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ABSTRACT

We have previously demonstrated that the ester conjugation of zidovudine (AZT) with
ursodeoxycholic acid (UDCA) allows to obtain a prodrug (U-AZT) which eludes the active efflux
transporters (AET). This allows the prodrug to more efficiently permeates and remains in murine
macrophages than the parent compound. Here we demonstrate that U-AZT can be formulated, by a
nanoprecipitation method, as nanoparticle cores coated by bile acid salt (taurocholate or
ursodeoxycholate) corona, without any other excipients. The U-AZT nanoparticles appeared
spherical with a mean diameter of ~ 200 nm and a zeta potential of ~ - 55 mV. During the
incubation (5 hours) in fetal bovine serum, the ursodeoxycholate-coated nanoparticle size did not
change. Differently, taurocholate-coated particle size was firstly reduced and then increased up to
800 pwm, thus suggesting the high aptitude of these nanoparticles to interact with serum proteins.
The in vitro uptake of taurocholate coated particles by murine macrophages was strongly higher
than that of ursodeoxycholate-coated particles or free U-AZT (~ 500% and ~ 7000%, respectively).
AZT was also detected in macrophages following the prodrug uptake, with the greatest amounts
observed after the taurocholate-coated nanoparticle incubation. As macrophages in the
subarachnoid spaces of cerebrospinal fluid (CSF) constitute one of the most unreachable HIV
sanctuaries in the body, we also tested the ability of taurocholate-coated nanoparticles (i.e.
nanoparticles highly internalized by macrophages) to reach them after their nasal administration in
the presence or absence of chitosan. The results indicate that chitosan allowed to obtain a relatively
high uptake (up to 4 pg/ml) of U-AZT in CSF. Taking into account that chitosan may promote the
direct brain nanoparticle uptake, these findings can be considered an initial step toward the in vivo
targeting of the subarachnoid macrophages by U-AZT prodrug.
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1. Introduction

Zidovudine (AZT, Fig. 1) is a nucleoside/nucleotide reverse transcriptase inhibitor (NRTT)
used, in combination with other antiretroviral agents, for highly active antiretroviral therapy
(HAART) in advanced HIV-1 disease [1]. Although HAART is efficacious in reducing peripheral
viral loads in HIV patients, a total eradication of the virus cannot be obtained. In fact, HIV-1 is also
located in macrophages of central nervous system (CNS), known to harbor and replicate the virus
and constituting one of the so-called “HIV sanctuaries” [2,3]. These are believed to be responsible
for the rebound viraemia observed in nearly all people following treatment cessation [2,4]. A
marked macrophage uptake of antiviral drugs or prodrugs, not only at the peripheral level but also
in the “HIV sanctuaries” mainly located in the subarachnoid spaces of cerebrospinal fluid (CSF), is
therefore required for the eradication of HIV. Unfortunately, the antiretroviral drugs are unable to
reach therapeutic concentrations in the CNS [5], being substrates of active efflux transporters (AET)
expressed on the membranes of lymphocytes [6-8], macrophages [9] and the cells that constitute the
blood-brain (BBB) and blood-cerebrospinal fluid (BCSFB) barriers [10-12]. In particular, it is
currently known that AZT is not a glycoprotein P (P-gp) substrate [13] and that breast cancer
resistance protein (bcrp) transporters are not active in limiting its CNS distribution [14]. On the
other hand, organic anion transporter (Oat) systems have been suggested to be involved in the AZT
efflux by choroid plexus [15], whereas the activity of multidrug resistance protein (MRP) 4 or

MRPS5 was proposed to induce the AZT efflux from macrophages [9].

Thus, there is a strong need of new strategies to improve the delivery of antiretroviral drugs
in the CNS as well as their uptake by CNS macrophages. Moving from this concept, we have
recently demonstrated that AZT, can be conjugated with the ursodeoxycholic acid (UDCA, Fig. 1)
in order to obtain a prodrug (U-AZT, Fig. 1) able to elude, without inhibiting, the AET system:s.
[16] and, therefore, to permeate and remain in murine macrophages with a twenty times higher

efficiency than AZT [17].
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Fig. 1. Chemical structures of zidovudine (AZT), ursodeoxycholic acid (UDCA)
and the prodrug (U-AZT) obtained by AZT/UDCA ester conjugation.

Based on the promising results we obtained, the aim of the present study was to further
improve the U-AZT uptake in macrophages that harbor HIV and constitute the only site of the virus
replication in the brain [18,19]. It is known that the use of nanoparticulate systems appears a
promising strategy to potentiate the therapeutic effects of drugs that, upon the administration as free
form, difficultly reach their target sites in the body [20,21].Taking into account these aspects, we
developed innovative nanoparticles constituted by self-assembled cores of U-AZT coated with bile

salt (taurocholate or ursodeoxycholate) coronas. These nanoparticles have been characterized in
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vitro for their size, zeta potential, particle distribution, stability in serum, U-AZT content, toxicity

and the ability to improve U-AZT uptake by macrophages.

Finally, in view of the encouraging in vitro results we obtained, we also performed in vivo
experiments to possibly individuate a strategy to improve the brain targeting of the U-AZT after the
intranasal administration of developed nanoparticles to rats. To this aim, we selected the
nanoparticles showing a high capability to be internalized into macrophages to prepare their water
suspensions in the absence or in the presence of chitosan hydrochloride. Chitosan has been chosen
considering its ability to transiently open the tight junctions of nasal mucosa [22] and its potential
aptitude in inducing nanoparticles to cross intranasal epithelium by a paracellular pathway [23] in
order to verify the opportunity to further enhance the CSF U-AZT levels and, consequently, the

prodrug uptake by CNS macrophages.

2. Materials and Methods
2.1. Materials

Ursodeoxycholic acid (UDCA) was kindly supplied by ICE Srl (RE, Italy) and used without
purification. AZT was purchased from Carbosynth Limited (Berkshire, UK). U-AZT was
synthesized according to published procedure [16]. Sodium ursodeoxycholate was obtained by
stoichiometric neutralization of UDCA by a sodium hydroxide solution. 7-n-Propylxanthine (7-n-
PX), bovine serum albumin (BSA) and sodium taurocholate were obtained from Sigma Aldrich (St.
Louis, MO, USA). Methanol, acetonitrile, ethyl acetate and water (Sigma Aldrich) were of high
performance liquid chromatography (HPLC) grade. Chitosan hydrochloride (Protasan UP CL 113)
was purchased from FMC BioPolymer AS (Drammen, Norway). The reversed-phase column
(Hypersil BDS C-18 5U cartridge column, 150 mm x 4.6 mm i.d.) and the guard column (packed

with Hypersil C-18 material) were obtained from Alltech Italia Srl BV (Milan, Italy). All other



reagents and solvents were of analytical grade (Sigma-Aldrich). The murine macrophage cell line
J774A.1 was obtained from the American Type Culture Collection (LGC Standards, Milan, Italy).
Dulbecco’s modified Eagle’s medium + Glutamax, fetal bovine serum (FBS), penicillin, and

streptomycin were provided by Invitrogen (Life Technologies, Milan, Italy).

2.2. In vitro experiments
2.2.1. Preparation of sodium taurocholate or sodium ursodeoxycolate nanoparticles

Sodium taurocholate or sodium ursodeoxycolate coated U-AZT nanoparticles (nano-tauro
and nano-UDCA, respectively) were obtained by using the nanoprecipitation method with slight
modifications [24]. Briefly, a solution of U-AZT in methanol (MeOH; 0.5% w/v) was dropwise-
added into an aqueous solution of sodium taurocholate (nano-tauro) or sodium ursodeoxycolate
(nano-UDCA) (0.025% w/v) as surfactant kept at 25°C under gentle stirring (IKA Labortechnik,
Staufen im Breisgau, Germany). The resulting nanosuspensions were maintained under gentle

mechanical mixing overnight to evaporate the organic solvent. After solvent evaporation, the

nanoparticles were freeze-dried at —55°C at a pressure of 10-4 Torr for 36 h (Lyovac GT2, Leybold-

Heraues GmbH, Koln, Germany) and stored as dry powder at 25°C.

2.2.2. Nano-tauro and nano-UDCA characterization

Nanosuspensions were characterized for size, zeta potential, and particle distribution by
photon correlation spectroscopy (PCS) (Zetasizer, Malvern Instrument, UK) either before or after
the freeze-drying process. Before freeze-drying, the samples were diluted (1:10) in deionized water
to avoid multi-scattering events, while freeze-dried samples were re-suspended in deionized water
(0.1 mg/ml). The suspensions were then examined to determine size (Z-Average), zeta potential and
polydispersity index (PDI). The reported data represent the mean of three independent experiments.

Nanoparticle morphology was analysed by field-emission gun scanning electron microscopy

(SEM-FEG, Nova 11 NanoSEM 450, Fei, Eindhoven, The Netherlands) using both the scanning
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electron microscopic (SEM) mode and the scanning transmission electron microscopic (STEM)
mode. For the SEM mode, few drops of the freshly prepared nanoparticle suspensions (nano-tauro
and nano-UDCA) diluted in deionized water; (1:10) were placed on an aluminum stub (TAAB
Laboratories Equipment Ltd, Aldermaston, Berks, UK) previously covered with a double sided
sticky tab (TAAB Laboratories Equipment Ltd, Aldermaston, Berks, UK). After drying, the stubs
were vacuum coated with gold—palladium in an argon atmosphere for 60 s (Sputter Coater Emitech
K550, Emitech LTD, Ashford, Kent, UK).

For the TEM mode, a STEM detector characterised by a low voltage electron beam (30 kV) was
employed. TEM 200 mesh Formvar/Carbor coppergrids (TAAB Laboratories Equipment Ltd, Berks
UK) were immersed in the diluted (1:10 v/v in water) freshly prepared nanosuspensions and dried

under normal room conditions (25°C, 760 mmHg) before the analysis.

2.2.3. Measurement of nano-tauro and nano-UDCA U-AZT content

To determine the content of U-AZT in the powders, the nanoparticles (~ 2 mg) were
weighted using a high precision analytical balance (d= 0.01 mg; Sartorius, model CP 225D,
Goettingen, Germany) and dissolved in MeOH (0.38 mg/mL); thereafter the samples were diluted
1:2 with water and filtered aliquots of these solutions (0.45 pm) were injected into a HPLC system
for U-AZT assay. The percent drug loading in nanoparticle was calculated according to the

following equation:

b loadi . w mass of drug in nanoparticles 100
rug toading (/OW) - mass of nanoparticles %

All the reported values represent the mean of three independent experiments.



2.2.4. Nanoparticle stability in serum

In order to evaluate the stability of the nanoparticles in serum, 10 mg of liophilized nano-tauro
and nano-UDCA were added to 1 mL of fetal bovine serum (FBS) solution (100% FBS; 37°C) [25].
At selected time points, ranging from 15 min to 5 h, aliquots of the suspensions were diluted with
MilliQ water (1/10 v/v) and size, PDI and zeta potential were measured by the DLS analysis (Malvern
Z-Sizer, Zetasizer version 6.12, Malvern Instruments, Worcs, U.K). Each measurement was

performed in triplicate.

2.2.5. U-AZT and AZT HPLC analysis.

U—AZT prodrug and its hydrolysis product (AZT) levels were quantified by HPLC. The
chromatographic apparatus consisted of a modular system (model LC-10 AD VD pump and model
SPD-10A VP variable wavelength UV- vis detector; Shimadzu, Kyoto, Japan) and an injection
valve (20 puL sample loop; model 7725; Rheodyne, IDEX, Torrance, CA, USA). The detector was
set at 260 nm. Peak separations were performed at room temperature on a 5 um Hypersil BDS C-18
column (150 mm x 4.6 mm i.d.; Alltech Italia Srl, Milan, Italy), equipped with a guard column
packed with the same Hypersil material. Data acquisition and processing were accomplished by
using the CLASS-VP Software, version 7.2.1 (Shimadzu Italia, Milan, Italy). A gradient elution
program using a mixture of water and MeOH as mobile phase was used. The program was as follow
(flow rate = 1 mL/min): isocratic elution with 20% (v/v) MeOH in water for 10 min; 1 min linear
gradient to 75% (v/v) MeOH in water; elution with this mobile phase composition for 10 min. After
each cycle, the column was conditioned with 20% (v/v) MeOH in water for 10 min. The retention
times for AZT and the U-AZT prodrug were 6.5 and 19.6 min, respectively. The HPLC assay of
U—AZT alone was performed isocratically with 80% (v/v) MeOH in water. In this case, the
retention time of U-AZT was 4.8 min. The analysis precision was evaluated by repeating (n = 6)

the measurement of the same sample solution of 50 uM AZT (13.4 pg/mL) or U-AZT (32.1 pg/mL)



dissolved in MeOH; under these conditions, the observed relative standard deviation (RSD) values
for AZT and U-AZT were 0.91% and 0.94%, respectively. Calibration curves of peak areas versus
concentration were linear (n =8, r > 0.997, P <0.0001) in the range of 0.5-100 uM for AZT (0.13-
26.7 pg/mL) and U-AZT (0.32- 64.18 ng/mL). For CSF simulation, standard aliquots of balanced
solution (PBS Dulbecco’s without calcium and magnesium) in the presence of 0.45 mg/mL BSA
were used [26,27]. In this case, the chromatographic precision was evaluated by repeated analysis
(n = 6) of the same sample solution containing 2.0 uyM AZT (0.53 pg/mL) or U-AZT (1.28 pg/mL)
and was represented by RSD values of 0.94% and 0.96%, respectively. The calibration curves of
peak areas versus concentration were linear (n =8, r>0.992, P <0.0001) over the range of 0.5-20

uM for AZT (0.135 — 5.32 pg/mL) and U-AZT (0.320 — 12.84 pg/mL).

2.2.6. Cell culture and uptake of U-AZT in macrophages

Adherent cultured J774A.1 macrophages were grown in Dulbecco’s modified Eagle’s
medium + Glutamax supplemented with 10% FBS, 100 U/mL penicillin and 100 pg/mL
streptomycin (37°C; humidified atmosphere of 95% O, with 5% of CO,). Subcultures were
prepared by scraping, whereby cells were re-suspended in the medium, aspirated and dispensed into
new flasks. For the U-AZT cell uptake studies, J774A.1 cells were seeded in 12-well culture plates
(1 ml/well; 5x10° cells). When semi confluent monolayer was formed, the cells were subsequently
exposed to (i) I mL of 100 uM U-AZT (64.18 pg/mL) solution in growth medium for 15 min, in
the absence or in the presence of 0.32 mg/mL of sodium taurocholate or 0.32 mg/mL sodium
ursodeoxycholate, and (if) 1 mL of U-AZT nanoparticle suspensions in growth medium in the
presence of sodium taurocholate (nano-tauro) or sodium ursodeoxycholate (nano-UDCA); the
amount of the suspended nanoparticles in growth medium was equivalent to 100 uM U-AZT (64.18
ug/mL). At the end of the treatment, the incubation medium was removed, cells were washed twice
with the incubation medium and then twice with PBS. At this point, pairs of culture plates, treated

as previously described, were split out in order to obtain the lysis of the cells or to perform their
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counting. The macrophages were lysed by adding pure water (0.3 mL per well) and freezing them in
the presence of water (-80 °C; 60 min). This procedure ensured the best osmotic shock and cell
membrane breaking [28,29], as evidenced by microscopic observation, allowing to completely
deliver the intracellular content after thawing and scraping of lysed macrophages. Finally, cell
lysates were transferred to glass tubes, dried under nitrogen stream, re-suspended in 0.2 mL of
MeOH and centrifuged (5 min at 13,000 % g) to remove cell debris. The supernatant (10 pL) was
used to measure the levels of the test substrates by HPLC analysis. A third set of control 12-well
culture plates was treated as described above but in the absence of cells, in order to evaluate the
amounts of U-AZT adsorbed in the wells. These amounts have been subtracted from the U-AZT
levels measured in the presence of macrophages under the corresponding conditions. J774A.1 cells
were counted by using the Scepter 2.0 cell counter (Merck Millipore, Milan, Italy). Briefly, the cells
were scraped and re-suspended in the culture medium; thereafter, the resultant cell suspensions
were transferred to 1.5 mL microcentrifuge tubes and the cells were counted with the counter
equipped with a 60 um sensor tip, according to the manufacturer’s recommendation. The volume of
the macrophages measured by the cell counter was 1.7 £ 0.1 pL.

All the reported J774A.1 cell results represent the mean of four independent experiments.

2.2.7. Toxicity evaluation (MTT assay)

J774A.1 cells were seeded in 96-well plates at a density of 8,000 cells per well and reached
an optimal population density within 48-72 h. The cells were then incubated for 15 min in 200 pL
of culture medium in the presence or in the absence of 100 uM U-AZT (free prodrug or
nanoparticulate formulations). The U-AZT free form was incubated in the absence or in the
presence of 0.32 mg/ml of sodium taurocholate or sodium ursodeoxycholate. After this period, the
incubation medium was removed and replaced with 200 pL of fresh culture medium, and 20 pL of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) stock solution (5 mg/mL)

were added to each well (37°C; 4 h). A negative control of 20 uL of the MTT stock solution added
10



to 200 puL of medium alone was included. Then, 100 uL. of DMSO were added to each well and
maintained for 2 h (37°C in an orbital shaker incubator). Finally, the absorbance of each well was
measured at 570 nm using a microtiter plate reader (Sunrise® Microplate Reader, Tecan Trading
AG, Switzerland). The values were expressed as cell vitality percentages with respect to control.

Each reported value represents the mean of four independent incubation experiments.

2.3. In vivo experiments
2.3.1. Nasal administration of nano-tauro U—AZT

Nasal administration of nano-tauro U-AZT was performed on anesthetized male Wistar rats
(Charles River, Lecco, Italy) laid on their backs, by introducing, into each rat nostril, 55 pL of an
aqueous nanoparticle suspension (12 mg/mL) in the absence or in the presence of chitosan
hydrochloride (6 mg/mL), used as absorption enhancer [30]. After the nanoparticle administration,
CSF samples (50 pL) were collected at fixed time points, by cysternal puncture method, as
previously described [31,32]. A total volume of about a maximum of 150 pL of CSF/rat (i.e. three
50 pL samples/rat) was collected during the experimental session, choosing the time points (n = 4-
5) in order to allow the restoring of the CSF physiological volume. CSF samples (10 pL) were
immediately injected into the HPLC system for AZT and U-AZT level detection. Each time-point
value represents the mean of at least four experiments. No more than three CSF samples/rat have
been obtained. The areas under the concentration curves of U-AZT in the CSF (AUC, pg mL-! min)
were calculated using the trapezoidal method, by using the computer program GraphPad Prism
(GraphPad, San Diego, CA).

All in vivo experiments were performed in accordance with the European Communities
Council Directive of September 2010 (2010/ 63/EU), the Declaration of Helsinki, and the Guide for
the Care and Use of Laboratory Animals as adopted and promulgated by the National Institutes of

Health (Bethesda, Maryland). The protocol of all the in vivo experiments was approved by the
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Italian Ministry of Health. Every effort was made to reduce the number of animals and their

suffering.

2.4. Statistical analysis

Student’s t test or by one-way ANOVA, followed by Bonferroni post-test were used, as
appropriate, for the statistical evaluation of the results (GraphPad Prism; GraphPad, San Diego,

CA). P values <0.05 were considered to be statistically significant.

3. Results

3.1. In vitro experiments
3.1.1. Preparation and characterization of nano-tauro and nano-UDCA

Nano-tauro and nano-UDCA were prepared using a nanoprecipitation method. The poorly
water-soluble U-AZT constituted the hydrophobic core of nanoparticles, while the sodium salt of
bile acids served as surfactant. The size, PDI and zeta potential of freshly prepared (FP)
nanoparticles are shown in Table 1. The mean diameters of nano-tauro and nano-UDCA were 190
and 215 nm, respectively. Moreover, a low PDI value was observed in both formulations, thus
suggesting a narrow size distribution. The zeta potentials of nano-tauro and nano-UDCA were
strongly negative (-55.6 and -51.8 mV, respectively), probably due to the presence of bile salts on
the particle surface.

The nanoparticle suspension was lyophilized and the freeze-dried power was re-dispersed in
deionized water at the same concentration as in the fresh preparation; the size and the zeta potential
of the reconstituted nanoparticles (reconstituted lyophilized powder; RLP) are also indicated in
Table 1. There were no significant size, zeta potential and PDI value differences between the

freshly prepared and RLP nanoparticles, thus indicating the ability of nano-tauro and nano-UDCA

12



powders to be re-constituted after lyophilization. The U-AZT loading in the RLP was 16.67% w/w
and no differences were observed between the two formulations.

Morphological studies were performed by SEM-FEG instrument, using the SEM modality to
observe the nanoparticles in solid form, and STEM modality to visualize the nanoparticles in
suspension.

Fig. 2 shows exemplificative SEM microphotographs of nano-UDCA (A) and nano-tauro (B).
The morphological analysis (Fig. 2 A and 2B) indicated the presence of spherical nanoparticles in
the U-AZT/bile acid sodium salt nanocomposites, showing distinct particles with a smooth surface

and sizes consistent with PCS analysis (Table 1).

Table 1

Size, polydispersity index (PDI) and zeta potential of freshly prepared (FP) and reconstituted (RLP)

nanoparticles.
Nanoparticle Z-average (nm) PDI Zeta potential (mV)
Nano-tauro FP 190+ 10 0.063 £0.02 -55.6+6.53
Nano-tauro- RLP 217+ 15 0.066 + 0.03 -59.6 +9.11
Nano-UDCA FP 215+£20 0.116 £0.07 -51.8+7.46
Nano-UDCA RLP 248 + 20 0.183 £ 0.09 -61.4+691

Using the STEM modality (Figs. 3A and 3B), it has been possible to demonstrated that the
nanosuspensions appeared to be formed by dark spherical particles surrounded by a weak-contrast

region, possibly attributable to a multilayer bile acid salt-corona.
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In order to demonstrate that the observed weak-contrast region represented the multilayer bile
acid salt-corona, freshly prepared nano-UDCA were purified for 24 h by dialysis (Dialysis Tubing -
Visking MWCO-12-14000 Daltons, Medicell International Ltd, London) and, then analysed by
STEM (Fig. 3C). Under these experimental conditions, there was no visible corona around the

particles, thus confirming the presence of the bile acid salt multilayers in not-purified nanoparticles.

Fig. 2. SEM microphotographs of nano-UDCA (A) and nano-tauro (B).
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3.1.2 Nanoparticle stability in serum

Both FP or RLP nanoparticles were perfectly stable in an aqueous suspension for at least 24
h at room temperature. Under these conditions, nanoparticle sizes remained within the error range
reported in Table 1. To test the possible effect of the serum proteins on the particle in suspensions,
the in vitro dimensional stability of nano-tauro and nano-UDCA FBS suspensions was evaluated by
measuring particle size, PDI and zeta potential at different time-points (up to Sh from the particle

suspension).

ode det HY spot | lens mod WD W nag — lym—
BF | STEMII 30.00kV | 2.0 | Field-Free | 8.3 mm | 6.91 ym | 60 000 x

Fig. 3. Representative STEM images of nano-UDCA (A), nano-tauro (B) and (C) nano-UDCA after
purification by dialysis.
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For both the formulations, the PDI value increased during the considered time period until
values ranging between 0.4 and 0.5, according the feature of free FBS solution. Moreover, a reduction
of the zeta potential value for both the nanoparticles was observed (values ranging between -25 and

-35 mV) probably due to the shield effect of the serum proteins.

Regarding the particle size (Fig. 4), the nano-tauro underwent to a drastic reduction of the
average size (from 200 to 50 nm) in the first few min after their suspension; afterward, a slow and
progressive size increase occurred, reaching a value of ~ 800 nm after 5 h of incubation. These data
suggest the existence of strong interactions between these nanoparticles and the serum components.
On the other hand, no significant (P > 0.05) nano-UDCA size changes were detected during the
experimental period, clearly indicating the existence of very weak interactions between these

nanoparticles and serum proteins.

10001

------ nano-tauro
— nano-UDCA I

Size (nm)
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(]
<
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Fig. 4. Size profiles of nano-tauro and nano-UDCA particles during their incubation in fetal bovine

serum. The data are reported as the mean = SEM of three independent experiments.

16




3.1.3. U-AZT macrophages uptake

The incubation of free U-AZT (100 uM; 15 min) with macrophages led to detect 238 + 25
ng (i.e. 0.37 = 0.04 nmoles) of this prodrug in 10° cells, as reported in Fig. 5A. Free U-AZT
macrophages uptake was not significantly influenced (P > 0.05) when the prodrug incubation was
performed in the presence of sodium taurocholate (263 + 36 ng; 0.41 &= 0.06 n moles in 10° cells) or
sodium ursodeoxycholate (441 + 51 ng; 0.69 + 0.08 n moles in 10° cells), the surfactants used for
the nanoparticle formulations (Fig. SA). On the other hand, the incubation of the same amounts of
U-AZT and surfactants, formulated as nano-tauro or nano-UDCA, significantly improved the
uptake of U-AZT in macrophages. In particular (Fig. 5A), following the incubation of the nano-
tauro with macrophages we measured 16321 + 2458 ng (25.4 + 3.8 n moles) of U-AZT in 10° cells,
an amount ~ 70 times higher than that obtained with the free prodrug (P < 0.001). The incubation of
the nano-UDCA particles allowed us to obtain an uptake of U-AZT corresponding to 3448 + 637 ng
(5.37 £ 0.99 n moles) in 10 cells. This amount was ~ 14 times higher than that obtained with the
free prodrug, but this difference was not statistically significant (P > 0.05). Compared to nano-
tauro, nano-UDCA particles led to a five-times lower U-AZT macrophage uptake, a difference

considered significant by the statistical analysis (P < 0.001).

3.1.4. AZT macrophages uptake

Fig. 5B shows that AZT was not detected within the macrophages after a 15 min incubation
period of the compound (100 uM). On the contrary, the incubation (15 min) of U-AZT allowed us
to detect 9.9 + 1.8 ng (0.037 + 0.007 nmoles) of AZT in 106 cells, and this value was significantly
increased when U-AZT (100 uM) was incubated as nano-UDCA (18.9 = 1.0 ng; 0.071 £ 0.004
nmoles of AZT in 109 cells; P < 0.01) or nano-tauro (39.0 = 1.8 ng; 0.146 = 0.007 nmoles of AZT in

10%cells; P <0.001).
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Fig. 5. Intracellular levels of U-AZT [A] or AZT [B] and percentage of cell vitality with
respect to control [C] following 15 minutes of incubation with J774A.1 murine macrophages as
100 uM free solution (U-AZT or AZT) in the absence or in the presence of free taurocholate
(U-AZT + Tauro) or free ursodeoxycholate (U-AZT + UDCA) and as nanoparticulate
formulations obtained in the presence of taurocholate (Nano-tauro) or urspdeoxycholate (Nano-
UDCA). The amount of nanoparticles incubated was equivalent to 100 uM U-AZT. The data
are reported as the mean = SEM of four independent experiments. *: P < 0.001 versus U-AZT

and versus Nano-UDCA; **: P > 0.05 versus U-AZT; ***: P <0.01 versus U-AZT.
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3.1.5. Toxicity evaluation

As reported in Fig. 5C, the incubation of macrophages with AZT, U-AZT, U-AZT in the presence
of sodium taurocholate or sodium ursodeoxycholate, nano-tauro or nano-UDCA did not induce
significant toxicity effects on the cells, thus indicating the biocompatibility of the tested
nanoparticles and their free components. Similar results were also obtained after 30 and 60 min of

incubation (data not shown).

3.2. In vivo experiments

3.2.1. Nasal nano-tauro administration

The nano-tauro were nasally administered as water suspension in the presence or absence of
chitosan hydrochloride (6 mg/mL). In particular, the rats received ~ 200 ug of U-AZT by
administration of 55 pL of suspension to each nostril. As reported in Fig. 6, the nasal nano-tauro
administration produced detectable amounts of U-AZT in the CSF of rats. In particular, in the
absence of chitosan, nano-tauro suspension administration led to detect 1.68 + 0.31 pg/mL and 3.03
+ (.18 nug/mL of the prodrug 30 and 60 min after administration, respectively; U-AZT appeared
almost completely eliminated from the CSF of rats 90 min after the administration, showing a
concentration value below the calibration curve (0.31 = 0.09 pg/mL) at this time-point.
Interestingly, in the presence of chitosan, nano-tauro suspension (nano-tauro + chitosan) allowed us
to detect 3.23 £ 0.43 pg/mL, 4.02 £ 0.28 pg/mL and 1.91 £ 0.21 pg/mL of the prodrug 30, 60 and
90 min after administration, respectively; 120 min after the nano-tauro + chitosan administration,

U-AZT appeared completely eliminated from the rat CSF.
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Fig. 6. U-AZT concentrations (ng/mL) detected in the CSF after nasal administration of a water
suspension nano-tauro particles in the absence (nano-tauro) or in the presence (nano-tauro + chitosan) of
chitosan hydrochloride (6 mg/mL). Each dose contained 200 pg of U-AZT. Data are expressed as the
mean + SEM of four independent experiments.

The area under concentration curve (AUC) values obtained for U-AZT in the CSF,
following the nasal administration of the nano-tauro suspension in the absence of chitosan, was
145.7 £ 7.8 pug - mL-!- min. This value was significantly lower (P < 0.0001) than that obtained
following the nasal administration of nano-tauro + chitosan (274.7 + 11.6 ug - mL"!- min), thus
indicating the ability of chitosan to double up the uptake of U-AZT in the CSF when the prodrug is
formulated as nano-tauro. No detectable AZT amounts were measured in the rat CSF within 150

min after the nasal administration of both the nano-tauro suspensions.

4. Discussion

We have previously demonstrated that the ester conjugation of AZT with UDCA allows to
obtain a prodrug (U-AZT) eluding the AET and improving the drug uptake by macrophages
[16,17]. In particular, we obtained the permeability coefficients values (Pg) of AZT and U-AZT

across monolayers constituted by retinal pigment epithelium (HRPE) cells that we used as an in
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vitro model for transport studies. The AZT Pg values from apical to basolateral compartments and
viceversa were 209 £ 14 <10~ cm/min and 133 £+ 8 <10~ cm/min (P < 0.01), respectively, indicating
the drug involvement in active efflux processes [16]. On the other hand, the Pg values of U-AZT
from apical to basolateral compartments and viceversa were 31.3 + 3.6 -10~> cm/min and 39.1 £+ 1.2
-10° cm/min, respectively, indicating that the prodrug was not involved neither in active efflux nor
influx processes [16]. The lower Pg values of U-AZT in comparison to those of AZT have been
attributed to the high molecular weight of the prodrug (641.38 Da) that contributes to reduce its
permeation across biological membranes despite its very high lipophilicity. We have then evidenced
that U-AZT permeates and remains in murine macrophages with a twenty times higher efficiency
than AZT [17]. Considering the lower Pg values of U-AZT with respect to those of AZT [16] , the
high efficiency of the prodrug to permeate in macrophages can be attributed to its ability to elude
efflux phenomena.

These properties have been considered very relevant to enhance the drug anti-HIV efficacy,
especially following the U-AZT delivery to the CNS. In fact, the macrophages are recognized as the
only site of HIV replication in the brain [18,19]. Moving from these considerations, the aims of the
present work were: i) to develop innovative U-AZT formulations to further improve the prodrug
macrophage uptake and ii) to possibly identify a new strategy to facilitate the brain targeting of U-
AZT following the administration of the developed formulations showing the highest macrophage
uptake.

U-AZT is characterized by a very poor solubility in water (0.0030 + 0.0001 mg/mL [16]), so it
appeared as a good candidate to be formulated as a particulate system by nanoprecipitation, a
method generally used to obtain the entrapment of lipophilic drugs in polymeric nanoparticles [33-
35]. As an high homogeneity of the particle size is attributable to the excellent surfactant activity of
the natural bile acid salts [36], in the present study we chose two natural bile acid salts for the
formulation of U-AZT-based nanoparticles: sodium taurocholate, normally released by the gall

bladder in order to emulsify hydrophobic compounds during digestion [37], and sodium
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ursodeoxycholate, whose acid (UDCA) is currently administered to humans against primary biliary
cirrhosis [38]. The obtained nanoparticles were constituted solely by U-AZT and one of the selected
bile acid salts.

We firstly observed that U-AZT allowed to obtain prodrug self-assembled cores coated by the
bile acid salt corona, leading to the formation of nanoparticles with a mean diameter of ~ 200 nm
and characterized by a very low PDI value (~ 0.1). Generally, PDI values smaller than 0.05 are
observed in highly monodisperse standards, whereas PDI values bigger than 0.7 are related to
samples with a very broad particle size distribution and probably not suitable to be analysed by the
dynamic light scattering [39]. Nanoparticles obtained by self-assembling processes, like those
described in this work, can have good probabilities to show PDI values near or lower than 1. This
property is particularly marked in the case of taurocholate coating (nano-tauro), since nanoparticles
obtained in the presence of this bile acid salt result as a perfect monodisperse system, as indicated
by the extremely low PDI value (< 0.1). The role of the used bile acid salts in stabilizing the
colloidal suspension of U-AZT is evidenced by the STEM images reported in Fig. 3, where dark
spherical particles, attributable to the prodrug, appeared surrounded by a weak contrasted corona,
attributable to the bile acid salt, whose presence may induce negative zeta potential values of the
nanoparticles. In this configuration, the U-AZT content in the nanoparticles was 16.67%, according
to an entrapped efficiency of 100%, as expected by the formulation procedures. The bile acid salt
attribution to the coronas was confirmed by its absence following 24 h of purification of the
nanoparticles by dialysis. Moreover, as illustrated in Fig. 3C, the absence of bile acid salt coating
induced some aggregations of the nanoparticles, probably due to the loss of their high surface
charge, related to bile acid salt properties.

The incubation of nano-tauro and nano-UDCA with the same murine macrophage
preparation as used in the previous study [17] allowed us to obtain a very efficient uptake of U-
AZT, which was up to seventy times higher than that displayed by U-AZT free form. These

findings are in line with the aptitude of macrophages to efficiently incorporate nanoparticulate
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systems [20], as also confirmed by the evidence that the macrophage uptake of U-AZT free form

was not significantly influenced by the presence of the selected bile acid salts.

It is worth noting that the highest U-AZT uptake values by murine macrophages were
obtained with nano-tauro. Indeed, under the same incubation conditions, only 20% of nano-UDCA
particles showed uptake by macrophages in comparison to the nano-tauro ones. Overall, the above
results suggest that it is possible to modulate the nanoparticle macrophage uptake by choosing
different bile acid salts during the nanoprecipitation procedures. This is possibly due to the
influence of bile acid salt-coated nanoparticles on the activity of the macrophages, as evidenced by

their different dimensional stability when suspended in complete FBS.

About the hydrolysis of the prodrug, higher AZT levels were measured in macrophages after
their incubation with nanoparticulate formulations than free U-AZT. This suggests the existence of
efficient nanoparticle dissolution processes within the cells, where the prodrug hydrolysis induced
AZT release. The AZT concentrations detected in macrophages (Fig. 5B) were, nevertheless,
sensibly lower than those of U-AZT (Fig. 5A), thus suggesting that following the nanoparticle
uptake by macrophages, the dissolution process releasing the prodrug and the subsequent U-AZT
hydrolysis to AZT require more than 15 min (i.e. the incubation period). It must however be
highlighted that the volume of the macrophages used in our experiments is 1.7 = 0.1 pL [17], so the
AZT intracellular concentrations obtained after the incubation with nano-UDCA and nano-tauro
were 41.8 £ 2.4 uM and 85.9 £ 4.1 uM, respectively. It is known that AZT exhibits anti-HIV
activity in HTLV-1-transformed cell line MT4, with an ICs value of approximately 30 nM [40],
which is more than three orders of magnitude lower than the concentration of AZT that we detected
in the macrophages after incubation with the nanoparticles. As a consequence, the AZT amounts
detected in macrophages following their incubation with nano-UDCA and nano-tauro appear

largely sufficient to assure the anti-HIV activity of the drug.
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Interestingly, no macrophage toxicity was observed during their incubation with AZT or U-

AZT either in the free form or as nanoparticulate formulations.

In view of the encouraging in vitro results we obtained, we also performed in vivo
experiments to possibly individuate a strategy to improve the brain targeting of the U-AZT after the
administration of developed nanoparticles to rats.

It is recognized that the brain targeting of several drugs by nasal route has been studied over
the last several decades [41] and, in this context, the nasal administration of nanoparticles was
suggested as a potential way to address antiviral agents in the CNS [21, 42, 43]. In particular, the
nasal administration of efavirenz (an approved antiviral drug for HIV infection) encapsulated in
solid lipid nanoparticles was demonstrated to produce a ratio of drug concentration in brain to
plasma about 150 times higher in comparison to that obtained by the oral administration [44].
Moreover, we have reported that with appropriate nasal formulations it is possible to drive
neuroactive agents in the CSF [30, 45]. The drug delivery from the nose to the CNS along the
olfactory and trigeminal pathways can occur within a few minutes [46].

Based on the above findings, we hypothesized that the nasal administration of developed
nanoparticulate systems may facilitate the U-AZT targeting in CNS, being unconjugated bile acid
salts known as nasal absorption promoters [47]. Although bile salts can induce serious ciliary
toxicity, taurocholate shows only very mild effects on nasal ciliary movement [48], thus suggesting
that nano-tauro might have a better safety profile when administered in vivo. As nano-tauro also
displayed, when compared to nano-UDCA, a higher U-AZT macrophage uptake, this formulation
has been selected for the in vivo experiments. The zeta potential of the nano-tauro particles is
negative, showing values about - 60 mV. The presence of negatively charged species in the
mucosal membranes can induce electrostatic repulsions and this might reduce the adhesion of nano-
particles. On the contrary, chitosan, often used as nasal absorption promoter, appears characterized

by good mucoadhesive properties [30] due to the positive charges of its amino groups [49].
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Moreover, chitosan is known to transiently open the tight junctions of nasal mucosa, allowing to
increase the CSF admittance of nasally administered drugs [22]. In line with this, it has been
demonstrated the ability of chitosan to induce nanoparticles with diameters around 200 nm to cross
the tight junctions of epithelial monolayers by a paracellular pathway [50]. Very recently, this
phenomenon has been also evidenced on cell models of intranasal epithelium [23]. The nanotauro
nasal administration was therefore performed in the absence or in the presence of chitosan.

The results demonstrate that the nasal administration of nano-tauro containing 200 pg of U-
AZT allowed the rapid permeation of the prodrug in the rat CSF. The peak concentration (~ 3
ng/mL) was observed 60 min after the nanoparticle administration and the measured AUC value
was ~ 150 ug-mL-"-min. Interestingly, in the presence of chitosan, a significant increase in the
detected U-AZT concentrations in the rat CSF was observed. In particular, under these experimental
conditions, the U-AZT peak concentration was ~ 4 ug/mL (60 min after the administration). This
value is higher than that previously obtained following the nasal administration of the same dose of
U-AZT encapsulated in solid chitosan hydrochloride microparticles [17]. In the previous study, it
was evidenced that the nasal administration of raw U-AZT to rats did not lead to its uptake in the rat
CSF [17]. The AUC value obtained by administering nano-tauro particles in the presence of
chitosan was similar to that measured following the chitosan-based U-AZT microparticle nasal
administration (~ 300 pg mL-! min), thus suggesting that similar amounts of U-AZT reached the rat
CSF following the nasal administration of these formulations.

Taken together, the mucoadesive properties of chitosan and its aptitude to open the mucosal
tight junctions can explain the higher U-AZT concentrations in the rat CSF observed when nano-

tauro were administered in the presence of this polymer.

The possibility that in the presence of chitosan the nano-tauro particles can directly reach the
CSF from the nasal cavity in order to be strongly uptaken by macrophages appears intriguing.

Further investigation should be necessary to elucidate these aspects.
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5. Conclusions

In the present study we propose new nanoparticles constituted by a pro-drug insoluble in
water (U-AZT) core coated with a bile acid salt able to modulate their uptake in macrophages.
These nanoparticles, being constituted by prodrug cores coated by a bile acid salt, have been
obtained by simple and cheap procedures in the absence of any other excipients, thus resulting
highly biocompatible. Furthermore, we propose that depending of the coating bile acid salt, it is

possible to easily obtain novel nanoparticles able to avoid or target macrophages.

After their nasal administration to rat, the most efficiently internalized nanoparticles (nano-
tauro) demonstrated the ability to induce the U-AZT uptake in CSF, where macrophages constitute
one of the most important and unreachable HI'V sanctuaries in the body. This is particularly evident
when nano-tauro were combined to chitosan. The present results can be considered an initial step
toward the antiviral drug targeting of macrophages in CSF. Further investigations will be focused
on the evaluation of the nano-tauro integrity in subarachnoid spaces, which is essential to exploit

the relevance of this strategy in eradicating HIV settled in CSF macrophages.

From a general point of view, a low macrophage uptake, as that induced by an
ursodeoxycholate corona, may be associated with a long-time circulation of the nanoparticles in the
bloodstream, allowing them to reach other therapeutic sites besides macrophages; on the other hand,
an efficient macrophage uptake, as that induced by a taurocholate corona, may be useful to almost
specifically target a drug in macrophages. This also suggests a strategy that may be used for the
nanoparticle formulation of other drugs. For example, it may be interesting to verify whether a
highly lipophilic drug such as the anticancer paclitaxel can be formulated as long circulation
nanoparticles coated by ursodeoxycholate, in order to avoid the use of polyethoxylated castor oil

(Cremophor), a very toxic solvent normally used to solubilize the drug for human administrations
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[51]. Finally, the complete absence of polymers in nano-tauro and nano-UDCA particles should

avoid the related toxicity and immunologic problems.
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