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ABSTRACT 

Background: Current study aims to develop orally administered Tenofovir (TNF) loaded Solid Lipid Nanoparticles 
(SLNs) to enhance systemic absorption and to evaluate its tissue distribution in brain. Tenofovir, an antiviral drug used in 
HIV therapy, suffers from poor oral bioavailability and limited penetration across the blood–brain barrier (BBB). Since 
the central nervous system serves as a major HIV reservoir, effective CNS delivery of anti-HIV agents remains a critical 
therapeutic challenge. 

Methods: TNF-loaded SLNs were prepared using the microemulsion technique with Compritol ATO 888 as the lipid. All 
formulations underwent extensive testing for particle size, polydispersity index (PDI), zeta potential, entrapment 
efficiency, and in vitro drug release, while the effects of lipid concentration, surfactant concentration, and 
homogenisation time were optimized. The optimized formulation was further characterized by SEM, DSC, and PXRD, 
followed by in vivo bioavailability, tissue distribution, and short-term stability studies. 

Results: The optimized formulation (F7) containing 5% w/v lipid and 1.5% w/v surfactant exhibited a particle size of 
195.4 ± 8.2 nm, PDI of 0.26 ± 0.02, entrapment efficiency of 82.7 ± 2.9%, and sustained drug release of 86.42 ± 3.41% 
over 24 hrs. Pharmacokinetic studies demonstrated a 7.2-fold enhancement in oral bioavailability and significant brain 
accumulation (38.12 ± 0.26%) of TNF. 

Conclusion: The findings highlight SLNs as a promising oral delivery system for enhancing Tenofovir bioavailability 
and brain targeting, offering potential for improved management of HIV-associated CNS reservoirs. 

Keywords: Tenofovir, Solid Lipid Nanoparticles, Brain delivery, Blood Brain Barrier, Compritol ATO 888, 
Microemulsion technique. 
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GRAPHICAL ABSTRACT 

 

INTRODUCTION 
Tenofovir (TNF) is a hydrophilic nucleoside reverse 
transcriptase inhibitor [1] used for HIV/AIDS [2-4] and 
chronic hepatitis B [5, 6]. Classified as a BCS class III 
drug, it exhibits high solubility (5 mg/mL) [7] but poor 
permeability (log P −1.6) [8], resulting in low and variable 
oral bioavailability due to limited intestinal absorption, gut 
metabolism, and P-glycoprotein efflux [9-11]. Prodrugs 
such as TDF and TAF partially improve permeability but 
remain susceptible to metabolic degradation, highlighting 
the need for novel delivery strategies [12-17]. 

Although HAART regimens [18-20], including tenofovir, 
effectively reduce plasma viral loads, 75–90% of patients 
develop neurological complications, [21] reflecting 
inadequate CNS drug delivery. Poor BBB penetration, due 
to hydrophilicity [22] and active efflux [23], allows the 
brain to serve as a viral reservoir, contributing to HIV-
associated neurocognitive disorders and encephalitis [24-
27]. 

Nanocarrier systems, particularly solid lipid nanoparticles 
(SLNs), offer a promising strategy to enhance oral 
bioavailability and CNS targeting [28-31]. SLNs provide 
biocompatibility, controlled release, high drug-loading 
capacity, lymphatic uptake, and protection from enzymatic 
degradation, while reducing drug efflux [32-38]. Despite 
these advantages, SLNs for oral Tenofovir delivery remain 
underexplored. 

This study aimed to develop Tenofovir-loaded SLNs using 
the microemulsion method with Compritol ATO 888 and 
Poloxamer-188, evaluating physicochemical properties, in 
vivo pharmacokinetics, and tissue distribution, with the 

goal of improving oral bioavailability and brain delivery 
of Tenofovir. 

MATERIALS AND METHODS 

MATERIALS: MSN Laboratories Pvt. Ltd. (Hyderabad, 
India) kindly supplied tenofovir and Compritol® 888 
ATO. Researchers bought tripalmitin, stearic acid, 
poloxamer 188, and soy lecithin from Sigma-Aldrich 
Chemicals Pvt. Ltd. (Bangalore, India). Dialysis 
membranes (molecular weight cut-off 12,000–14,000 Da) 
were obtained from HiMedia Laboratories Pvt. Ltd. 
(Mumbai, India). Nylon syringe filters (0.45 µm pore size, 
25 mm diameter) were procured from Labsoul (India). 
Water, methanol, and acetonitrile of HPLC quality were 
acquired from Thermo Fisher Scientific India Pvt. Ltd. 
(Mumbai, India). The Albino Wistar rats were imported by 
Mahaveera Enterprises in Hyderabad, India. The 
remaining chemicals and solvents were of analytical 
quality. 

METHODS 

Lipid Screening: Lipid screening was performed based on 
the solubility of Tenofovir in different solid lipids, 
including tripalmitin, Compritol® ATO 888, glyceryl 
monostearate, and stearic acid. Briefly, 5 mg of Tenofovir 
was incrementally added to each molten lipid maintained 
at 5 °C above its melting point until a clear solution was 
obtained. The total amount of drug solubilized was 
recorded, and the lipid exhibiting the highest solubility 
was selected for formulation development [39]. 

Surfactant Screening: Surfactants were screened based 
on their ability to produce SLNs with minimum particle 
size and maximum entrapment efficiency. Span 60, Tween 
80, Poloxamer 188, and Poloxamer 407 were evaluated by 
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preparing trial SLN batches with the selected lipid. The 
surfactant that produced the greatest drug entrapment and 
the lowest particle size was chosen after particle size and 
entrapment efficiency were compared [40]. 

Drug-Excipient Compliance: Fourier Transform Infrared 
(FTIR) spectroscopy was used to evaluate drug-excipient 
suitability. Spectra of pure Tenofovir, Compritol® ATO 
888, Poloxamer 188, and their physical mixture were 
recorded over a range of 4000–400 cm⁻¹ and compared for 
any significant spectral shifts or disappearance of 
characteristic peaks [41]. 

Preparation of Tenofovir-Loaded Solid Lipid 
Nanoparticles 

An improved microemulsion approach was utilized to 
produce tenofovir-loaded SLNs. [42]. Compritol® ATO 
888 was used as the lipid, Poloxamer 188 as the surfactant, 
and soya lecithin (0.5% w/v) as the co-surfactant. By 
adjusting the concentration of lipids, surfactants, and 
homogenization times, twelve formulations were created 
as tabulated in Table 1. Tenofovir was dissolved in molten 
lipid maintained at 75 °C. Initially to produce a primary 
emulsion, the aqueous phase containing surfactant and co-
surfactant was heated to the same temperature and added 
dropwise to the lipid phase while being continuously 
stirred at 500 rpm. Then this primary emulsion was 
dispersed into ice-cold water (2–3 °C) under high-speed 
homogenization, followed by ultrasonication for 10 min to 
obtain nanosized SLNs. 

Table 1: Formulation composition for Tenofovir (TNF) loaded Solid Lipid Nanoparticles 
Formulation 

Code 
Concentration of 

Lipid(%w/v) 
(Compritol 888 

ATO) 

Concentration of 
Surfactant (% w/v) 

(Poloxamer-188) 

Homogenization 
Time (min) 

F1 2.5 1 60 
F2 5 1 60 
F3 7.5 1 60 
F4 10 1 60 
F5 5 0.5 60 
F6 5 1 60 
F7 5 1.5 60 
F8 5 2 60 
F9 5 1 30 
F10 5 1 60 
F11 5 1 75 
F12 5 1 90 

EVALUATION OF TNF- LOADED SOLID LIPID 
NANOPARTICLES: 

Average Particle Diameter and Polydispersity Index: 
Using a nanoparticle size analyzer (SZ-100Z, Horiba, 
Japan) by the mechanism of dynamic light scattering, 
particle diameter and polydispersity index (PDI) were 
measured. Analyses were performed at a scattering angle 
of 90° after the formulations were diluted 1:100 with 
double-distilled water prior to measurement [43]. 

Zeta Potential: Zeta potential was measured using a 
Zetasizer Nano ZS (Malvern Instruments, UK) after 
dilution with double-distilled water, at 25 °C and an 
applied voltage of 3.3 V [43, 44]. 

Entrapment Efficiency: Centrifugation was used to 
calculate the percentage of entrapment at 5000 rpm for 10 
min. The unentrapped drug in the supernatant was 
quantified spectrophotometrically at 260 nm, and %EE 
was calculated using a standard formula [43, 45]. 

%Entrapment Efficiency =
Total drug content − Unentrapped drug

Total drug content
× 100 

In-vitro Drug Release Study: The dialysis bag diffusion 
method was used to assess the release of Tenofovir-loaded 
SLNs and pure drug suspension. The study was carried out 
at 37 ± 0.5°C and 100 rpm in 0.02 M HCl (pH 1.2) for the 
first two hours, then in phosphate buffer (pH 7.4). Samples 
equal to 10 mg of Tenofovir were put in the bag and 
submerged in 100 mL of dissolving medium after dialysis 
membranes (MWCO 12,000-14,000 Da) had been pre-
soaked overnight. To quantify cumulative drug release, 
aliquots were removed at predefined intervals (0-24 
hours), replaced with new media, and 
spectrophotometrically measured at 260 nm [46,47]. 

CHARACTERIZATION OF OPTIMIZED 
FORMULATION: 

Differential Scanning Calorimetry (DSC): Thermal 
behaviour of pure Tenofovir, physical mixture (Tenofovir, 
Compritol® ATO 888, and Poloxamer 188), and optimized 
SLNs (F7) was analyzed using DSC. per minute in a 
nitrogen environment (30 mL per minute) between 30 and 
300°C [48]. 

Powder X-Ray Diffraction (PXRD): Cu Kα radiation (λ 
= 1.5418 Å) operating at 40 kV and 15 mA was used in 
powder X-ray diffraction (PXRD) to investigate the 
crystalline characteristics of the pure drug, physical 
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mixture, and optimized SLNs. Diffractograms were 
captured at a scanning speed of 5°/min throughout a 2θ 
range of 30-90° [49]. 

Scanning Electron Microscopy (SEM): Surface 
morphology of optimized TNF-loaded SLNs was 
evaluated using SEM. Samples were mounted on 
aluminium stubs, and images were recorded at 15 kV with 
1 kX magnification [50]. 

IN-VIVO PHARMACOKINETIC STUDY: 

Study Design and Ethics: The Institutional Animal Ethics 
Committee at Hindu College of Pharmacy in Guntur, 
India, approved the use of animals in the research (IAEC-
HCOP/2022/07). A week before to the studies, albino 
Wistar rats weighing 200–300 g of either sex were 
acclimated to typical laboratory conditions (25 ± 2°C, 60 ± 
5% relative humidity, and a 12-hour light/dark cycle), with 
unlimited access to food and water [51]. 

Analytical Method: Plasma Tenofovir concentrations 
were quantified using a validated HPLC method [52]. 
Acetonitrile: water (75:25, v/v) was used as the mobile 
phase for chromatography on a Shim-Pack GIST C18 
column at a flow rate of 1 mL/min. The detection process 
was run for ten minutes at a wavelength of 262 nm. 

Experimental Procedure: Eighteen rats were randomized 
into three groups (n=6): Group I received pure Tenofovir 
solution (10 mg/kg), Group II received optimized TNF-
loaded SLNs (equivalent to 10 mg/kg), and Group III 
received phosphate buffer saline. Dosing was performed 
orally after overnight fasting. Blood samples were 
collected at predetermined intervals (0-24 h) via the retro-
orbital plexus, centrifuged at 5000 rpm for 15 min, and 
plasma samples were stored at -20°C until analysis [51, 
53]. 

Plasma Sample Preparation: Plasma proteins were 
precipitated using 5% perchloric acid (1:1 v/v), followed 
by vertexing and centrifugation at 10,000 rpm for 10 min 

at 4°C. The supernatant was filtered (0.45 µm) and directly 
injected into the HPLC system for analysis [54,55]. 

Pharmacokinetic Analysis: Pharmacokinetic parameters 
(Cmax, Tmax, AUC₀-₂₄, Ke, t½, and MRT) were calculated 
using non-compartmental analysis. Relative bioavailability 
was determined by comparing AUC₀-₂₄ values of SLNs 
with pure Tenofovir solution [55,56]. 

Tissue Distribution Study: After 24 h, animals were 
sacrificed, and organs (liver, spleen, lungs, pancreas, 
kidney, heart, and brain) were collected, homogenized in 
phosphate buffer, and centrifuged at 15,000rpm for 30 
min. The supernatant was filtered and analyzed using the 
validated HPLC method [57,58]. 

Statistical Analysis: mean ± SD is used to express all 
data. Student's t-test was used to assess statistical 
significance between groups; p < 0.05 was deemed 
significant [55,56]. 

SHORT TERM STABILITY STUDIES: Stability 
studies of the optimized TNF-loaded SLNs (F7) were 
conducted for 180 days under three storage conditions: 
5±3°C/45% RH, 30±2 °C/65% RH, and 40±2°C/75% RH 
using a stability chamber. Samples were assessed for 
variations in entrapment efficiency, zeta potential, and 
particle size at predefined intervals [59]. 

RESULTS 

Lipid and Surfactant Screening: Lipid screening was 
conducted using tripalmitin, Compritol® 888 ATO, 
glyceryl monostearate, and stearic acid based on Tenofovir 
solubility. As shown in Figure 1, Compritol® 888 ATO 
exhibited the highest drug solubility and was therefore 
selected as the lipid phase to achieve higher drug loading. 
Surfactant screening using Span 60, Tween 80, Poloxamer 
188, and Poloxamer 407 demonstrated that formulations 
containing Poloxamer 188 produced the smallest particle 
size and highest entrapment efficiency (Figure 1), and 
hence it was selected for further formulation development. 

 
Figure 1: Screening of Lipid and Surfactant (GMS-Glyceryl monostearate, SA- Stearic acid) 

Drug-Excipients Compatibility: FTIR spectra of pure 
Tenofovir and its physical mixture with Compritol® 888 
ATO, Poloxamer 188, and soya lecithin are shown in 
Figure 3. Characteristic Tenofovir peaks corresponding to 
O–H, C–H, C=O, C=C, C–O, C=S stretching, and C–H 

bending vibrations were retained in the physical mixture 
without significant shifts or disappearance, indicating the 
absence of chemical interaction between Tenofovir and the 
excipients. 



Page: 6 3 6   

Evaluation of In-vivo Bioavailability Potential of Tenofovir loaded Solid Lipid Nanoparticles 

IJDDT, Volume 16 Issue 7, 2026 
 
 
 

 
Figure 2: FTIR spectra of A) Tenofovir and B) Physical mixture (Tenofovir + Compritol 888 ATO + Poloxamer 188) 

Evaluation of TNF loaded SLNs: 

Average Particle Size, Polydispersity Index (PDI), Zeta 
Potential, and % Entrapment Efficiency (%EE): 
Dynamic light scattering analysis revealed that the twelve 
TNF-loaded SLN formulations exhibited mean particle 
sizes ranging from 139.4 ± 5.6 to 989.4 ± 24.8 nm with 
PDI values between 0.26 ± 0.02 and 0.96 ± 0.12 (Table 2). 
Variations in particle size and distribution were directly 
influenced by lipid and surfactant concentrations as well 
as homogenization time. Formulations prepared by the 
microemulsion technique predominantly produced 
nanosized particles with acceptable uniformity. 

Zeta potential analysis showed values ranging from −9.6 ± 
1.2 to −36.9 ± 5.2 mV (Table 4), indicating adequate 
electrostatic stabilization of the SLNs. Formulations 
exhibiting zeta potential values greater than ±15 mV were 
considered physically stable. 

Entrapment efficiency values ranged from 27.5 ± 9.8% to 
89.3 ± 3.9% (Table 2), with higher lipid content 
contributing to improved drug entrapment, highlighting 
the importance of lipid screening in enhancing 
encapsulation of the hydrophilic drug. 

Table 2: Mean Particle size, PDI, Zeta potential and % Entrapment efficiency of TNF loaded SLNs (mean ±SD, n=3) 
Formulation 

Code 
Mean Particle Size 

(nm) 
Polydispersity 
Index (PDI) 

Zeta potential 
(ZP) 

% Entrapment 
Efficiency (%EE) 

F1 139.4±23.7 0.54±0.06 -9.6±-1.2 32.3±5.4 
F2 315.1±9.3 0.31±0.05 -24.3±-3.6 67.6±4.2 
F3 699.7±13.4 0.73±0.13 -32.2±-4.7 89.3±3.9 
F4 989.4±24.8 0.94±0.17 -36.9±-5.2 74.5±6.9 
F5 523.6±16.3 0.69±0.08 -28.2±-2.6 44.1±2.6 
F6 323.5±12.6 0.43±0.07 -23.6±-1.9 58.6±2.6 
F7 195.4±8.2 0.26±0.02 -21.7±-1.2 82.7±2.9 
F8 412.3±14.7 0.75±0.16 -19.6±-2.4 70.3±3.5 
F9 564.8±21.3 0.53±0.04 -22.4±-2.6 64.2±2.9 

F10 316.2±10.5 0.39±0.06 -23.7±-1.7 65.8±2.1 
F11 472.6±14.2 0.86±0.08 -21.1±-4.6 59.6±4.8 
F12 887.8±25.7 0.96±0.12 -19.6±-5.2 27.5±9.8 
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Figure 3: Effect of Formulation Factors (Concentration of Lipid, Surfactant & Homogenization Time) on A) Particle 

size, B) % Entrapment Efficiency, C) Zeta potential 

Factors Affecting TNF-Loaded SLN Formulation 
As illustrated in figure 3, particle size, PDI, zeta potential, 
and entrapment efficiency were all highly impacted by 
three important formulation variables: lipid concentration, 
surfactant concentration, and homogenization time 

Effect of Lipid Concentration: Increasing lipid content 
from 2.5 to 10% w/v (F1–F4) led to larger particle sizes 
(139.4 ± 5.6 to 989.6 ± 23.2 nm) and higher PDI (0.54 ± 
0.06 to 0.94 ± 0.17) due to increased dispersion viscosity 
and interfacial tension causing globule coalescence. Zeta 
potential became more negative (−9.6 ± 1.2 to −36.9 ± 5.2 
mV) reflecting the anionic nature of the lipid. Entrapment 
efficiency improved with higher lipid content, likely from 
increased internal volume and faster solidification 
preventing drug leakage. 

Effect of Surfactant Concentration: Varying Poloxamer 
188 from 0.5 to 2% w/v (F5–F8) showed that 1.5% w/v 
was optimal, yielding minimal particle size (195.4 ± 8.2 
nm), low PDI (0.26 ± 0.02), and maximum entrapment 
efficiency (82.7 ± 2.9%). Higher surfactant concentrations 
produced micelles, increased PDI, and reduced drug 
encapsulation, while lower concentrations resulted in 
weaker steric stabilization and smaller negative zeta 
potential. 

Effect of Homogenization Time: Increasing 
homogenization from 30 to 60 min (F9–F12) reduced 
particle size (564.8 ± 21.3 to 316.2 ± 10.5 nm) due to 

enhanced droplet deformation. Prolonged homogenization 
(>60 min) increased PDI (up to 0.96 ± 0.12) and decreased 
entrapment efficiency, likely from particle aggregation and 
drug leakage through the destabilized surfactant layer. 
Zeta potential remained largely unaffected by 
homogenization time. 

Prolonged homogenization (>60 min) resulted in increased 
PDI and reduced entrapment efficiency, which can be 
attributed to over-processing effects. Excessive shear 
forces may disrupt the surfactant layer at the lipid–
aqueous interface, reducing interfacial stability and 
promoting droplet coalescence, leading to broader particle 
size distribution. Furthermore, extended homogenization 
may enhance drug diffusion from the lipid core into the 
external phase and induce partial lipid matrix 
rearrangement, thereby decreasing entrapment efficiency. 

In-vitro Drug Release Studies: Resulting data from in-
vitro drug release studies were fit into cumulative graphs 
as shown in Figure 4, indicated that SLNs exhibited 
sustained release of 76–89% over 24 h, whereas pure 
Tenofovir solution released nearly 100% within 4 h. Most 
formulations showed an initial burst release of ~40% 
within 3–4 h, followed by a gradual, sustained release. 
Kinetic analysis indicated that drug release from SLNs 
followed first-order kinetics (R² = 0.923) and an exponent 
(n) of 0.68 from the Korsmeyer-Peppas model indicated 
non-Fickian (anomalous) diffusion. 
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Figure 4: A. TNF-loaded SLN formulations F1–F12's in vitro drug release profile  
B. Comparing the Optimized TNF-SLNs (F7) and Pure TNF Solution's in vitro release profiles 

CHARACTERIZATION OF OPTIMIZED TNF 
LOADED SLNS FORMULATION: 

Differential scanning Calorimetry (DSC): DSC 
thermograms of pure Tenofovir, the physical mixture, and 
optimized SLNs (F7) were displayed in Figure 5A. Pure 
tenofovir showed a distinct endothermic peak.at 117.05°C 
while the physical mixture displayed peaks at 72.8 °C 
(Compritol® 888 ATO) and 117.05 °C (Tenofovir). The 
optimized SLNs showed only the lipid peak at 72.8 °C, 
indicating successful entrapment of Tenofovir within the 
lipid matrix and partial drug amorphization. 

Powder X-Ray Diffraction (PXRD): PXRD analysis 
(Figure 5B) confirmed the crystalline nature of pure 

Tenofovir, with characteristic peaks at 2θ = 2.6, 9.8, 18.9, 
20.2, 23.5, 25.1, and 31.6°. The physical mixture retained 
these peaks, whereas the optimized SLNs (F7) showed 
reduced intensity and partial disappearance of these peaks, 
indicating loss of crystallinity and successful drug 
incorporation into the lipid matrix. 

Scanning Electron Microscopy (SEM): SEM 
micrographs of the optimized formulation (F7) provided a 
general indication of particle morphology. SEM 
micrographs of F7 shown in Figure 5C revealed nearly 
spherical particles with smooth surfaces in the nanometer 
range. 

 
Figure 5A: DSC Thermograms of A) Drug TNF, B) Physical Mixture and C) Optimized SLNs Formulation (F7) 
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Figure 5B: X-Ray diffraction patterns of A) Drug TNF, B) Physical Mixture and C) Optimized SLNs Formulation (F7) 

 
Figure 5C: SEM image of Optimized TNF loaded SLNs (F7) 

In-vivo Pharmacokinetic Study: The mean plasma 
concentration–time profiles of TNF-loaded SLNs and pure 
Tenofovir solution are shown in Figure 8, and 
pharmacokinetic parameters are summarized in Table 3. 
TNF-loaded SLNs achieved a Cmax of 436.32 ± 14.21 
ng/mL, compared to 46.52 ± 5.23 ng/mL for the pure drug. 
The AUC₀-₂₄ increased from 1026.34 ± 156.23ng h/mL 

(pure TNF) to 6362.43 ± 82.30 ng h/mL (SLNs), and 
Tmax was extended from 2 to 4 h. The mean residence 
time also increased from 17.74 ± 1.68 h to 56.23 ± 3.12 h. 
Overall, oral administration of TNF-loaded SLNs 
enhanced relative bioavailability by 7.2-fold (p < 0.05), 
demonstrating significant improvement in TNF 
pharmacokinetics. 

Table 3: Pure TNF solution and optimized TNF-loaded SLNs (F7) pharmacokinetic profile, mean±SD (n=6) 
Parameter Pure TNF Solution Opt. TNF loaded SLNs(F7) 

Cmax (ng/mL) 46.52±5.23 436.32± 14.21 
Tmax (hrs) 1.5±0.5 4.5± 0.5 
Ka (hrs-1) 0.56± 0.19 2.39±0.05 
KE (hrs-1) 1.52± 0.39 0.37±0.23 
t1/2(hrs) 12.6±1.42 28. 41±2.35 

AUC0-24(ng/hr/mL) 1026.34± 156.23 6362.43±82.30 
[AUC]0-∞(ng/hr/mL) 1249.58±137.56 8983.16±138.26 

MRT (hrs) 17.74±1.68 56.23± 2.12 
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Tissue Distribution: The percentage distribution of 
Tenofovir in various organs after oral administration of 
pure TNF and TNF-loaded SLNs (10 mg/kg) is 
summarized in Table 4. Pure TNF predominantly 
accumulated in RES organs in the order: liver > spleen > 
kidney > lungs > pancreas > heart > brain. In contrast, 
TNF-loaded SLNs showed enhanced brain targeting, with 
the distribution order: brain > kidney > liver > heart > 
spleen > lungs > pancreas (Figure 8). These results 

indicate that SLNs effectively improved CNS delivery 
while reducing RES uptake compared to the pure drug. 

The tissue distribution data represent the relative 
percentage of drug recovered from selected organs at a 
single time point (24 h) and are intended for comparative 
evaluation of organ-specific distribution The markedly 
higher brain distribution observed with SLNs therefore 
indicates preferential targeting rather than complete dose 
recovery. 

Table 4: The results of In-vivo Tissue Distribution studies of Pure TNF solution and TNF loaded SLNs (mean± SD, n=6) 
Organ Pure TNF solution 

(% Drug Distribution) 
TNF loaded SLNs dispersion 

(% Drug Distribution) 
Liver 14.16±0. 38% 2.08±0.08 

Spleen 12.18±0.12% 1.29±0.02 
Lungs 9.23±0.56% 1.13±0.04 
Kidney 11.52±0.31% 2.32±0.09 

Pancreas 4.29±0.27 1.02±0.06 
Heart 2.36±0.14 1.98± 0.19 
Brain 0.09±0.02 38.12±0.26 

 
Figure 6: A: Pharmacokinetic Profile and B: Tissue Distribution of TNF after single oral dose of Opt. TNF-SLNs and 

Pure TNF Solution. 

Stability Studies: The optimized TNF-loaded SLNs (F7) 
were evaluated for stability over six months at 5 ± 
3°C/45% RH, 30 ± 2°C/60% RH, and 40°C/75% RH 
(Table 5). At 5°C and 30°C, there were no discernible 
changes in particle size, PDI, zeta potential, or entrapment 

efficiency. At 40°C/75% RH, particle size and PDI 
increased, and entrapment efficiency decreased, likely due 
to drug leakage and particle aggregation. Overall, F7 
demonstrated good stability under refrigeration and room 
temperature conditions. 

Table 5: Stability study data of optimized TNF loaded SLNs (F7) over 6 months 
Storage 

Condition 
Stability 

Parameter 
Sampling Intervals (Days) 

0 30 60 90 180 
5±3°c/45%RH PS (nm) 

PDI 
ZP (mV) 
EE (%) 

195.4±8.2 
0.26±0.02 
-21.7±-1.2 
86.2±2.9 

195.4±8.2 
0.26±0.02 
-21.7±-1.2 
86.2±2.9 

195.4±8.2 
0.26±0.02 
-21.7±-1.2 
86.3±2.9 

196.2±6.2 
0.26±0.02 
-21.7±-1.2 
86.2±2.9 

196.2±7.3 
0.27±0.04 
-21.5±-1.1 
86.4±3.1 

30±2°c/ 
60%RH 

PS (nm) 
PDI 

ZP (mV) 
EE (%) 

195.4±8.2 
0.26±0.02 
-21.7±-1.2 
86.2±2.9 

195.4±8.2 
0.26±0.02 
-21.7±-1.2 
86.2±2.9 

195.4±8.2 
0.26±0.02 
-21.7±-1.2 
86.2±1.9 

197.4±9.1 
0.27±0.04 
-21.4±-1.1 
85.9±3.2 

195.4±9.6 
0.27±0.04 
-21.4±-1.3 
85.9±3.4 

40°c/75%RH PS (nm) 
PDI 

ZP (mV) 
EE (%) 

195.4±8.2 
0.26±0.02 
-21.7±-1.2 
86.2±2.9 

201.2±8.6 
0.27±0.05 
-21.7±-1.4 
85.7±1.8 

213.4±8.6 
0.27±0.05 
-21.6±-1.3 
83.2±1.2 

226.4±9.1 
0.28±0.06 
-21.6±-1.3 
82.2±1.5 

245.2±13.2 
0.32±0.04 
-20.2±-2.6 
81.5±2.4 

PS- Particle Size; PDI- Polydispersity Index; ZP- Zeta potential; EE- Entrapment Efficiency 
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DISCUSSION 
The results of this work shed light on how solid lipid 
nanoparticles (SLNs) can get around Tenofovir's 
biopharmaceutical restrictions. Tenofovir is a hydrophilic 
antiviral medication with poor membrane permeability and 
low oral bioavailability. A key factor in improving 
medication encapsulation and release behaviour was the 
thoughtful choice of Compritol® 888 ATO as the lipid 
matrix. The heterogeneous combination of mono-, di-, and 
triglycerides found in Compritol® 888 ATO solidifies into 
a less ordered crystalline lattice. The remarkable 
entrapment efficiency shown in the improved formulation 
can be explained by these lattice flaws, which provide 
internal voids that promote Tenofovir molecular 
accommodation and decrease drug ejection during lipid 
recrystallization. 

Poloxamer 188 functioned as a functional excipient that 
affected particle formation and biological performance in 
addition to acting as a stabilizing surfactant. Its 
amphiphilic block copolymer structure decreases 
interfacial tension during emulsification and offers steric 
hindrance at the nanoparticle surface, avoiding 
aggregation. Formulations exhibiting zeta potential values 
in the range of ±15–30 mV were considered physically 
stable. Although higher zeta potential values (≥ ±30 mV) 
are typically required for purely electrostatic stabilization, 
the presence of Poloxamer 188 provides additional steric 
stabilization by forming a protective hydrophilic layer 
around the nanoparticles. Therefore, the overall stability of 
the SLNs can be attributed to a synergistic combination of 
electrostatic repulsion and steric hindrance. 
Mechanistically, an ideal surfactant concentration 
guaranteed full lipid droplet surface covering, but high 
concentrations encouraged Tenofovir micellization and 
competitive solubilization in the aqueous phase, which 
decreased drug entrapment. The significance of 
surfactant–lipid balance in SLN design is highlighted by 
these findings. 

The effect of processing factors, notably homogenization 
time, further elucidates the structure–property link of 
SLNs. Long-term homogenization caused the interfacial 
surfactant layer to become unstable, which resulted in 
particle coalescence and increased drug penetration into 
the external phase. At first, increased shear pressures 
encouraged droplet breakup and particle size reduction. 
The observed rise in PDI and decrease in entrapment 
efficiency at longer homogenization durations are 
explained by this mechanistic interaction. 

Solid-state characterization revealed critical insights into 
drug disposition within the lipid matrix. The drug's partial 
amorphization and molecular dispersion are indicated by 
the diminution of distinctive PXRD peaks and the absence 
of Tenofovir's melting endotherm in DSC thermograms. 
Improved dissolving and prolonged release are made 
possible by amorphization, which lowers lattice energy 
and increases thermodynamic solubility. Crucially, the 
preservation of the lipid melting peak indicates that drug 

inclusion did not affect lipid crystallinity and validates the 
structural integrity of the SLN matrix. 

Two different mechanistic processes are reflected in the 
biphasic in vitro release profile: regulated diffusion 
through the solid lipid core after an initial burst release 
that is thought to be caused by a drug that is either surface-
localized or weakly bound. As is typical of solid lipid 
systems going through slow polymorphic changes, the 
non-Fickian release kinetics show that drug diffusion and 
lipid matrix relaxation take place concurrently. For 
sustained therapeutic medication levels, this release 
mechanism is very advantageous. 

Several synergistic mechanisms can provide a molecular 
explanation for the in-vivo pharmacokinetic increase seen 
with TNF-loaded SLNs. The lipidic structure of SLNs 
enhances intestinal lymphatic transport, therefore avoiding 
hepatic first-pass metabolism and enhancing systemic 
availability. Furthermore, nanoscale particles improve 
paracellular transport by lengthening mucosal contact time 
and perhaps temporarily changing epithelial tight 
junctions. In keeping with the in-vitro release pattern, the 
extended Tmax and mean residence duration further imply 
delayed release and decreased clearance. 

SLN-mediated altered biodistribution is well supported by 
tissue distribution data. Improved permeability across the 
blood–brain barrier and partial evasion of RES clearance 
are suggested by the decreased accumulation in 
reticuloendothelial organs and increased brain uptake. The 
significant enhancement in brain accumulation observed 
with TNF-loaded SLNs can be attributed to multiple 
synergistic transport mechanisms. The nanoscale particle 
size (~200 nm) facilitates uptake via Peyer’s patches 
through M-cells, promoting intestinal lymphatic transport 
and partial bypass of hepatic first-pass metabolism. In 
addition, Poloxamer 188 may inhibit efflux transporters 
such as P-glycoprotein by modulating membrane fluidity 
and ATPase activity, thereby reducing drug efflux at both 
intestinal and blood–brain barrier levels. 

Furthermore, SLNs can enhance intestinal absorption by 
increasing mucosal residence time and potentially 
modulating tight junction integrity, leading to improved 
paracellular transport. Transcellular uptake via endocytosis 
may also contribute to enhanced permeability. At the 
blood–brain barrier, the lipidic nature and nanoscale size 
of SLNs may facilitate interaction with endothelial 
membranes, promoting drug transport into the brain. 
Collectively, these mechanisms act in a complementary 
manner to significantly enhance CNS delivery of 
Tenofovir helps in effective management of HIV 
infections. 

Stability experiments, which show that the lipid matrix 
maintains structural stability in both ambient and 
refrigerated environments, further support the resilience of 
the improved formulation. Increased lipid molecule 
mobility can be mechanistically connected to the 
instability seen at high temperatures and humidity, leading 
to matrix relaxation, drug diffusion, and particle 
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aggregation, underscoring the significance of suitable 
storage conditions. 

The decrease in entrapment efficiency observed under 
accelerated conditions (40°C/75% RH) may be attributed 
to thermally induced lipid matrix reorganization and 
increased molecular mobility, leading to partial drug 
expulsion. Solid lipid nanoparticles are known to undergo 
polymorphic transitions toward more stable crystalline 
forms during storage, which reduces lattice imperfections 
and expels entrapped drug. Although DSC and PXRD 
analyses confirmed the amorphous dispersion of Tenofovir 
in the freshly prepared formulation, these analyses were 
not performed after long-term stability studies. Therefore, 
further investigation using time-dependent DSC and 
PXRD is required to elucidate potential recrystallization or 
polymorphic transitions during storage. 

Collectively, these mechanistic discoveries validate that 
Tenofovir-loaded SLNs provide a logical and efficient 
nanocarrier system that may enhance oral bioavailability, 
regulate release kinetics, improve drug encapsulation, and 
facilitate targeted brain delivery. Such a modular delivery 
strategy has great potential to address unresolved issues in 
long-term HIV care and enhance therapeutic results. 

CONCLUSION 
Solid lipid nanoparticles (SLNs) loaded with Tenofovir, 
developed using the microemulsion approach, 
demonstrated nanoscale particle size, high entrapment 
efficiency, and sustained drug release over 24 hours. In 
vivo pharmacokinetic and tissue distribution studies 
revealed a significant enhancement in systemic 
bioavailability and brain uptake compared to the pure 
drug. Importantly, the observed 7.2-fold increase in oral 
bioavailability suggests the potential for dose reduction 
and/or decreased dosing frequency, which may improve 
patient adherence in long-term HIV therapy. Furthermore, 
enhanced brain delivery may contribute to more effective 
management of central nervous system viral reservoirs, 
potentially reducing the progression of HIV-associated 
neurocognitive disorders. Improved targeting efficiency 
may also help in minimizing off-target exposure and 
associated systemic side effects. 

Overall, these findings highlight SLNs as a promising oral 
drug delivery platform for Tenofovir, with potential 
clinical benefits. However, further clinical studies are 
required to validate these outcomes in human subjects. 

Future Perspectives 
Future studies should focus on advanced characterization 
using high-resolution imaging (FE-SEM/TEM) and time-
dependent DSC/PXRD to assess stability-related changes. 
Application of Design of Experiments (DoE) and 
biorelevant dissolution media is recommended for 
improved formulation optimization and in vivo prediction. 
Further mechanistic studies on lymphatic uptake and 
efflux modulation, along with compartmental 
pharmacokinetic modeling, are warranted. Clinical studies 
are essential to validate the enhanced bioavailability and 
brain targeting observed with TNF-loaded SLNs. 
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