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Abstract

Background: Dolutegravir sodium (DTG), used to treat HIV, faces challenges in delivering effective therapeutic concentrations
to the brain due to the blood-brain barrier (BBB). Nanostructured lipid carriers (NLCs) combined with in situ gels present a
promising strategy for enhancing brain drug delivery via the intranasal route. Objective: To compare brain pharmacokinetics of
DTGs delivered via NLC-loaded in situ gel intranasal administration with the conventional intravenous (V) drug solution.
Methods: 80 Wistar rats, which were divided into three groups: two groups consisting of 39 animals each and a control group with
2 animals. Rats were administered with a dose of 1.0 mg/kg of DTGs 1V, and DTGs NLC-loaded in situ gel were administered
intranasally. DTGs were determined in rats’ plasma and brain tissue by high-performance liquid chromatography (HPLC). Results:
Intranasal administration produced significantly higher brain drug concentrations (Cmax 35344.8ng/ml) compared to the IV solution
(Cmax 4536.85ng/ml). The area under the curve (AUC) for the intranasal formulation was twice that of the 1V solution, indicating
enhanced bioavailability. Furthermore, the intranasal route exhibited a faster onset (lower Tmax) and prolonged retention in brain
tissue. The developed nanoformulation exhibited a Drug Targeting Efficiency (DTE) of 232.5% and a Drug Targeting Potential
(DTP) of 57%, suggesting improved brain targeting efficiency. Conclusions: The DTGs-loaded NLC in situ gel shows superior
brain pharmacokinetics compared to IV administration, highlighting its potential as an effective strategy for enhancing brain
targeting.
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INTRODUCTION cornerstone of managing HIV/AIDS. Antiretroviral

therapy (ART) has demonstrably enhanced the
The central nervous system (CNS), alongside the morbidity and mortality rates among individuals
peripheral reservoir, represents a significant target for infected with HIV-1 by lowering plasma viral loads
HIV, contributing to various neurological disorders, and restoring immune function. Nevertheless, despite
including neuroAIDS. The infection of the central the overall improvement in outcomes for AIDS
nervous system by HIV is linked to the emergence of patients  undergoing  ART, neurocognitive
asymptomatic neurocognitive impairment, HIV- impairments persist in approximately up to 50% of
associated mild neurocognitive disorder (HAND), and individuals suffering from HIV-1 encephalopathy [2].
HIV-associated dementia (HAD). These conditions These observations may be linked to the development
collectively manifest as a clinical syndrome of resistance to or failure of ART in AIDS patients [3].
characterized by cognitive, motor, and behavioral Additionally,  various  physiological  barriers
dysfunction [1]. Antiretroviral therapy (ART) is the significantly impede the effectiveness of CNS-
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targeted therapeutics. The blood-brain barrier is
particularly notable as it serves as a major obstacle for
treating neurological conditions, as it limits the
transfer of current antiretroviral (ARV) medications
from the bloodstream to the brain, thereby
diminishing the efficacy of existing treatments.
Consequently, addressing the challenges associated
with drug delivery to the brain is essential for the
advancement of therapeutic strategies aimed at
treating CNS disorders [4]. In recent years, intranasal
(IN) drug administration has emerged as a non-
invasive and accessible route capable of delivering
medications for both localized and systemic effects
[5]. This approach facilitates the direct transport of
drugs from the nasal cavity to the brain due to the
anatomical connections between the central nervous
system (CNS) and the nasal passage [6]. Compared to
other administration routes, IN delivery offers several
advantages, including bypassing the blood-brain
barrier (BBB), enabling quicker drug delivery to the
brain, and improving drug targeting as well as
bioavailability.  Additionally, intranasal  (IN)
administration bypasses gastrointestinal and hepatic
metabolism, reduces drug deposition in non-target
tissues, and minimizes undesirable systemic adverse
effects [7]. These features make the nose-to-brain
pathway a promising strategy for managing CNS
disorders, including neuroaids [8]. However, there are
challenges associated with developing novel nasal
formulations for effective nose-to-brain delivery.
First, the volume that can be administered per nostril
in humans is limited to under 200 pL, making it
difficult to use this route for drugs that require larger
doses. Second, mucociliary clearance, a protective
mechanism that eliminates bacteria, toxic substances,
and inhaled particles from the body, can lead to the
rapid loss of delivered drugs, restricting their retention
time in the nasal passage to less than 30 minutes.
Third, nasal enzymes can metabolize certain drugs,
necessitating protective strategies against enzymatic
degradation [9]. In recent years, various formulation
strategies, including nanovesicles, spanlastics,
microemulsion, and lipid-based nanoformulations
(solid lipid nanoparticles and nanostructured lipid
carriers), have been designed to overcome these
challenges [10-12]. NLCs show great potential for
nose-to-brain drug delivery by enhancing the
absorption and bioavailability of poorly soluble drugs
through intranasal administration. NLCs offer several
benefits, including the avoidance of toxic organic
solvents during formulation, enabling controlled drug
release, ensuring biocompatibility, and protecting the
encapsulated drugs from pre-systemic metabolism
[13,14]. Additionally, nano-sized NLCs enable
efficient transport of drugs and internalization into the
brain via endocytosis and transcytosis mechanisms.
The rapid elimination of the drug from the nasal cavity
is attributed to the high turnover rate of mucus.
Therefore, the drug delivery system must possess
mucoadhesive  characteristics to prevent the
concurrent elimination of the drug with mucus. One of
the most frequently employed approaches is the in situ
gelling formulation. Upon intranasal administration,
this system transitions from a solution to a gel in
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response to physiological triggers such as
temperature, ion concentration, or pH, facilitating
more accurate dosing [15]. Among all in situ gelling
systems, thermosensitive formulations are particularly
advantageous for drug delivery, as they undergo
gelation upon administration due to temperature
changes. The most commonly used mucoadhesive
polymer in these formulations is poloxamer 407
(Pluronic F127), which micellizes and gels as the
temperature increases. To formulate thermosensitive
in situ gels for nasal application, it is essential to
establish the transition temperature within the range of
30-34°C corresponding to the temperature of the nasal
mucosa [16]. Thermosensitive in situ gels are
designed to remain in a liquid form at lower
temperatures and transition into a gel upon contact
with the nasal mucosa, allowing for easy
administration and extended retention in the nasal
cavity. Even if the product changes to a gel state
during shipping or storage due to temperature
fluctuations, it will revert to a dispersion upon cooling
and then transition back into a gel when exposed to
body temperature, without compromising its
performance or efficacy. Embedding NLC into in situ
gels presents a promising approach for nose-to-brain
delivery of neurotherapeutics by merging the benefits
of nanostructured lipid carriers and gel-based delivery
systems [17]. Dolutegravir sodium, an HIV integrase
inhibitor, is wused in combination with other
antiretroviral drugs for the management of HIV
infection. It has a molecular weight of 441.4 g/mol, is
highly lipophilic (log P 2.2), and exhibits low aqueous
solubility (95 mg/L at 25°C) [18]. The therapeutic
effect and safety profile of dolutegravir, when used
alongside other anti-HIV drugs, have been validated
in numerous clinical studies. However, dolutegravir
demonstrates limited suppression of HIV within the
brain, even when administered as part of well-
tolerated combination antiretroviral therapy (CART).
This limitation may be attributed to the tight junctions
of the blood-brain barrier and the activity of efflux
transporters on brain cells, such as astrocytes and
microglia, indicating that these cells could contribute
to suboptimal drug concentrations in the brain [19,20].
Therefore, an effective delivery system is essential to
address these obstacles and facilitate the transport of
dolutegravir into the central nervous system. Sahoo
and collaborators developed dolutegravir-loaded
NLCs to improve the drug’s bioavailability. The
pharmacokinetic profile of the optimized NLC
demonstrated significant advantages over the aqueous
suspension of the pure drug, offering potential for
therapeutic and commercial applications [21]. Devika
Sonawane and Varsha Pokharkar successfully
formulated a donepezil-loaded NLC in situ gel,
enhancing both pharmacokinetic and
pharmacodynamic performance. When compared to
the intravenous drug solution, the in situ gel exhibited
improved pharmacokinetic properties. Notably, the
designed donepezil in situ gel exhibited a Drug
Targeting Efficiency (DTE) of 232.5% and a Drug
Targeting Potential (DTP) of 57%, highlighting its
exceptional brain-targeting ability through the use of
NLCs [22]. The study aims to assess the in vivo brain
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pharmacokinetics of dolutegravir sodium-loaded
nanostructured lipid carriers incorporated into an in
situ gel formulation following nasal administration in
comparison to the intravenous (IV) administration of
a dolutegravir solution.

METHODS
Materials

Dolutegravir sodium was purchased from Xi’an
Healthful Biotechnology Co., Ltd. (China). HPLC-
grade acetonitrile and water were purchased from
Chem-Lab (Belgium). Soluplus and Kolliphor® P 407
were obtained from D-BASF Co., Ltd. Paracetamol
(internal standard, IS) was supplied by the College of
Pharmacy, University of Baghdad.

Preparation of dolutegravir sodium-NLC in situ gel

Firstly, dolutegravir-loaded nanostructured lipid
carriers (DTG NLCs) were prepared using the melt
emulsification-ultrasonication technique. GMS (solid
lipid) and Triolein (liquid oil) were melted at 80°C,
and the drug was dissolved in the molten lipid phase.
An aqueous phase containing 4.0% w/v Tween-40,
1% PEG 400, and 50 mg of Soluplus was added
dropwise while stirring at 850 rpm for 30 minutes to
form a hot pre-emulsion. After cooling to room
temperature, the pre-emulsion was sonicated for 2.5
minutes to obtain the NLC dispersion. The in situ gel
formulation was prepared by incorporating a specified
amount of poloxamer 407 into the prepared NLC
dispersion., stirred continuously for one hour, and
then stored in a refrigerator (4°C) to allow the
mucoadhesive components to fully dissolve.
Moreover, benzalkonium chloride at a concentration
of 0.01% w/v was incorporated into the final
formulation to prevent the growth of microorganisms
[23]. The final compositions of the optimized in situ
gel formulation were depicted in Table 1.

Table 1: Composition of in situ nasal gel of DTGs NLC
Drug/Excipients Compositions

NLC dispersion 0.3%
Poloxamer 407 (%w/v) 19%

Carbopol 934 (%w/v) 0.1%
Benzalkonium chloride (%w/v) 0.01%
D.WQg.s. 10 mL

In vivo pharmacokinetic study

Female Wistar albino rats weighing between 200 and
250 grams were obtained from the National Cancer
Institute and the College of Pharmacy at the
University of Baghdad for use in the in vivo studies.
Prior to the study, we gave the selected animals a one-
week period to adapt to the experimental conditions of
temperature and humidity. During the experiment,
they were housed in groups within plastic cages under
controlled temperatures (27+£2°C) and a 12-hour
light/dark cycle. The animals did not receive any food
the night before the experiment. The in vivo
experiments performed on the rats were authorized by
the Research Ethics Committee for Experimental
Investigations, College of Pharmacy, Baghdad
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University, Irag, under protocol  number

REC03024108A.
Animal grouping and administration of medication

The selected rats were randomly assigned to three
groups. The first group, which included two rats, was
used as a negative control and was Killed early so that
plasma and brain tissue could be used for HPLC
calibration. This made sure that the drug concentration
was measured correctly. The second group, consisting
of 39 rats, was administered an in situ gel of DTG
NLC intranasally at a dose of approximately 1 mg/kg.
A micropipette instrument was used to deliver 40 pL
of the formulation into each nostril. The third group
(39 rats) received the intravenous form of dolutegravir
sodium solution at the same dose (about 1.0 mg/kg).
After the completion of the treatment, the
experimental animals were anesthetized via
intraperitoneal (IP) injection with a dose of 80 mg/kg
of ketamine and 10 mg/kg of xylazine. Once the
animals were fully anesthetized, they were sacrificed
through cardiac puncture [24,25]. Following the
experimental period for each group, the euthanized
rats were dissected, and their brain tissues were
harvested and weighed for subsequent analysis. Prior
to weighing, the entire brain tissue was rinsed with
normal saline to eliminate any adhering tissue or
fluids. Each weighed rat brain was then preserved in a
cold solution of physiological saline at a 1:6 dilution
by weight. The brain tissue was then homogenized
using a homogenizer and subsequently stored at -21°C
for HPLC analysis. Two ml of blood samples were
withdrawn from the heart via puncture at certain time
points spanning from O to 48 hours. Rat blood samples
were collected into EDTA-coated tubes and
immediately separated. Plasma samples were acquired
using the centrifugal process (Hettich, Germany),
where blood samples were spun at a speed of 4000
revolutions per minute for a duration of 15 minutes.
We obtained plasma samples from the clear portion
(supernatant), transferred them into Eppendorf tubes,
and stored them in the freezer for further analysis [26].

HPLC method

Isocratic chromatographic separation was carried out
using a C18 Luna column (5 um, 150 x 4.6 mm,
Phenomenex) with a reversed-phase stationary phase.
The mobile phase was a mixture of 50% acetonitrile
(ACN) and 50% OPA buffer (adjusted at pH 3). The
flow rate of the mobile phase was controlled at 0.8
mL/min, and the column temperature was maintained
at 30°C. The effluent was monitored at a wavelength
of 258 nm using a PDA detector. The total run time
was 10 minutes [27].

Pharmacokinetic and

parameter estimation

neuropharmacokinetic

Pharmacokinetic parameters were analyzed utilizing
Excel PK-Solver® by plotting DTG concentration
against time [28]. Non-compartmental analysis was
applied to derive parameters such as Cmax, Tmax, and
AUC. Furthermore, neuro-pharmacokinetic
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parameters , including the percentage of targeting
efficiency (%DTE) and the percentage of drug
targeting potential ( % DTP), were also evaluated
[29]. %DTE is an indicator of drug accumulation in
the brain after intranasal (IN) administration
compared to intravenous (IV) administration and is
expressed by the following equation:

(AUC brain IN / AUC plasma IN )
(AUC brain IV/ AUC plasma 1V )

% DTE = x 100
A %DTE value exceeding 100% indicates effective
targeting of the brain.

%DTP represents the proportion of a drug that
reaches the brain through direct pathways, such as the
olfactory and trigeminal routes, and is described as
shown below.

A Ucbrain, v
AUCto0d, 1v

A Ucbmin, IN

A UChmin, IN'( x4 Uchlood, IN)

%DTP= X 100

A positive value of %DTP signifies that direct
pathways substantially contribute to the overall drug
delivery to the brain.

Statistical analysis

The results were presented as mean values with their
standard deviation £ SD (n = 3). A difference was
considered statistically significant if the P-value was
below 0.05. The pharmacokinetic parameters,
including Cmax, Tmax, and AUCO0-48, undergo a
statistical analysis using a student’s t-test.

RESULTS

The HPLC method was used to determine the amount
of dolutegravir sodium in plasma and brain tissue.
The HPLC chromatograms for the drug and internal
standard are illustrated in Figure 1.

Table 2: Intra-day and inter-day precision of dolutegravir sodium

Brain pharmacokinetics of dolutegravir

Retention time (min) Retention time (min)

Figure 1: Chromatogram of A) Dolutegravir sodium and B)
Internal standard.

HPLC method wvalidation was conducted in
accordance with International Conference on
Harmonization (ICH) guidelines, evaluating
linearity, accuracy, precision, limit of detection
(LOD), and limit of quantification (LOQ). The
method showed a linear response across six
concentration levels, ranging from 50 to 2000 ng/mL.
The correlation coefficients (R?) of the standard drug
demonstrated a good linear correlation (R2 of 0.999),
as presented in Figure 2.

so00 Y = 2.42306*X
R?=0.999
4000 -
@
2 3000 -
=3
a
@
@
= 2000
1000
o T T T T
o 500 1000 1500 2000
Concentration of dolutegravir sodium( ng/ml)

Figure 2: Calibration curve for the standard solution of
Dolutegravir sodium.

The LOD and LOQ values were determined from the
calibration curve: 10 and 33.3 ng/mL, respectively.
The intra-day and inter-day precision, assessed with
quality control samples and reported as the relative
standard deviation (RSD), ranged from 0.63% to 1%
(Table 2).

Concentration Intraday conc.

Interday conc.

PILG, (ng/ml) (ng/ml) IR (ng/ml) GRS
49.97 50.10
Dolutegravir sodium 50 50.78 1% 49.57 0.63%
49.85 50.13
Validated HPLC analysis yielded retention times of
4.2 and 6.0 minutes for DTGs and the internal A B

standard, respectively, confirming successful
chromatographic separation. The chromatograms
obtained from the analysis of rat plasma and rat brain
tissue demonstrated no interference from endogenous
substances with the analytes and the internal standard
(IS) at their respective retention times, as shown in
Figure 3. The concentration-time profile of DTGs in
the brain tissue, following a single dose of nasal in
situ gel of the optimized NLC and intravenous
administration of the drug solution in rats, is depicted
in Figure 4.
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Figure 3: Chromatogram of A) plasma spiked with dolutegravir
sodium and IS and B) Tissue spiked with dolutegravir sodium and
IS.
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Figure 4: Drug brain levels following a single dose of Dolutegravir
sodium (1 mg/kg) after intravenous administration (0.5 mL) or
optimized In Situ Gel (40 pL) by nasal route. Measurements are

reported as mean+SD (n = 3).

Brain pharmacokinetics of dolutegravir

The principal pharmacokinetic parameters are
outlined in Table 3. Two distinct kinetic profiles were
observed for both IN and IV administrations, with
nasal delivery vyielding significantly higher (p<
0.005) drug concentrations in the brain. The highest
concentration was observed in the brain region after
IN administration; the Cmax was 35344.8+3626
ng/mL at a Tmax of 60 min, whereas the Cnax Was
4536.85+£102 ng/mL at a Tmax of 9.33£1.1 hr after IV
administration. Additionally, the area under the curve
(AUCo) was markedly higher for dolutegravir
NLC-loaded in situ gel (p< 0.001) compared to its
free form. DTGs-loaded NLC showed the highest
DTE% and DTP% of 232.5 and 57, respectively,
which confirms that nanocarrier-loaded in situ gel
enhanced the brain-targeting efficiency of the
incorporated drug compared to the free drug solution.

Table 3: Main pharmacokinetic parameters of DTGs in the brain after IN administration of DTGs-NLCs, and 1.V administration of DTGs-

solution
Pharmacokinetic parameters IN DTGs-NLCs 1V DTGs-solution

Cmax (ng/ml) 35344.8+36 4536.85+102

Tmax (h) 1.25+0.6 9.33+1.1

AUCq.4 (ng.h/ml) 193082.6+16 96233.3+921

%DTE 2325

%DTP 57

reaching the brain. These combined factors explain

DISCUSSION

The application of a calibration curve for estimating
the Limit of Detection (LOD) and Limit of
Quantification (LOQ) enables a comprehensive
analysis of the method’s detection limits. The high
correlation coefficient (R?2 of 0.999) of standard
dolutegravir sodium also shows a good linear
relationship, which proves the accuracy of the
method. The precision, represented by relative
standard error (RSD) values below 2%, ensures that
the proposed HPLC method is highly precise and
appropriate for quantifying the compound in both
plasma and brain tissue [30]. When given through the
nose, DTGs are absorbed quickly, and a much higher
concentration (about 35344.8 ng/ml) reaches the
brain within an hour compared to when given through
an 1V (about 4536.85 ng/ml). The Tmax for intranasal
delivery was lower (1.0 hour) compared to
intravenous delivery (~10 hours), suggesting fast
drug transport from the nose to the brain.
Additionally, intranasal administration resulted in a
nearly 9-fold increase in the Cmax value compared to
intravenous administration. The elevated Cpax
observed with the nasal route might be due to direct
absorption through the nasal mucosa, including the
olfactory region, which provides a direct pathway to
the brain, bypassing the blood-brain barrier more
efficiently.  Additionally, the  mucoadhesive
properties of in situ gel may contribute to decreased
mucociliary clearance in rat models, thus prolonging
the residence time of the drug in the nasal cavity and
enhancing the absorption of DTGs from the nasal
epithelium [31]. Finally, intranasal delivery limits the
dilution of the drug in systemic circulation, ensuring
a higher concentration reaches the brain more rapidly
than through intravenous administration, where the
drug is distributed more broadly in the body before
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why intranasal administration leads to both a higher
peak concentration and a faster onset compared to
intravenous administration. The limited quantity of
DTGs that reaches the brain during intravenous
therapy is due to the restricted permeation of
dolutegravir from the circulating plasma into the
brain, owing to the highly selective nature of the
semipermeable endothelial cells that line the tight
junctions of the blood-brain barrier. The levels of
DTGs in the brain in both therapies appear to
decrease swiftly, indicating the rapid elimination of
the drug from the brain tissue [32]. A comparative
analysis of the bioavailability of dolutegravir sodium,
measured by the AUC, revealed a 2-fold higher
concentration in the brain after IN administration than
after administration of IV drug solution, thus
confirming the potential effectiveness and practical
feasibility of intranasal NLC incorporated in situ gel
for brain targeting. Overall, the pharmacokinetic
findings indicate that intranasal delivery of the
optimized in situ gel significantly enhanced the brain
bioavailability of dolutegravir sodium in comparison
to intravenous administration. High values of DTE
and DTP indicate a well-designed colloidal
dispersion capable of effectively reaching and
engaging the HIV reservoir in brain tissue by
trigeminal or olfactory pathways. These findings
align with earlier studies that demonstrated
nanoformulations improve the direct transport of
drugs to the brain, including frovatriptan, asenapine,
and buspirone [33-35]. The significant improvement
in the pharmacokinetics and neuropharmacokinetics
of DTG NLCs is primarily ascribed to the
advantageous characteristics of the nano-sized
particles and the effective utilization of the nasal
route for administration. The nano-sized particles of
DTG NLCs significantly enhance transcellular
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transport through olfactory neurons to the brain
tissue. The carriers also enable targeted drug release,
promoting consistent therapeutic concentrations
while reducing systemic exposure. Furthermore, the
lipid-based matrix of the NLCs enhances drug
retention in brain tissues and minimizes premature
clearance. Additionally, the nose-to-brain delivery
route plays a crucial role in bypassing the blood-brain
barrier, facilitating direct drug transport to the brain,
and reducing systemic exposure. Together, these
factors underscore the potential of NLC-based
delivery systems to optimize CNS drug delivery and
therapeutic outcomes.

Conclusion

This study explored the efficacy of a nanostructured
lipid carrier (NLC) based in situ gel for the delivery
of dolutegravir to the brain via nasal administration.
A key aspect of this investigation was the
pharmacokinetic assessment of the dolutegravir-
loaded NLC in situ gel formulation at a nasal
physiological pH of 6. The pharmacokinetic and
biodistribution studies showed that the optimized
formulation led to a much higher concentration of the
drug in the brain compared to the drug solution that
was given intravenously. A lower Tmax may also mean
that the drug is absorbed more quickly, possibly
through the olfactory region in the nose. Therefore,
the optimized DTGs-loaded NLC incorporated in the
in situ gel could be considered a novel and promising
approach for the management of neuro-AIDS.
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