevant for the bench-to-bedside translation, as it would
enable oral administration of much higher doses in a similar vol-
ume. The suspensions remained transparent and the micelles size
and morphology remained mostly unchanged (Fig. 5A, B). Sizes
measured by DLS were in good agreement with cryo-TEM data
[38]. These results together with the absence of crystals at the
micro scale (by LM) or the nano-scale (by cryo-TEM) provide solid
evidence of successful drug encapsulation. These results support
our previous work where we demonstrated encapsulation of a high
concentration (~25% w.w™!) of the hydrophobic inflammatory drug
celecoxib within bCN [29,30]. The present data clearly supports the
suitability of bCN micelles for the encapsulation and oral delivery
of ARVs. Another advantage of our approach is the ability to resus-
pend dry powders in much smaller volumes, which increases the
drugs concentration (i.e. from 2.75 to 11.00 mg mL™'), making
the dispersion clinically feasible and relevant [31].

XRD was performed to EFV, TRP, DRV, RTV and freeze-dried
samples of bCN, bCTE and bCDER. Fig. 6 shows that all the pristine
drugs are crystalline in nature presenting typical diffraction peaks
of small-molecule organic powders. Conversely, upon encapsula-
tion within bCN micelles, no diffraction peaks were detected, indi-
cating that all drugs are in amorphous form or, in other words,
molecularly dispersed within the bCN matrix, which further
increases their suitability for oral drug delivery [30]. This as well
is consistent with our finding for celecoxib being molecularly dis-
persed in bCN micelles, as found by solution and solid-state
nuclear magnetic resonance [29]. But here, importantly, the amor-
phous encapsulation is confirmed also for drug combinations.

In earlier works, different ARVs were encapsulated in various
(mainly polymeric) nanocarriers especially integrase strand trans-
fer inhibitors i.e. dolutegravir, cabotegravir [39], nucleoside/nu-
cleotide reverse transcriptase inhibitors i.e. emtricitabine,
tenofovir alafenamide [3], non-nucleoside reverse transcriptase
inhibitors i.e EFV, rilpivirine and protease inhibitors i.e. DRV, lopi-
navir with boosting agent i.e. RTV [23]. Nowacek et al [40] manu-
factured nanoparticles of atazanavir, EFV, and RTV (termed
nanoART) by using human monocyte-derived macrophages as a
carrier but these were not tested for oral delivery as they were
envisioned for the targeting the central nervous system. Our strat-
egy is substantially distinct from others that in most of cases

Fig. 5. (A) Cryo-TEM shows uniform bCDER micelles (1:8:6:1, protein:drugs mole
ratio) after lyophilization and resuspension to a 5-fold higher concentration
(50 mg mL™') than the original one. (B) The colloidal dispersion remains
transparent.
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Fig. 6. Representative XRD spectra of free drugs (A to D) compared to bCN (E) and
bCN with encapsulated drugs (F to G). (A) EFV, (B) TRP, (C) DRV, (D) RTV (E) bCN
micelles, (F) bCTE, and (G) bCDER. Measurements clearly show no peaks of drugs in
the presence of bCN micelles indicating encapsulated drugs in an amorphous form.

encapsulate one single drug, as we demonstrate in this work the
co-encapsulation, with almost 100% efficiency, of double and triple
ARV combinations. As stressed above, TRP:EFV was utilized to opti-
mize the process conditions and the bCN:drugs ratio to maximize
encapsulation, DRV:EFV:RTV is an ARV combination administered
once daily in healthy volunteers in the amount of 900, 600 and
100 mg respectively [41].

3.3. Production and characterization of gastro-resistant Nanoparticle-
in-Microparticle Delivery Systems

As previously shown, upon oral administration, protease inhibi-
tors initially undergo dissolution in the stomach and reprecipitate
in the small intestine [22,23]. To assess this behavior for all the
ARVs used in this study, free drug combinations of TRP:EFV and
DRV:EFV:RTV (composition as in Table 1) were dissolved in
0.001 M HCI solution of pH 2.0. As seen in Fig. 7A1, B1, in both
experiment drugs dissolved and formed solutions that were trans-
parent to both the naked eye and under the LM. Upon pH increase
to pH 6.8 (this mimics in vitro the transit of the drugs from the
stomach to the small intestine), we noticed the presence of large
drugs particles of several microns in size (Fig. 7A2, B2). These
results indicate that these pH-dependent drugs undergo dissolu-
tion at low pH and then, upon neutralization, they re-precipitate
in the form of microparticles. This phenomenon was demonstrated
in vivo where DRV/RTV pure nanoparticles administered to rats by
the oral route showed very similar pharmacokinetics to unpro-
cessed drugs [23]. To prevent this, protease inhibitor nanoparticles
need to be encapsulated within gastro-resistant capsules that
release the drug locally in the small intestine [22,23,42].

Eudragit® L100, a polyanion random copolymer of methyl
methacrylate and methacrylic acid (1:1 M ratio), is extensively
used as a film-coating pharmaceutical excipient for improving
the oral delivery of ARVs and other small-molecule drugs and pro-
teins [22]. This copolymer is poorly soluble under the gastric pH
conditions and freely soluble at the intestinal pH. Thus, microen-
capsulation within Eudragit® L100 is a simple, scalable and trans-
latable approach to protect the bCN from degradation and
minimize the release of the ARVs in the stomach [43]. Once in
the small intestine, this copolymer is anticipated to undergo disso-
lution, releasing the encapsulated ARVs from the drug-loaded
micelles [22]. To ensure the efficient encapsulation of the drug-
loaded bCN micelles in the macroparticles and maximize the yield,
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Fig. 7. LM micrographs of free drug combinations (A1) TPV:EFV and (B1) DRV:EFV:RTV showing dissolution occur at acidic pH 2.0 and (A2) TPV:EFV and (B2) DRV:EFV:RTV
showing reprecipitation at neutral pH 6.5. Cuvettes showing appearance of dispersion in both the conditions. (C) HR-SEM micrographs of (C1) EbCTE and (C2) EbCDER

showing spherical round shape microparticles.

we used the spray-drying technology. In this framework, bCTE and
bCDER dispersions were dispersed in an ethanol solution of the
copolymer and spray-dried under optimized conditions as
described in the experimental section. Ethanol is an optimal sol-
vent because it is approved for pharmaceutical use and it does
not affect the structure and size of the bCN micelles in a substantial
manner. In addition, it does not dissolve any of the ARVs used in
this study within the timeframe of the production process, thus
preserving the integrity of the drug-loaded micelles. We success-
fully prepared microparticles for both micellar dispersions, namely
EbCTE and EbCDER, having mean hydrodynamic diameter of
590 + 90 nm and 540 * 70 nm, respectively, as determined by
DLS (Fig. 2SA). Z-potential values were —35 + 3 mV and -38 + 4 m
V, respectively, in accordance with the negative charge provided by
the carboxylic acid groups in the side-chain of Eudragit® L100
(Fig. 2SB). Taken together, size and Z-potential values suggest that
the produced NiMDS will be physically stable in suspension owing
to electrostatic repulsion. To gain more insight into the size and the
morphology of EbCTE and EbCDER, they were examined by HR-
SEM. We identified mainly a population of round-shaped,
smooth-surfaced microparticles with a diameter of approximately
435 + 55 nm for EbCTE and 470 + 70 nm for EbCDER (Fig. 7C1, C2),
confirming the successful production of NiMDS.

To confirm the integrity of the Eudragit® L100 coating around
the bCN micelles, FTIR analysis of bCN, pure Eudragit® L 100 and
the drug-free bCN microparticles was performed. bCN showed
characteristic peaks of amide I and II stretching at 1646 and
1534 cm™!, respectively, and at 718 cm™! due to the stretching
of CH,- groups (Fig. 3S), in good agreement with the literature
[44). The spectrum of Eudragit® L100 showed the characteristic
carbonyl vibrations of the ester group at 1728 cm™! (Fig. 3S). In
addition, peaks at 2996 and 2953 cm™~! due to stretching of CH,-
groups could be found in both bCN and Eudragit® L100 spectra
[45,46]. Interestingly, spectra of drug-free bCN microparticles
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showed a peak at 1728 cm~! and the decrease of bCN characteristic
amide bands, which confirmed that the copolymer coated the
nanoparticles.

3.4. Drug release in vitro

Eudragit® L100 coating was anticipated to prevent drugs disso-
lution under gastric-like pH conditions. As a proof of concept, we
chose EbCDER - a combination of three clinically relevant ARVs -
and its respective uncoated version (bCDER) to assess the drug
release in vitro first under gastric-like and then intestinal-like pH
conditions. This protocol mimics the transit of the dispersions
along the GIT after oral administration [22,23,47]. At pH 2.0, after
1 h, bCDER showed a relatively fast release of DRV, EFV and RTV of
approximately 28.0 + 2.0%, 11.0 £ 100% and 34.0 + 4.0%, respec-
tively, (Fig. 8A and Table S2). Conversely, EbCDER showed a dra-
matic decrease in the release to 4.0 + 0.3%, 4.0 £+ 0.5% and
20.0 + 1.0% (Fig. 8A and Table S2), respectively. These results
clearly indicate that the copolymer microparticle successfully pro-
tected the micelles and limited drug release at low pH. The small
amount of drug that was released might be by presence of some
free drug-loaded bCN micelles/at the surface of the microparticles
or in solution. At pH 6.8, the cumulative release of DRV, EFV and
RTV from the uncoated (free) micelles after 4 h was 44.0 + 3.0%,
24.0 + 3.0% and 46.0 + 2.0%, respectively (Fig. 8B and Table S2).
With EbCDER, values were 37.0 + 3.0%, 20.0 + 2.0% and
39.0 = 3.0%, for DRV, EFV and RTV, respectively (Fig. 8B and
Table S2). The differences in drug release between bCDER and EbC-
DER under neutral conditions was not statistically significant, con-
firming the dissolution of the Eudragit® L100 microparticle and the
release of the ARV-loaded micelles [47]. The high drug release
under neutral pH is beneficial for oral drug delivery as most drugs
undergo absorption in the small intestine owing to the large
absorption surface area and the longer residence time with respect
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Fig. 8. DRV, EFV and RTV release profile from bCDER (solid line) and EbCDER (dotted line) under (A) gastric pH condition; pH 2.0 and (B) intestinal pH condition; pH 6.8. The

results from two independent experiments are presented as mean values + S.D.

to the stomach [33]. Overall, our results demonstrate the distinct
stability and cumulative release profile of all drugs from both dis-
persions under gastrointestinal-like conditions with a substantial
decrease at low pH. Recent work explored strategies as ligand
switchable and chain responsive delivery system [48,49], imaging
guided combination therapy [50] and single-wavelength near-
infrared (NIR) light-triggered multifunctional micelles for combi-
national treatment of photothermal therapy (PTT) and photody-
namic therapy (PDT) [51] to deliver hydrophobic drugs in
targeted site safely, with improved therapeutic potential and lower
adverse reactions.

3.5. Protection against gastric enzymes

Eudragit® L100 plays a dual role by reducing drug release and,
at the same time, protecting bCN micelles from enzymatic proteol-
ysis. To evaluate the performance of both dispersions, bCDER and
its corresponding EbCDER (10 mg) were incubated in the presence
of acidic protease enzyme (6 U) in simulated gastric conditions and
the degradation was monitored over time. Fig. 4S depicts the pat-
tern of bCDER degradation as a function of protease enzyme activ-
ity. After 10 min, 18% protease activity was detected, and the
maximum enzyme activity has been observed at 40 min, confirm-
ing the degradation of bCN. After this time point, a reduction in
enzyme activity is detected, which could be due to absence of sub-
strate [52]. As expected, no enzymatic degradation could be
recorded for EbCDER due to the efficient isolation of bCN micelles
from the degradation medium. These findings confirmed that
Eudragit® L100 prevents the proteolysis of drug- loaded bCN
micelles under simulated gastric conditions.

4. Conclusions

Combination therapy is needed for difficult-to-treat infections
because of their potency and reduced development of drug resis-
tance. We previously introduced the use of B-casein micelles in
dry form and as a colloidal dispersion as effective vehicles for oral
delivery of poorly soluble drugs, using celecoxib as a model drug
[29-31]. Compared to earlier research [3,39] where mainly poly-
mers were used as a carrier for ARV drug, in the present work
we reportfor the first time on successful production of, an innova-
tive oral drug delivery system composed of double and triple ARV
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combinations co-encapsulated within bCN micelles and further
encapsulated within Eudragit® L100 microparticles. The drug-
loaded micelles were produced without any additives (e.g., surfac-
tants), have a spherical shape and uniform size, and can success-
fully encapsulate high concentrations of designed combinations
of hydrophobic drugs. In addition, they could undergo freeze-
drying to produce stable and redispersible powders without the
addition of any cryo/lyoprotectant. Further, our engineered NiMDS
prevents the release of the cargos and protect the protein micelles
under the acid and degradative conditions of the stomach, and are
expected to release to the small intestine, which could be benefi-
cial to increase their oral absorption and bioavailability. Overall,
our results demonstrate the promising performance of this drug
delivery platform to reduce the dose and the frequency of admin-
istration of ARV drugs, a crucial step to overcome the current
patient-incompliant therapy. Furthermore, the use of all FDA-
approved ingredients and of scalable processes remarkably
increases the chances of bench-to-bedside translation. Finally,
the strategy is flexible and modular, enabling the encapsulation
of different qualitative and quantitative hydrophobic drug
combinations.
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