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Intranasal administration of antiretroviral-loaded 
micelles for anatomical targeting to the brain 
in HIV

The HIV epidemic affects approximately 
35–40 million people [101]. Highly active anti-
retroviral therapy has prolonged the lifespan and 
improved the quality of life for patients infected 
with HIV [1]. Therapeutic success relies on the 
chronic administration of a minimum of three 
antiretrovirals (ARVs) belonging to different 
families [2]. However, highly active antiretroviral 
therapy does not eradicate HIV from the host, 
owing to the generation of intracellular and ana-
tomical reservoirs, where the virus remains latent 
(and insensitive to the therapy) or less accessible to 
ARVs due to the presence of different barriers [3–5].

The blood–brain barrier (BBB) is a complex 
structure that isolates the brain parenchyma 
from the systemic circulation and represents the 
main hurdle towards the attainment of therapeu-
tic drug concentrations in the CNS [6].

One of the mechanisms that prevents the 
appropriate biodistribution of ARVs stems from 
the activity of transmembrane proteins of the 
ATP-binding cassette (ABC) superfamily that 
pump drugs out of viral reservoirs against a 
concentration gradient [7,8]. P-glycoprotein and 
breast cancer resistance protein (BCRP) are the 
most investigated ABCs. Most ARVs are sub-
strates of at least one ABC [9,10]. Their extensive 
distribution in the BBB leads to subtherapeutic 
concentrations in the cerebrospinal fluid and in 
cerebral cells [12] and contributes to the genera-
tion of one of the most challenging HIV reser-
voirs [8,13,14].

The presence of the HIV in the CNS serves 
as a viral pool but it may also contribute to its 
progressive deterioration, a disease generally 
referred to as HIV-associated neurocognitive 
disorder [12,15–17]. HIV-associated neurocogni-
tive disorder is more frequent in neonates and 
children and may lead to cognitive, motor, 
behavioral and developmental sequelae [18]. 
Until a cure is found, a more effective pharma-
cotherapy that reduces significantly reduces the 
viral load in the CNS would improve the course 
of the HIV-associated neuropathogenesis [15,19].

Different nanotechnologies have been 
explored to target ARVs to the HIV reservoir 
in the CNS [20,21]. ARV-loaded polymeric and 
lipid nanoparticles (NPs) improved drug pas-
sage across endothelial cell monolayers (a model 
of the BBB) by means of passive targeting [22–
24]. On the other hand, in vitro uptake assays 
are of relatively limited clinical relevance and 
their fate upon intravenous (iv.) administra-
tion could only be assessed in preclinical stud-
ies. ARV-loaded nanocarriers conjugated with 
transferrin exploited the presence of transferrin 
receptors on the apical zone of brain endothelial 
cells [25]. Other strategies comprised the coad-
ministration of the ARV with poly(ethylene 
oxide)–poly(propylene oxide) (PEO–PPO) 
block coplymers that inhibit the activity of ABCs 
[26,27] and cell delivery therapies [28]. The use of 
expensive ligands and complex synthetic path-
ways may increase the cost of the medication and 
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curtail patient affordability in resource-limited 
countries [29,30].

Polymeric micelles are among the most ver-
satile nanotechnologies to enhance the bioavail-
ability of poorly water-soluble drugs [31]. Linear 
and branched PEO–PPO block copolymers are 
among the most popular micelle-forming copo-
lymers [32]. In general, they display good cyto- 
and biocompatibility [33–35] and some of their 
derivatives have been approved as pharmaceuti-
cal excipients by the US FDA and the EMA.

Efavirenz (EFV) is a highly hydrophobic 
(log P = 5.4; intrinsic water solubility of 4 µg/ml) 
first-line non-nucleoside reverse transcriptase 
inhibitor [36]. The oral bioavailability of EFV 
ranges between 40 and 45% and it displays an 
intra- and inter-individual variability of 19–24% 
and 55–58%, respectively [36]. The EFV half-life 
is 52–76 h after a single dose and 40–52 h under 
a chronic regimen [37]. Thus, the EFV dose is 
between 200 and 600 mg in children (depend-
ing on the body weight/surface) and 600 mg in 
adults once a day; this dose ensures therapeutic 
plasma concentrations between 1 and 4 µg/ml 
[38]. EFV is usually taken at bedtime to mini-
mize its psychological and CNS adverse effects 
[39]. Generally, treatment failure and CNS side 
effects are associated with low and high EFV 
plasma levels, respectively. EFV is a substrate of 
BCRP in the GI tract and brain of rats [40,41].

Different research groups aimed to improve 
the biopharmaceutic properties of EFV by means 
of nanotechnology [42–44]. We comprehensively 
investigated the capacity of pristine and chemi-
cally modified PEO–PPOs of different molecu-
lar weight, hydrophilic–lipophilic balance and 
architecture to encapsulate and release EFV [45–
49]. The aqueous solubility was increased up to 
34 mg/ml (8400-fold) and EFV-loaded micelles 
resulted in a significant increase of the oral bio-
availability in an animal model [45,46].

The exposure of the intranasal (in.) mucosa 
to environmental NPs and contaminants and 
their effect on the CNS revealed the presence of 
a direct nose-to-brain transport pathway [50,51]. 
Different mechanisms have been proposed, 
though the transcellular pathway appears as the 
most relevant, while the paracellular mecha-
nism is less investigated [50]. Thus, drug-loaded 
nanocarriers would be internalized by terminals 
of the olfactory and trigeminal nerve systems 
that begin in the brain and end at the olfactory 
neuroepithelium and respiratory epithelium, 
respectively [50]. Thus, intranasal (in.) adminis-
tration of NPs bypasses the BBB, enhancing the 
bioavailability of drugs in the CNS. Although 

the first reports stated 100 nm as the upper limit 
to capitalize on this route, more recent studies 
showed that larger NPs (~300 nm) adminis-
tered in. can also reach the CNS [52]. The main 
advantages of this route of administration are 
minimal invasiveness, painlessness, self-admin-
istration and high patient compliance. A number 
of research groups have recently reported on the 
in. administration of polymeric NPs loaded with 
different drugs, among them ARVs [53–55]. For 
example, Mainardes et al. delivered the nucleo-
side reverse transcriptase inhibitor zidovudine, 
the first FDA-approved ARV, employing PLA 
and PLA–PEG blend NPs [54]. The systemic 
bioavailability was increased with respect to 
a solution. However, the pharmacokinetics 
(PKs) of the drug in the CNS was not assessed. 
Al-Ghananeem et al. passively targeted another 
nucleoside reverse transcriptase inhibitor, didan-
osine, to the brain by the in. administration of 
drug-loaded chitosan NPs [55]. In both cases, 
the drugs were water-soluble. Only a few reports 
described the in. administration of drug-loaded 
polymeric micelles [56].

Owing to the small volume that can be admin-
istered per nostril, only highly concentrated sys-
tems can be employed to attain sufficiently high 
doses; this is one of the main limitations that has 
likely precluded its translation into clinics [57].

Since PEO–PPO polymeric micelles dis-
played good encapsulation capacity of EFV with 
a relatively small change in micellar size [45,46] 
and no irritation of mucosas [58], they emerge as 
an excellent platform to target ARVs to the CNS.

In this context, the present work investigated 
for the first time the PKs of EFV in the CNS 
upon in. administration and compared it with 
that of the same systems administered iv.

Materials & methods
�n Materials

Poloxamer Pluronic® F127 (molecular weight 
12.6 kDa, 70 wt% PEO) and poloxamine 
Tetronic® T904 (T904, molecular weight 
6.7 kDa, 40 wt% PEO) were donated by 
BASF (Florham Park, NJ, USA). EFV (LKM 
Laboratories, Buenos Aires, Argentina), 
Na

2
HPO

4
, citric acid, KH

2
PO

4
, NaOH, HCl 

and solvents of analytical grade were used as 
received.

�n Preparation of EFV-free & EFV-
loaded poloxamine micelles
In general, polymeric micelles (10% final 
polymer concentration, expressed in weight 
per volume) were prepared by dissolving the 
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required amount of copolymer in phosphate buf-
fer solution (PBS, pH 7.4) at 4oC. Pure F127 
(1 g) was dissolved in PBS to a final volume of 
10 ml. Similarly, for F127:T904 (25:75) mixed 
micelles, F127 (0.25 g) and T904 (0.75 g) were 
dissolved in PBS to a final volume of 10 ml [48]. 
Micelles were equilibrated at 25°C at least 24 h 
before encapsulation of the drug. To prepare 
EFV-loaded micelles (20 and 30 mg/ml), 60 or 
90 mg of EFV was added to 10% pure or mixed 
micelles (3 ml) and shaken (25°C, Minitherm-
Shaker; Adolf Kuhner AG, Switzerland) until 
total drug dissolution (2 h). The encapsulation 
process relies on the incorporation of hydro-
phobic drug molecules into the micellar core. 
In preliminary studies conducted when the 
encapsulation capacity of each micellar system 
with respect to a drug is unknown, the drug is 
added in excess and the system shaken until the 
equilibrium is reached [45–48]. Then, the drug 
that was not encapsulated and remained in sus-
pension (as magnetic stirring is not energetic 
enough to break the drug down into pure drug 
NPs) is removed by filtration (0.45 µm). Once 
the encapsulation capacity of a specific micel-
lar system was established (shown in prelimi-
nary studies) [45–48], the amount of drug used is 
equal or smaller than that capacity. The former 
results in drug-undersaturated micelles, while 
the latter in saturated micelles. Regardless of the 
micellar system, there is always an amount of 
drug that is solubilized in water in the free-form 
(not encapsulated), this value being defined by 
the drug’s intrinsic solubility. In this work, the 
final systems contained free drug solubilized 
in water (4 µg/ml) and the rest (up to 20 or 
30 mg/ml) encapsulated within the micelles. In 
this context, the encapsulation efficiency was 
approximately 100% (e.g., in the case of sys-
tems with an EFV concentration of 20 mg/ml, 
the intrinsic solubility represented only 0.02% 
of the total drug amount and the rest of drug 
[99.98%] was solubilized within the polymeric 
micelles). Pure F127 and mixed F127:T904 
(25:75) 10% micelles containing a drug pay-
load of 20 mg/ml are denoted pF127–20 and 
F127:T904–20, respectively, while F127:T904 
(25:75) micelles containing 30 mg/ml of EFV 
are named F127:T904–30.

�n Micellar size, size distribution, 
morphology & physical stability
The average hydrodynamic diameter (D

h
) and 

size distribution of EFV-loaded micelles in dif-
ferent aqueous media were measured by dynamic 
light scattering (Zetasizer Nano-Zs, Malvern 

Instruments, Worcestershire, UK) provided 
with a He-Ne (633 nm) laser and a digital cor-
relator ZEN3600, at 25°C. Measurements were 
conducted at a scattering angle of  q = 173° to 
the incident beam. Results of D

h
 and polydisper-

sity index are expressed as the mean ± standard 
deviation of three independent samples prepared 
under identical conditions. Data for each single 
sample was the result of at least five runs.

The morphology of pF127–20 micelles 
was studied by transmission electron micros-
copy (EM 109T Zeiss Transmission Electron 
Microscope, Karl Zeiss, Berlin, Germany). The 
sample (5 µl) was placed onto a copper grid cov-
ered with Fomvar film and stained with phos-
photungstic acid (5 µl, 2% w/v water solution). 
Finally, the sample was dried in a closed con-
tainer with silica gel and visualized.

To assess the physical stability of the micelles 
under plasma-mimicking conditions, samples were 
diluted (1/20) in PBS with bovine serum albumin 
(1 and 3%; Sigma-Aldrich) and the size and size 
distribution monitored over 24 h, at 37°C.

�n Animal preparation
Male 3-months-old Wistar rats were used 
(250–270 g). Each experimental group com-
prised of six animals. 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 (Asociación Cooperativas 
Argentinas, Buenos Aires, Argentina) with the 
following composition (w/w): 20% protein, 3% 
fat, 2% fiber, 6% mineral, and 69% starch and 
vitamin supplements. Experiments were con-
ducted in fasted (12 h) and anesthetized rats 
(see below). After the experiments, anesthetized 
animals were euthanized by decapitation.

�n EFV dosing
The concentration of EFV in the CNS after iv. 
and in. administration of the different EFV-
loaded micelles was monitored by microdialy-
sis. This methodology enables the continuous 
assessment of extracellular drug concentrations 
in a specific nucleus [59]. Concentric microdialy-
sis tube semipermeable membranes produced in 
our laboratory [60] were inserted into the ante-
rior hypothalamus by means of stereotaxy (A/P-
1.7 mm, L/M-0.8 mm, V/D-9.5 mm, from the 
bregma) of male Wistar rats anesthetized with 
a combination of urethane (500 mg/kg)/chlo-
ralose (50 mg/kg). Upon insertion, the dialy-
sis membrane was equilibrated for 2 h before 
administration of EFV. The microdialysis 
probe was perfused with a solution containing 
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147 mM NaCl, 2.4 mM CaCl
2
 and 4 mM KCl 

(pH 7.3), employing a perfusion pump 
(flow = 1 µl/min). Different EFV-loaded speci-
mens (20 and 30 mg/ml, 40 µl) were adminis-
tered iv. (tail vein) or in. employing Hamilton 
syringes (100 µl) with standard (iv.) or true short 
bevel (in.). After administration, microdialysis 
samples (15 µl) were collected every 15 min (over 
4 h) to quantify the EFV in the CNS. In parallel, 
blood samples (50 µl) were obtained from the 
tail vein at 5, 15, 30, 60, 90 and 120 min [45]. It is 
worth noting that the maximum in. administra-
tion volume in rats was approximately 20 µl per 
nostril. The in vitro recovery of the microdialysis 
probe was determined after each experiment.

�n Sample analysis
Blood samples (tail vein, ~70–100 µl) were col-
lected in heparin solution (25 U/ml, 10 µl) and 
centrifuged (10,000 rpm, 10 min, 4°C) to iso-
late plasma. Plasma (10 µl) was deproteinized by 
adding acetonitrile (20 µl, 10 s of hand shaking 
followed by 8 min centrifugation at 9000 rpm 
and 4°C). Subsequently, the drug concentra-
tion was determined by liquid chromatography 
(HPLC, see below). Dialysates (microdialysis) 
were analyzed without any pretreatment; depro-
teinization was not required. The EFV concen-
tration in the different samples was measured by 
HPLC, adapting a previously reported technique 
[61]. The system was comprised of a Phenomenex 
Luna 5 µm, C18, 150 mm × 4.60 mm column 
(Phenomenex, CA, USA) with a UV detec-
tor (248 nm, UVIS 204, Linear Instruments, 
NV, USA) [45,46]. The mobile phase (distilled 
water:acetonitrile:triethylamine, 60:40:0.2, 
pH 3) was pumped at a flow rate of 1.4 ml/min. 
The analytical method for quantification was 
linear in the 20–5000 ng/ml range.

�n PK analysis
Concentrations of EFV in hypothalamic dialy-
sates were corrected by the in vitro recovery of 
the concentric microdialysis probe (0.08 ± 0.03). 
Noncompartmental analysis of EFV plasma con-
centrations was performed using the TOPFIT 
program (version 2.0, Dr Karl Thomae 
Gmbh, Schering AG, Gödecke AG, Freiburg, 
Germany), which uses a cyclic three-stage opti-
mization routine (1D direct search; vectorial 
direct search/Hooke-Jeeves modified; Gauss-
Newton/Marquadt modified). The relative 
exposure index was calculated by taking the 
ratio between the area under the curve (AUC) 
between 0 and 2 h in CNS and plasma, AUC

p0–2h
 

and AUC
CNS0–2h

, respectively.

�n Statistical analysis
PK parameters were log transformed for sta-
tistical analysis to reduce heterogeneity of the 
variance and further compared by one-way 
analysis of variance and the Bonferroni test, as 
a post-hoc test. Statistical analysis was performed 
using GraphPad Prism version 5.02 for Windows 
(GraphPad Software, CA, USA). Statistical sig-
nificance was defined as p < 0.05.

�n Integrity of the BBB
The integrity of the BBB was evaluated by means 
of the Evans blue (EB) dye (Sigma) extravasa-
tion method [62]. A total of 5 mins after the 
administration of EFV-loaded pF127–20 
micelles (iv.), EB solution (2%, 1 ml/kg, in 
0.9% NaCl) was administered iv. Animals were 
perfused with 4 ml of heparinized saline solu-
tion and euthanized 30 min after the EB injec-
tion by decapitation. Brains were subsequently 
harvested, freeze-dried and weighed. To quan-
tify the amount of EB, dissected tissues were 
immersed in a volume of dimethylformamide 
equal to six-times the weight of the tissue [62]. 
Whole brains were homogenized and incubated 
at 50°C for 24 h. Subsequently, each sample was 
centrifuged for 30 min at 7000 rpm to isolate the 
dye solution (supernatant) and dye concentra-
tions were determined by UV-Visible spectro-
photometry (Shimadzu UV-Visible Recording 
Spectrophotometer UV-260, Kyoto, Japan) at 
a wavelength of 633 nm, using a standard plot 
of the dye in dimethylformamide (concentra-
tion range 6–30 µg/ml, R2 = 0.9994). A posi-
tive control of augmented BBB permeability was 
obtained by administering (iv.) a hyperosmolar 
mannitol solution (1.6 M in 0.9% NaCl, 4 ml), 
while a blank was obtained by administering the 
dye (iv.) directly without any previous treatment. 
Results are expressed as the mean ± standard 
deviation (n = 3). 

results & discussion
With the aim to increase the bioavailability of 
EFV in the CNS, the present study investigated 
for the first time the performance of nanoscopic 
drug-loaded polymeric micelles administered 
intranasally and compared the PKs with that 
of the same systems upon iv. administration. To 
investigate the effect of micellar size, micellar 
composition and drug payload, we employed 
simple polymeric micelles made of a highly 
hydrophilic copolymer, poloxamer F127, and 
mixed polymeric micelles containing 75% of 
T904 (a medium hydrophobic poloxamine) and 
25% of F127. T904 improves the encapsulation 
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capacity of the micelles, while F127 confers 
greater physical stability to the drug-loaded sys-
tems [48].

The EFV encapsulation capacity of a broad 
spectrum of PEO–PPO copolymers display-
ing different molecular weight, hydrophilic–
lipophilic balance and architecture (linear and 
branched) was previously assessed employing 
different copolymer concentrations [45–48] and 
the incorporation of the drug into the micel-
lar core was confirmed by 1H-NMR [48]. All 
of the EFV-loaded micelles displayed sizes in 
the nanoscopic level. For example, 10% pF127 
micelles resulted in an encapsulation capacity of 
21.5 mg/ml, representing an aqueous solubility 
increase of 5365-times [45]. T904 micelles were 
more efficient, with 10% micelles encapsulating 
29.5 mg/ml [47]. Mixed micelles were developed 
to capitalize on the better physical stability of 
EFV-loaded pF127 micelles and the greater 
encapsulation capacity of T904 micelles [48]. In 
addition, these copolymers showed a synergistic 
effect, 10% F127:T904 (25:75) mixed micelles 
encapsulating up to 34 mg/ml of EFV. In this 
framework, pF127–20 and F127:T904–30 sys-
tems contained EFV payloads that were slightly 
below their corresponding maximum encap-
sulation capacity. Conversely, F127:T904–20 
micelles were not saturated with the drug.

�n Micellar size, size distribution  
& physical stability
EFV-loaded pure and mixed polymeric micelles 
are stable at 25 and 37°C for prolonged periods 
of time [45–48]. However, dilution in body fluids 
(e.g., blood) and adsorption of plasma proteins 
after iv. administration could affect the physical 
stability and modify the size and the size distri-
bution of the micelles. To assess the behavior of 
the micelles in the biological environment, EFV-
loaded micelles were primarily diluted in PBS 
with 1 and 3% bovine serum albumin (1/20), 
stored at 37°C and characterized by dynamic 
light scattering over 24 h. This BSA concentra-
tion was in the range of the physiological con-
centration, usually between 3.5 and 5.0 g/dl, and 
it was previously employed to assess the physi-
cal stability of polymeric micelles [63]. Previous 
works indicated that micelles could remain 
relatively unchanged for at least 25 h (with a 
steady size growth afterwards) or conversely, 
they could undergo a sharp and fast size increase 
due to a protein-mediated clustering [64,65]. This 
behavior depended on the hydrophilicity of the 
micellar corona and its ability to interact with 
BSA. pF127–20 and F127:T904–20 micelles 

displayed relatively small initial sizes of 23.0 
and 13.5 nm, respectively, at 37°C (Table 1) and 
their morphology was spherical, as exemplified 
for pF127:T904–20 in Figure 1. The former were 
saturated with the drug, while the latter were 
not. Conversely, the encapsulation of a greater 
EFV payload led to the enlargement of the 
mixed micelles from 13.5 nm in F127:T904–20 
to 247.3 nm in F127:T904–30. Sizes before dilu-
tion were more relevant for the in. administra-
tion route because in this case, samples were not 
expected to undergo dilution in the bloodstream 
before entering the CNS.

In general, dilution of systems containing 
an EFV payload of 20 mg/ml in PBS (pH 7.4) 
and 1% BSA led to a slight growth of the size 
and size distribution. For example, pF127–20 
micelles grew from 22.8 to 27–30 nm and 
F127:T904–20 from 13.5 to 18–23 nm. In addi-
tion, F127:T904–20 diluted in PBS displayed a 
large size fraction of several hundreds of nano-
meters that increased in intensity over time. This 
phenomenon was not observed in 1% BSA, sug-
gesting that the sharp size growth in PBS prob-
ably stemmed from a salting-out effect. Contrary 
to this, F127:T904–30 micelles showed a sharp 
size decrease from 247.0 to 110–120 nm; the 
dilution in PBS and 1% BSA having a similar 
effect. Since the corona of PEO–PPO micelles is 
made of PEO, it probably prevented the adsorp-
tion of proteins such as BSA and changes in 
the aggregation pattern could be exclusively 
ascribed to dilution [65,66]. When a greater BSA 
concentration was used, pF127–20 showed a 
bimodal size pattern. The smaller aggregates 
(10–11 nm) would correspond to F127 micelles 
of unchanged sized, while the larger ones 
(38–45 nm) correspond to enlarged micelles. 
These systems also showed a similar behavior at 
25°C [45]. On the other hand, the hindrance of 
F127 self-aggregation by greater BSA concen-
trations (3%) could not be ruled out because 
the micellization of highly hydrophilic PEO–
PPO copolymers is intrinsically incomplete [32]. 
Dilution of F127:T904–20 in 3% BSA main-
tained the original monomodal pattern with a 
moderate size decrease from 18 to 10 nm, con-
firming that even if it was not adsorbed on the 
PEG corona, the protein could affect the copo-
lymer self-aggregation process. When diluted in 
a greater concentration of BAS, F127:T904–30 
remained unaltered. In summary, the size order 
in all the investigated conditions in vitro was 
F127:T904–30 >>> pF127 > F127:T904–20. It 
is worth stressing that the size of the micelles 
always remained smaller than 120 nm and in 
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the optimal size range for CNS targeting by in. 
administration [52].

�n PK studies
Owing to the limited preclinical experience with 
in. administration, the maximum volume that 
can be administered to rats has not been well 
established. Based on data of the liquid instil-
lation in mice [67] and aiming to maximize the 
amount of EFV that enters the nose-to-brain 
route, we systematically administered a drug-
fixed dose of 0.8 or 1.2 mg (encapsulated in 
40 µl of 10% micelles; 20 µl/nostril). Then, 
drug concentrations in plasma and CNS were 
followed up. As opposed to water-soluble ARVs 
such as zidovudine and didanosine [54,55] that 
can be administered intranasally as concentrated 
solutions, EFV is poorly water-soluble and it can 
be solubilized directly in water to an extent that 
would enable the administration of a sufficiently 
high dose and the detection in body fluids. 
Conversely, EFV is soluble in some organic sol-
vents (e.g., alcohols) that are unsuitable for intra-
nasal formulations. Moreover, there is evidence 
that drugs encapsulated within polymeric nano-
carriers reach the CNS after intranasal admin-
istration more effectively than the soluble form. 
In this framework, only EFV-loaded micelles 
were assessed.

To minimize the number of animals employed 
in the study, EFV concentrations in the CNS 
were monitored by a microdialysis technique 
(Figure 2) that employs a semipermeable micron-
sized membrane (external diameter of 190 µm) 
(Figure 3) inserted into the anterior hypothalamus 
by means of stereotaxy [68]. After the insertion 
of the canula, the device was equilibrated for 
2 h before administration of EFV to ensure the 
complete sealing of the BBB and to prevent the 
formulation of any artifact derived from the 
increased permeability of a damaged BBB [69]. 
A 2 h end-point was selected owing to ethical 
concerns and to minimize animal suffering.

The iv. administration of pF127–20 and 
F127:T904–20 resulted in C

max
 values in plasma 

of 1.792 and 1.632 µg/ml, regardless of the dif-
ference in micellar size and composition (Figure 4, 

Table 2). AUC
p0–2h

 followed a similar trend with val-
ues of 1.465 and 1.487 µg/ml/h. As expected, the 
increase of the EFV payload from 20 to 30 mg/ml 
(and consequently of the EFV dose from 0.8 to 
1.2 mg) led to a clear increase of C

max
 from 1.632 

to 2.403 µg/ml; a 50% greater dose resulted in a 
60–62% increase of the AUC

p0–2h
. In addition, 

different micelles resulted only in slight changes 
of the biological half-life (t

1/2
); t

1/2
 were 1.625, 

1.947 and 1.575 h for pF127–20, F127:T904–20 
and F127:T904–30, respectively (Table 2). After 
the oral administration of drug-loaded micelles, 
the drug is expected to be absorbed by the intes-
tinal epithelium deprived of the nanocarrier 
(non-encapsulated), though the internalization of 
micelles by fluid-phase pinocytosis could not be 
ruled out [70]. In this context, the clearance from 
plasma was not majorly modified with respect to 

Figure 1. Transmission electron micrograph 
of efavirenz-loaded pF127:T904–20 
micelles. The characteristic spherical 
morphology of PEO–PPO micelles was apparent 
(indicated with arrows). Scale bar = 100 nm.

Inlet

Outlet

Hypothalamus
Dialysis membrane

Figure 2. Microdialysis setup for the monitoring of efavirenz concentration 
in the CNs after the intravenous and intranasal administration of 
efavirenz-loaded polymeric micelles.
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the same drug administered in any another phar-
maceutical form (e.g. suspension). Conversely, 
the parenteral administration (e.g., iv.) implies 
that all the encapsulated drug reaches the sys-
temic circulation within the nanocarrier. Thus, 
we expected changes in the drug elimination rate 
owing to differences in micellar size and com-
position. However, t

1/2
 values in plasma did not 

change substantially among the different micelles. 
After iv. administration, EFV was detected in the 
brain. However, concentrations were substantially 

smaller than those found in plasma. For exam-
ple, C

ḿax
 and AUC

CNS0–2h
 values ranged between 

0.495 and 0.820 µg/ml and 0.530 and 0.978 µg/
ml/h, respectively (Table 2). These results suggested 
that EFV entered the CNS only upon redistri-
bution from the bloodstream. Interestingly, two 
systems containing identical EFV payloads but 
different micellar size and composition, namely 
pF127–20 and F127:T904–20, resulted in very 
different CNS profiles. The smaller the size, 
the greater the CNS bioavailability observed. 
Although not reaching statistical significance 
(p = 0.09), AUC

CNS0–2h 
values were 0.530 and 

0.762 µg/ml/h for pF127–20 and F127:T904–20, 
respectively. A priori, the difference in size appears 
to be small to explain an increase of the bioavail-
ability of approximately 50%.

Increasing the drug payload from 20 mg/ml in 
F127:T904–20 to 30 mg/ml in F127:T904–30 
(two nanocarriers of identical copolymer com-
position and significantly different size) and the 
dose from 0.8 to 1.2 mg led to a less pronounced 
increase of 29% in the AUC

CNS0–2h
. When the per-

formance of pF127–20 was compared with that 
of F127:T904–30, a 50% greater dose represented 
a 65 and 85% increase of C

ḿax
 and AUC

CNS0–2h
, 

respectively. It is important to note that the size of 
pF127–20 and F127:T904–20 was similar. These 
findings strongly suggested that the size was not 

190 µm 250 µm

100 µm EHT = 3.00 kV WD = 2.9 mm Mag = 100 X Signal A = InLens

Figure 3. scanning electron microphotograph of the microdialysis probe employed to 
monitor efavirenz concentrations in the CNs.

Figure 4. Plasma and brain efavirenz concentrations after the 
administration of the different efavirenz-loaded micelles by the 
intravenous and intranasal routes (n = 6).
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the only parameter governing drug absorption 
from plasma into the CNS.

EFV display a nonlinear oral PKs upon oral 
and iv. administration [71] and a relatively long 
half-life [37]. This behavior could stem from two 
mechanisms: saturation of the metabolism and 
prolongation of the absorption in the gut. Both 
mechanisms could explain the exponential bio-
availability increase after per orem administration, 
while in the case of iv., the only possible pathway is 
the former. The present work investigated the fea-
sibility of this strategy to improve the bioavailabil-
ity of the drug in CNS. Thus, extensively assessing 
the effect of the dose on the EFV PKs was beyond 
the scope of this article. Having expressed this, 
when the dose was increased from 0.8 to 1.2 mg, 
the effect on the bioavailability was strongly asso-
ciated with the properties of the nanocarrier (e.g., 
size and composition).

To compare the relative brain exposure for 
different specimens after both administration 
routes, a relative exposure index (AUC

rel
) was cal-

culated by taking the ratio between AUC
CNS0–2h

 
and AUC

p0–2h
. After iv. administration, val-

ues were 0.374 and 0.540 for pF127–20 and 
F127:T904–20, respectively, confirming that the 
systemic exposure was greater than in the brain. 
Although the difference was not statistically dif-
ferent (p = 0.058), these results suggested that 
EFV encapsulated within the more hydrophobic 
T904-containing micelles surpassed the BBB more 
effectively (Table 2). Interestingly, F127:T904–30 
led to higher absolute CNS and plasma concentra-
tions, though to a smaller AUC

rel
 value of 0.404. 

Two mechanisms could explain this phenomenon: 
the saturation of the drug passage from plasma to 
CNS and the more constrained passage across the 
BBB of drugs encapsulated in remarkably larger 

Table 2. Pharmacokinetic parameters of the different efavirenz samples (40 µl) administered by the intravenous 
and intranasal route (n = 6).

route Parameters eFV (20 mg/ml)† eFV (30 mg/ml)†

pF127–20 F127:T904–20 F127:T904–30

Intravenous CNS C´
max

 (μg/ml) 0.495 (0.185) 0.697 (0.158) 0.820 (0.261)

t
max

 (h) 0.563 (0.119) 0.583 (0.129) 0.625 (0.072)

AUC
CNS0–2h 

(μg/ml/h) 0.530 (0.100) 0.762 (0.132) 0.978 (0.253)

t
1/2 

(h) 1.018 (0.299) 1.157 (0.165) 0.836 (0.076)

Plasma C
max

 (μg/ml) 1.792 (0.389) 1.632 (0.229) 2.403‡ (0.091)

t
max

 (h) - - -

AUC
p0–2h 

(μg/ml/h) 1.465 (0.235) 1.487 (0.276) 2.378‡§ (0.094)

t
1/2 

(h) 1.625 (0.142) 1.947 (0.328) 1.575 (0.229)

AUC
rel

0.374 (0.056) 0.540 (0.062) 0.404 (0.089)

Intranasal CNS C´
max

 (μg/ml) 1.400 (0.343) 1.955 (0.336) 3.102 (0.831)

t
max

 (h) 0.500 (0.102) 0.417 (0.066) 0.583 (0.129)

AUC
CNS0–2h 

(μg/ml/h) 1.703 (0.422) 2.465 (0.493) 3.638 (0.531)

t
1/2 

(h) 0.931 (0.231) 1.480 (0.207) 0.723 (0.105)

Plasma C
max

 (μg/ml) 1.319 (0.366) 0.743 (0.219) 1.672‡§ (0.546)

t
max

 (h) 0.280 (0.098) 0.193 (0.044) 0.402 (0.174)

AUC
p0–2h 

(μg/ml/h) 1.328 (0.330) 0.908 (0.202) 1.815† (0.275)

t
1/2 

(h) 1.456 (0.368) 2.063 (0.565) 1.735 (0.777)

AUC
rel

1.305¶ (0.334) 2.931§¶ (0.487) 2.166¶ (0.512)

CNS values were determined between 0 and 2 h.
AUC

rel 
was calculated as the ratio between AUC

CNS
 and AUC

p
.

†mean(± SEM)
‡p < 0.05 vs F127:T904–20. 
§p < 0.05 vs pF127. 
¶p < 0.05 vs intravenous administration. 

AUC
rel

: Area under the curve relative exposure index; C´
max

: ??? ; 
 
EFV: Efavirenz; SEM: Standard error of mean; 
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micelles. Again, the size difference between both 
micelles containing 20 mg/ml drug seems to be 
very small to explain the sharp increase shown by 
F127:T904–20 with respect to pF127–20.

Previous investigations showed greater CNS 
bioavailability upon iv. administration of drugs 
encapsulated within polymeric NPs coated with 
poloxamer F68, a very hydrophilic PEO–PPO–
PEO triblock with negligible inhibitory activ-
ity of ABCs [72]. The mechanism relied on the 
surface adsorption of apolipoproteins, such as 
apolipoprotein A-I (Apo A-I) and the selective 
interaction of the nanocarrier with the scavenger 
receptor B Class I, expressed in the membrane of 
brain endothelial cells [73]. Since F68, F127 and 
T904 display terminal blocks of identical chemi-
cal nature, a similar adsoprtion pattern of Apo 
A-I could be anticipated. Thus, a different BBB 
uptake based on this mechanism for the different 

micelles studied could be most likely neglected. 
The inhibition of the functional activity of 

P-glycoprotein and BCRP by very low concen-
trations of T904 was recently demonstrated in 
different intestinal and hepatic cell lines [74,75]. 
The authors of this study have also tracked the 
inhibition of BCRP down to the nucleus, where 
a clear decrease of the mRNA encoding for these 
two pumps was confirmed by RT-PCR [76]; 
BCRP is one of the main ABCs in the BBB and 
EFV is a substrate of this pump in the intestines 
and brains of rats [40,41]. Accordingly, in vivo 
data would suggest that the T904 present in 
F127:T904–20 inhibited the activity of BCRP 
pumps and enhanced the EFV concentration in 
the CNS with respect to pF127–20, a system with 
identical drug payload and similar size, though 
without T904. Subsequently, when both nano-
carriers contained T904, the size played a more 
relevant role and the smaller F127:T904–20 
micelles counterbalanced the dose increase in 
the larger F127:T904–30 micelles.

The intranasal administration of different 
drug-loaded micelles led to a sharp three- to four-
fold increase of C

ḿax
 and AUC

CNS0–2h 
(Figure 4); 

values ranged between 1.400–3.102 µg/ml and 
1.703–3.638 µg/ml/h, respectively. Conversely, 
a sharp decrease of the systemic exposure as esti-
mated by the drug concentration in plasma was 
observed. For example, C

max
 values decreased 

from 1.792, 1.632 and 2.403 to 1.319, 0.743 and 
1.672 µg/ml, for pF127–20, F127:T904–20 and 
F127:T904–30, respectively. These data sug-
gested that once released into the CNS, the drug 
was redistributed into the systemic circulation.

It is also noteworthy that regardless of the rela-
tively small size difference between pF127–20 and 
F127:T904–20 micelles, the latter led to a substan-
tial (though not statistically significant) increase 
of AUC

CNS0–2h
 with respect to the former; the val-

ues being 1.703 and 2.465 µg/ml/h, respectively. 
The opposite was true for plasma concentrations 
with AUC

p0–2h
 of 1.328 and 0.908 µg/ml/h for 

the pure and mixed micelles. Consequently, the 

A B C

Figure 5. rat brains excised after the administration of 2% evans blue (intravenous, 1 ml/kg) 
water solution. (A) Evans blue (EB) after no treatment (control), (B) EB after treatment with 
mannitol 1.6 M (4 ml, intravenous) and (C) EB after treatment with efavirenz-loaded pF127 micelles 
(40 μl, intravenous). The lag time between both administrations was 5 min.

90

EB Micelles + EBMannitol 25%
v/v + EB

80

70

60

50

40

30

20E
B

 c
o

n
ce

n
tr

at
io

n
 (

µ
g

/g
)

10

0

*

**

Figure 6. evans blue concentration in rat brains (µg/g of dry brain) excised 
after the administration of 2% evans blue solution (intravenous, 1 ml/kg) 
water solution after no treatment (control), mannitol 1.6M (4 ml, 
intravenous) and pF127–20 micelles (40 μL, intravenous) (n = 3). The lag time 
between both administrations was 5 min. 
*Difference is statistically significant with respect to the control (p < 0.05). 
**Difference is not statistically significant with respect to the control (p < 0.05). 
EB: Evans blue.
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AUC
rel

 of F127:T904–20 after intranasal admin-
istration was twofold greater than that of pF127–
20. As mentioned above, micelles do not undergo 
substantial dilution upon intranasal administra-
tion. Remarkably, AUC

rel
 values increased from 

0.374–0.540 (iv.) to 1.305–2.931 (in.), represent-
ing up to a 5.4-fold increase of the relative CNS 
exposure with respect to plasma (Table 2). On the 
other hand, t

1/2
 values after intransal administra-

tion were not significantly different than those 
after intravenous administration (Table 2).

The increase of the relative CNS/plasma 
exposure depends on the properties of the nano-
carriers (e.g., size and composition) as well as 
the drug, thus comparing different systems is 
complex. Having said this, EFV-loaded micelles 
showed improvement extents that were compa-
rable to those in the literature [53,55]. On the other 
hand, due to the self-assembly nature of these 
systems, the release could not be extended.

Although the mechanisms for nose-to-brain 
transport are not fully understood, there is suf-
ficient evidence that olfactory and trigeminal 
nerves are involved in the process and the size 
of the NPs plays a key role [50,51]. However, the 
upper size limit to enable nose-to-brain trans-
port is still controversial. While some authors 
initially established it at 100 nm [50], Kanazawa 
et al. showed no difference in the brain uptake 
of coumarin-loaded NPs between sizes of 
100–300 and 200–600 nm [52]. Conversely, 
when the size increased from 100 to 600 nm, 
a significant decrease in uptake was observed. 
In addition, nanocarriers smaller than 100 nm 
have shown facilitated mucosal and transcel-
lular transport via endocytic pathways. In this 
framework, smaller structures appeared more 
optimal for intranasal delivery. Regardless of 
the great size difference between F127:T904–20 
and F127:T904–30, a 50% increase of the 
EFV dose increased both C

max
 and AUC

0–2h 
to 

a similar extent. These findings indicated that 
the size was not the main parameter to be con-
sidered, especially when micelles had different 
compositions. In this context, a comprehensive 
evaluation of each delivery system needs to be 
addressed.

The inhibition of BCRP is also a feasible 
mechanism to explain differences in the bioavail-
ability after intranasal administration [50] because 
ABCs are also present in the olfactory epithe-
lium. The remarkable bioavailability difference 
found between pF127–20 and F127:T904–20 
micelles constitutes further evidence that the 
micellar composition governed the PKs of EFV 
and that T904 could be playing a dual role of 

nanocarrier and ABC inhibitor.

�n Integrity of the BBB
Although microdialysis is a well-established 
methodology to monitor drug concentrations in 
the CNS, the insertion of the probe transiently 
alters the integrity of the BBB. The equilibration 
time was supposed to ensure the complete clo-
sure of the injured BBB. Moreover, PEO–PPO 
copolymers could also alter the permeability of 
this barrier.

In this work, we assayed both qualitatively 
and quantitatively the effect of these amphi-
philes on the permeability of the BBB after iv. 
administration by means of the EB staining 
technique. EB binds to plasma albumin and 
reveals the extravasation of this protein due to 
the increased permeability of the BBB associ-
ated with transient or permanent damage. The 
mere qualitative ana lysis is subjective because 
only the cortical surface of the brain stains [77]. 
Moreover, previous studies demonstrated that a 
small percentage of EB (~5%) could reach the 
brain even in the presence of an intact BBB [62]. 
To make this ana lysis more robust, brains were 
harvested, homogenized, freeze-dried and the 
total amount of dye per weight quantified by 
UV-Vis spectrophotometry. Since this EB–pro-
tein association is unfeasible when the system is 
administered intranasally, we focused on intra-
venous administration.

A negative control (microdialysis probe + iv. 
EB) did not show any coloration detectable by 
the naked eye (Figure 5a). In addition, the EB con-
centration was 44.9 µg/g; this concentration rep-
resenting 5.6% of the administered EB (Figure 5). 
This result was in full agreement with the lit-
erature [63] and indicated that the 2 h equilibra-
tion time ensured complete sealing of the BBB. 
Contrary to this, a positive control (microdi-
alysis probe + iv. mannitol + iv. EB) resulted in 
the typical blue coloration of the brain surface 
(Figure 5b), the EB concentration being 77 µg/g 
(9.6% of the injected dose) (Figure 6); the dif-
ference with respect to a negative control was 
statistically significant (p < 0.05). Mannitol is 
a known hyperosmotic agent that transiently 
increases the permeability of the BBB. Similar 
to the control, EFV-loaded pF127–20 micelles 
did not stain the brain (Figure 5C) and showed a 
concentration of 43 µg/g (5.3% of the injected 
dose) (Figure 6). There was no significant differ-
ence with respect to a negative control (p < 0.05). 
These findings would confirm that this copoly-
mer did not alter the permeability of the BBB.
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Conclusion
In this work, we reported for the first time the 
intranasal administration of ARV-loaded poly-
meric micelles as a strategy to improve the bio-
availability of these drugs in the CNS. In con-
traposition with previous works, our findings 
suggested that size is not the main parameter 
governing the absorption from the nasal mucosa 
and highlighted the contribution of tnanocarrier 
composition. This aspect is especially relevant 
owing to the inhibition of BCRP pumps involved 
in EFV removal from the CNS by T904. The 
nanoscopic nature of these EFV-loaded micelles 
could play a fundamental role in cell internaliza-
tion mechanisms that are relevant to the activity 
of the encapsulated drug in HIV-infected cells. 
Since PEO–PPO micelles display a PEGylated 
surface, uptake by phagocytic cells would prob-
ably be curtailed. In fact, this feature prolongs 
the circulation time of PEO–PPO micelles in 
the bloodstream. In this context, studying the 
interaction between these drug-loaded micelles 
and a representative HIV-infected cell type 
in vitro (e.g., macrophages) would shed light 
on additional internalization mechanisms that 
could govern the performance of the ARV. The 
main goal of the present study was to explore 
the capacity of the intranasal administration 
of EFV-loaded micelles to surpass the BBB 
and to increase the drug bioavailability with 
respect to a more conventional route, such as 
intravenous administration. Future studies will 
need to address the nanocarrier–cell interaction 
and more importantly the effectiveness of this 
strategy in a preclinical model of HIV-infected 
CNS. Finally, EFV-loaded micelles did not dis-
play a sustained release profile owing to their 
self-assembly nature. Thus, a different type of 
polymeric nanocarrier should be engineered to 

extend the release and eventually reduce the 
administration frequency.

Future perspective
Regardless of the advantages of this minimally 
invasive administration route, the potential to 
reach the CNS remains unexplored and uncapi-
talized. Studies investigating the most appropri-
ate positions [78] and the development of devices 
that enable accurate dosing [79] may further con-
tribute to consolidate our understanding of the 
key parameters of this administration route and 
pave the way to clinical implementation.
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executive summary

Intravenous pharmacokinetics
 � After intravenous administration, efavirenz was also detected in brain. However, concentrations were substantially smaller than those 

found in plasma.

Effect of micellar composition on intravenous pharmacokinetics
 � Mixed micelles containing T904 increased the bioavailability in the CNS to a greater extent than pure micelles without T904, indicating 

that the drug encapsulated in these micelles surpassed the blood–brain barrier more effectively.

Effect of micellar size on intravenous pharmacokinetics
 � Micellar size played a key role only when micelles displayed an identical composition; the smaller the size, the greater the bioavailability 

in the CNS. Otherwise, the composition was more relevant.

Intranasal pharmacokinetics
 � After intranasal administration, efavirenz concentrations in brain markedly increased, representing a 5.4-fold increase of relative CNS 

exposure with respect to plasma.

Effect of poloxamine T904 on the bioavailability
 � The remarkable bioavailability difference found between micelles with and without T904 strongly suggested that T904 would play a 

dual role of nanocarrier and ATP-binding cassette inhibitor.
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