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ABSTRACT 

Objective: This study aims to develop a new lipid formulation known as Solid Lipid Nanoparticles (SLNs) to increase the oral bioavailability of 
Nirmatrelvir (NMT) by facilitating intestinal lymphatic transport. Nirmatrelvir is a crucial antiviral agent utilized for the treatment and prophylaxis 
of Coronavirus disease 2019 (COVID-19).  

Methods: Nirmatrelvir loaded solid lipid nanoparticles (NMT-SLNs) were formulated using the microemulsion technique with compritol 888 ATO, 
and the optimization of lipid and surfactant concentrations, as well as homogenization time, was achieved through the box-behnken design. The 
resulting NMT-SLNs underwent evaluation for percentage entrapment efficiency, Particle diameter, Zeta potential, Polydispersity index (PDI), and 
In vitro drug release studies. 

Results: Optimized formulation (NF8), yielded a particle of 183.26±2.12 nm size with a narrow distribution of 0.071±0.004PDI, negative zeta 
potential of-24.63±1.92 mV, percent entrapment of 86.94±2.08%, and cumulative drug release of 84.42±3.16% over 24 h. Furthermore, solid-state 
characterization by PXRD, surface morphology assessment by SEM, and an in vivo distribution study employing albino wistar rats were conducted. 
The findings demonstrated a 10.14-fold increase in relative bioavailability and an 85% enhancement in brain uptake compared to pure NMT 
solution following oral administration. 

Conclusion: This research highlights the potential advantages of solid lipid nanoparticles (SLNs) in enhancing the oral delivery of nirmatrelvir. 
finally, the study concluded that SLNs serve as a promising vehicle for improving bioavailability and facilitating effective brain delivery. 
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INTRODUCTION 

Nirmatrelvir, an antiviral drug [1] developed by Pfizer [2], secured 
its initial emergency use authorization from the USFDA (United 
States Food and Drug Administration) on December 22, 2021 [3], for 
the control of COVID-19, the worldwide pandemic spurred through 
SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2) 
[4]. When utilized in conjunction with Ritonavir under the brand 
name "PaxlovidTM," [5] it serves to address mild to moderate COVID-
19 and mitigate the heightened risk of progression to severe COVID-
19 [6]. Nirmatrelvir acts as a potential inhibitor of Mpro [7], the 
primary protease of SARS-CoV-2, essential for viral replication [8, 9]. 
Notably, while being the first oral antiviral medication for COVID-19, 
Nirmatrelvir exhibits low oral bioavailability (34%-50% in Rats, 
8.5% in Monkeys) [10], undergoing extensive first-pass metabolism 
by CYP3A in liver microsomes and oxidative metabolism within the 
GI tract, potentially resulting in therapeutic inadequacy. 
Consequently, co-administration of a low dose of Ritonavir is 
recommended to address this challenge [11]. 

Ritonavir, which is one of the components of PaxlovidTM (a 
combination of Nirmatrelvir and Ritonavir tablets), inhibits the 
CYP3A enzyme, slowing down the breakdown of Nirmatrelvir and 
increasing its half-life to 5-6 h [12, 13]. If Nirmatrelvir is not taken 
together with Ritonavir, its plasma levels will be too low to have the 
intended therapeutic effect [11, 14]. However, taking Nirmatrelvir 
with Ritonavir can lead to significant interactions with other drugs. 
As a CYP3A inhibitor, Ritonavir can elevate the plasma levels of co-
administered drugs that are also metabolized by CYP3A, potentially 
causing serious and life-threatening reactions [15]. Ritonavir is also 
known to be associated with liver and kidney toxicity, as well as 
hypersensitivity reactions [16, 17]. Additionally, Nirmatrelvir plus 
Ritonavir should not be used in patients taking strong CYP3A 
enzyme inductors, as this can significantly reduce Nirmatrelvir 
plasma levels, leading to reduced virologic response and potential 
drug resistance [18-20]. These findings have led to the development 

of a new formulation to bypass liver metabolism and improve oral 
absorption.  

An effective approach to address the challenges above involves 
developing a novel colloidal carrier system capable of accessing 
systemic circulation via lymphatic transport and bypassing hepatic 
metabolism [21]. In recent years, Solid Lipid Nanoparticles (SLNs) 
have garnered significant attention due to their distinct advantages, 
including small particle size, enhanced drug stability, improved 
bioavailability, evasion of first-pass metabolism, protection against 
enzymatic metabolism, the capacity to transport both hydrophilic 
and lipophilic drugs, and ease of large-scale production [22]. 
Furthermore, SLNs not only consolidate the benefits of colloidal 
carrier systems such as Liposomes, Polymeric Nanoparticles (NPs), 
and Fat Emulsions but also circumvent the limitations associated 
with these systems [23]. In comparison to polymeric NPs, SLNs 
demonstrate biodegradability and biocompatibility, provide 
sustained release arising from drug immobility within solid lipids, 
and exhibit superior physical and chemical stability over liposomes 
[24]. Additionally, SLNs advance drug bioavailability through 
lymphatic uptake, as lipid particulate systems engage with intestinal 
enterocytes to form chylomicrons that bypass hepatic first-pass 
metabolism upon secretion into the lymphatic circulation [25]. 

The primary objectives of the current research endeavor centered 
on the formulation of Nirmatrelvir loaded Solid Lipid Nanoparticles 
(NMT-SLNs) through the utilization of microemulsion technique, 
followed by an optimization process. A Box-Behnken design was 
adopted to optimize and examine the impact of various formulation 
and process factors on critical quality measures, notably particle 
diameter, and efficiency of entrapment (%EE). Diverse 
characterization studies have been conducted to assess the shape, 
surface morphology, and drug release kinetics. Moreover, the 
investigation encompassed the establishment of rat animal models 
to explore the Pharmacokinetics and Tissue distribution of NMT-
SLNs. 
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MATERIALS AND METHODS 

Materials 

MSN Laboratories Pvt. Ltd., Hyderabad, India, provided 
complimentary samples of Nirmatrelvir (NMT) and Compritol 888 
ATO. Stearic acid, Glyceryl monostearate, Poloxamer 188, and 
Poloxamer 407 are bought from Sigma Aldrich, Mumbai, India. Soya 
lecithin was procured from “Loba Chemie Pvt Ltd.”, Mumbai, India. 
Dialysis membrane (Mol. Wt cut-off 12000-14000dlts) was 
purchased from “HiMedia Laboratories Pvt. Ltd”, Mumbai, India. 
Syringe filters of nylon (0.45 µm Pore size, 25 mm diameter) were 
brought from Labsoul, India. Laboratory animals (Albino Wistar 
rats) were procured from Mahaveera Enterprises, Hyderabad, India. 
HPL-grade solvents like Water, Acetonitrile, and Methanol were 
supplied by Merck Ltd., Mumbai, India. Analytical-grade chemicals 
and solvents were utilized in all other cases. 

Methods 

Screening of lipid and surfactant phase 

The choice of lipid depends on the drug's maximum solubility. A 
solubility study was conducted by adding precisely weighed 5 mg of 
NMT to 1 gm of melted lipid, which was heated 10 °C above its 
melting point with continuous stirring until a clear solution was 
achieved. Subsequently, incremental amounts of the drug, in 5 mg 
portions, were added under continuous stirring until failed, despite 
agitation for a full day, to dissolve in the molten lipid. The 
assessment of solubility relied on visual observation, with the 
appearance of a turbid solution indicating the endpoint. The Lipid 
showing the greatest solubility for the drug is identified as having 

the maximum drug loading capacity and was thus chosen for further 
formulation investigation [26]. 

The surfactant selection process was based on the evaluation of average 
particle diameter and percent entrapment efficiency (%EE). NMT-SLNs 
trial batches were prepared using a pre-selected lipid and various 
surfactant systems. Subsequently, the resulting SLN dispersions 
underwent analysis to determine particle dimensions and entrapment 
efficiency (%EE). The criteria used in surfactant selection were the 
ability to encapsulate the largest amount of the drug and to produce the 
smallest particle size. The surfactant demonstrating these characteristics 
was chosen for further formulation development [27]. 

Drug-excipients compatibility study 

Compatibility assessments were conducted using Fourier Transform 
Infrared Spectroscopy (FTIR) to ascertain if there was any 
incompatibility between the drug and selected excipients. FTIR 
spectra of the drug Nirmatrelvir and the physical mixture 
comprising the drug with selected excipients were recorded after 
subjecting them to stress conditions of 7 d at 25 °C and 60%±5% RH 
in the range of 4000-400 cm-1. Subsequently, the resulting spectrum 
was scrutinized for any noteworthy alterations [28]. 

Risk assessment analysis 

The Ishikawa (Fishbone) diagram, presented in fig. 1, was utilized to 
conduct a risk assessment aimed at identifying potential causes of 
product variability during the development of NMT-SLNs. Table 1 
provides a comprehensive overview of the risk assessment analysis, 
encompassing components, including the quality target product 
profile and critical quality attributes [29]. 

 

Table 1: Components of quality target product profile (QTPP) and critical quality attributes (CQA) required for formulation of NMT-SLNs 

Quality target product profile (QTPPs) 
QTPPs Target Justification 
Drug delivery system Solid lipid 

nanoparticles 
Improved bioavailability in the oral route, Increased tissue accumulation (Brain-
important reservoir site for viruses) 

Dosage type Controlled release Prolonged therapy with the minimum possible dose 
Route of administration Oral Improved patient compliance 
Drug release  up to 80% in 24 h Improves intensity of drug action 
Critical quality attributes (CQAs) 
CQAs Target Justification 
Average particle diameter Less than 200 nm Offers lymphatic uptake bypass phagocytosis by reticular endothelial system (RES) 
Percentage entrapment efficiency More than 80% Increased drug loading offers an efficient pharmacological response 

 

 

Fig. 1: Ishikawa/Fishbone diagram for risk assessment in the development of NMT loaded SLNs 
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Experimental design 

Box-Behnken Design (BBD) featuring 3-factors and 3-levels, 
entailing 15 experimental runs, including 3 Center Points, was 
utilized for the optimization study [30]. The trial version of 
Design-Expert software (STAT-EASE 360) facilitated this process. 
Independent variables namely Concentration of Lipid (X1), 
Concentration of Surfactant (X2), and Homogenization time (X3) 
were deliberately set at low, medium, and high levels to gauge 

their impact on two responses: particle size and percent 
entrapment. The primary goal of optimizing NMT-SLN formulae is 
to reduce particle size while increasing entrapment efficiency. 
Furthermore, ANOVA was utilized to statistically validate the 
polynomial equations specified by Design-Expert Software. Table 2 
provides the experimental formulas and their respective codes. 
The levels for lipid were defined as 5%, 7.5%, and 10%, for 
surfactant as 1%, 1.5%, and 2%, and for homogenization times as 
30, 60, and 90 min. 

 

Table 2: Formulation codes and their compositions for the development of NMT-SLNs using box-behnken design 

No of runs Formulation code Factor 1 (X1-Lipid, %w/v) Factor 2 (X2-surfactant, %w/v) Factor 3 (X3-homogenization time, min) 

1 NF1 7.5 1 3 
2 NF2 7.5 1.5 2 
3 NF3 5 1.5 1 
4 NF4 7.5 1 1 
5 NF5 10 1 2 
6 NF6 5 1.5 3 
7 NF7 7.5 1.5 2 
8 NF8 5 2 2 
9 NF9 10 2 2 
10 NF10 5 1 2 
11 NF11 10 1.5 1 
12 NF12 7.5 2 3 
13 NF13 10 1.5 3 
14 NF14 7.5 2 1 
15 NF15 7.5 1.5 2 

 

Method of preparation 

Nirmatrelvir-loaded solid lipid nanoparticles (NMT-SLNs) were 
developed utilizing the previously reported microemulsion 
technique [31] employing pre-screened lipid and surfactant systems, 
namely Compritol and Poloxamer 188. In total, fifteen formulations 
were prepared based on the BBD with the changes in lipid and 
surfactant concentrations and the number of homogenization cycles 
as presented in table 1. First, the lipid phase (Compritol) was melted 
at 75-80 °C, which is slightly above its melting point of 70 °C and 
then NMT was added. At the same time, the aqueous phase 
containing the surfactant (Poloxamer 188) was also heated to the 
same temperature. The hot aqueous phase was then mixed with the 
molten lipid phase to obtain the primary emulsion, which was 
stirred magnetically at 500 rpm for 10-15 min. The resultant hot 
emulsion was incrementally added into ice-cold water with 
continuous homogenization at 20,000 rpm for a specified period 
based on BBD. The resulting NMT-SLNs underwent additional size 
reduction to the nanoscale through Probe Sonication for 10 min. 
Subsequently, the prepared NMT-SLN dispersions were stored 
undisturbed at 4 °C until further analysis. 

Characterization of formulated NMT-SLNs 

Particle size and polydispersity index (PDI) 

The average particle diameter and PDI of NMT-loaded solid lipid 
nanoparticles (NMT-SLNs) were determined using a Particle Size 
Analyzer (Nanoparticle Size Analyzer SZ-100Z, Horiba Ltd., Japan). 
Before measurement, all formulations were diluted to an 
appropriate concentration using double distilled water. The samples 
were subsequently analyzed by placing them in disposable cuvettes, 
and the results for particle size and PDI were recorded in triplicate 
[32]. 

Zeta potential 

The surface charge of NMT-SLNs was assessed through Zeta 
potential measurements. The measurements were conducted in 
triplicate using the same instrument, employing an electric field 
strength of 23V/cm at a temperature of 25 °C [33]. 

Entrapment efficiency 

The percentage entrapment efficiency of NMT-SLNs was evaluated 
by the centrifugation method with High-Speed Cooling Centrifuge 

(Remi Instruments, Ltd., Mumbai, India) to quantify the free drug in 
an aqueous medium. The encapsulation efficiency of the drug in 
SLNs was determined as the difference between the total drug used 
in preparing SLNs and the amount of drug that leached in the 
supernatant. A certain volume of NMT-SLNs dispersion was taken in 
a centrifugation tube and centrifuged at 12000 rpm for 20 min at 40 
°C. Subsequently, the supernatant was collected and diluted and the 
concentration of the free drug was then quantified using a UV-Visible 
spectrophotometer with λ max 262 nm [34]. The entrapment 
efficiency was then determined using the formula that was provided 
in the prescription. 

“% Entrapment efficiency=  
Total amount of the drug in formulation−Amount of the drug in supernatant

Total drug content
 100” 

Optimization of variables 

For all formulations prepared using the box-behnken design, an 
optimization process was employed to determine the optimal levels 
of lipid, surfactant, and homogenization time. This optimization was 
based on two critical quality attributes: particle size and Entrapment 
Efficiency. Statistical analysis of data including ANOVA, model 
equation generation, and contour plot construction for each 
response, was conducted using the STAT-EASE 360 trial version. 
Furthermore, to determine the relation between the independent 
and dependent variables, three-dimensional (3D) surface plots were 
adopted. To optimize NMT-SLN formulations, the desirability 
function was set to minimize particle size while maximizing 
entrapment efficiency. 

In vitro drug release studies 

Drug release studies for NMT-SLNs were carried out using the 
dialysis membrane diffusion method. A dialysis membrane with a 
molecular weight cut-off of 12,000-14,000 Da was placed in the 
release medium for 16 h, and then placed over a diffusion glass vial 
and clamped at both ends. A specific volume of the NMT-SLNs 
dispersion containing an equivalent of 10 mg of the drug was 
transferred to a dialysis tube and immersed in 100 ml of the 
diffusion medium in a beaker. The medium was maintained at 
37±0.5 °C using a magnetic stirrer (REMI 2MLH) with stirring at 100 
rpm and continuous stirring. The dissolution was performed in 
simulated gastric fluid (pH 1.2) for the first 2hours and then, in 
simulated intestinal fluid (pH 6.8) for a further 22 h. After the 
specified time, 2 ml of the samples were collected and replaced with 
the buffer to maintain sink conditions. All the samples were 
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measured using a UV-visible spectrophotometer at 262 nm, and the 
percent drug release was determined using the formula. 

% Drug release 

=
Concentration × Dilution  Factor × Vol. of Dissolution medium

1000
× 100 

Solid-state characterization by XRD 

X-ray diffraction (XRD) analysis was conducted to determine the 
crystalline nature of Nirmatrelvir (NMT) in the formulated SLNs. The 
XRD patterns of Nirmatrelvir, the physical mixture, and the 
optimized SLN formulation were recorded using an X-ray 
diffractometer (Rigaku Mini Flex 600, Rigaku Corporation, Japan). 
The analysis employed a generator with a Cu anode at 40kV voltage 
and 15mA current. All the samples were subjected to Cu-K alpha 
radiation at the 2θ angle of 30 to 90 with an increment rate. It is 
recommended to take 0.0200 degrees per step [36]. After that, the 
obtained PXRD patterns were compared with the characteristic peak 
intensity related to Nirmatrelvir. 

Surface morphology by scanning electron microscopy 

The optimized dispersion of NMT-SLNs (NF8) was further examined 
for its shape and surface morphology using scanning electron 
microscopy (SEM) with the help of VEGA 3, SBH, TESCAN Brno S. R. 
O, Czech Republic. In summary, the sample was gold coated and the 
SEM analysis was carried out at an accelerating voltage of 15 kV with 
different magnifications [37]. 

In vivo characterization 

Study protocol and experimental procedure 

Albino Wistar rats chosen for the study were procured from 
Mahaveera Enterprises, Hyderabad, India, and the method that was 
proposed for this study was approved by the Hindu College of 
Pharmacy Institutional Animal Ethics Committee (IAEC) in Andhra 
Pradesh, India with the reference number IAEC-HCOP/2022/07. All 
the rats were acclimatized in the animal house for 7 d and 
maintained on 12 h light/dark cycle at a controlled temperature of 
24±2 °C/60±5%RH with access to food and water ad libitum. 
Eighteen rats of 200-250 gs body weight were selected and were 
starved overnight before the experiment. Rats were randomly 
divided into three groups with each group comprising six animals 
(6). Group I was administered with a pure Nirmatrelvir solution at a 
dose of 10 mg/kg body weight, Group II was administered with the 
optimized NMT-SLNs formulation NF8 at the same dose of 10 mg/kg 
body weight and Group III was given solvent control in the form of 
sterile buffer of pH 7.4. Blood samples (0. 5 ml) were withdrawn 
from the retro-orbital plexus through glass capillaries at time 
intervals of 0, 0. 5, 1, 2, 3, 6, 12, 18, and 24 h. The collected samples 
were then placed in heparinized microtubes and centrifuged at 5000 
rpm for 10 min at 40 °C. Following centrifugation, 100µl of 
supernatant plasma was separated and subjected to analysis using a 
standardized HPLC method [38, 39]. 

Pharmacokinetic studies 

Pharmacokinetics of Nirmatrelvir were assessed by the determination 
of Cmax, Tmax, AUC, K, t1/2, and MRT by non-compartmental analysis 
[38]. To assess the statistical significance of the results, a student’s t-
test was used with a significance level of less than 0.05 (p<0.05) was 
considered significant. Cmax and Tmax were read directly from the Cp 
versus T graph. The Area Under the Curve (AUC) was performed with 
the help of the trapezoidal rule of the linear logarithmic type. The KE 
and t1/2 were determined from the elimination phase of the Plasma 
Concentration vs Time graph. Relative bioavailability was assessed by 
comparing the AUC0-∞ of NMT-SLNs with that of AUC0-∞ of NMT pure 
solution, utilizing a defined formula. 

Relative Bioavailability =
[AUC] of test × Dose of Control

[AUC] of control × Dose of Test
× 100 

Tissue distribution 

Studies at 24 h post-treatment, the rats were sacrificed by cervical 
dislocation, and their liver, spleen, lungs, kidneys, heart, and brain 

organs were harvested, washed with saline solution and 
immediately stored at-20 °C until analysis. Each organ was 
homogenized separately with the help of a tissue homogenizer 
(Remi Motors Ltd., Mumbai, India), and the homogenate was then 
centrifuged at 15000 rpm for 30 min [39]. The supernatant was then 
collected and filtered through 0.45 µm nylon filters and analyzed 
after appropriate dilution with phosphate buffer solution, according 
to the described HPLC method. 

Statistical analysis 

The pharmacokinetic study's findings were presented as mean+/-
standard deviation (SD). The significance of the difference between 
the formulations was evaluated at a level of P<0.05 using the student 
t-test. 

Stability studies 

An NMT-SLNs (NF8) formulation's stability was tested by 
measuring fluctuations in the size of particles, zeta potential, as 
well as percent entrapment. This testing was carried out using a 
stability chamber manufactured by Inlab Equipment, India. The 
NMT-SLNs (NF8) suspension was packaged in screw-capped 
amber glass bottles and subsequently stored under three distinct 
conditions: “5±3 °C, 25±2 °C/65±5%RH, and 40±2 °C/75±5%RH” 
for 90 d. Samples were retrieved at intervals of 1, 30, 60, and 90 d 
during the storage period and subjected to evaluation for average 
particle diameter, PDI, ZP, and %EE. The ensuing results were 
subsequently scrutinized to discern any noteworthy alterations 
[40]. 

RESULTS AND DISCUSSION 

Screening of lipid and surfactant phase 

Solubility of the drug within the lipid matrix played a crucial role as 
it directly impacted the drug loading capacity. An assessment of 
Nirmatrelvir's solubility in four distinct lipids-Tripalmitin, Glyceryl 
monostearate (GMS), Stearic acid (SA), and Compritol-was 
conducted, with the results depicted in fig. 2. The solubility trend of 
Nirmatrelvir in these lipids was as follows: 
Compritol>GMS>SA>Tripalmitin. Among the lipids examined, 
Compritol demonstrated the highest solubility for Nirmatrelvir (235 
mg/1g of lipid), followed by Glyceryl monostearate (170 mg/1g of 
lipid). The results are similar to the findings of Priyanka et al., who 
reported Compritol showed entrapment for montelukast SLNs 
compared to GMS and stearic acid [33]. Compritol, classified as an 
acyl glyceride and comprising mono-, di-, and triglycerides of 
Behenic acid [41, 42], yields less ordered crystals, allowing for 
increased accommodation of the drug. This notably high solubility 
makes Compritol the preferred lipid phase. 

Inclusion of a surfactant is pivotal in achieving a stable 
formulation, as solid lipid nanoparticles constitute colloidal 
systems comprising solid lipids dispersed in an aqueous medium 
in conjunction with a surfactant. A selection process was 
undertaken involving four distinct surfactants, namely Span 60, 
Tween 80, Poloxamer 407, and Poloxamer 188, based on criteria 
that would yield the smallest particle size and the highest 
entrapment efficiency. The outcomes, illustrated in fig. 2, 
indicated Poloxamer 188 to be the most effective in achieving 
reduced particle size and increased entrapment efficiency, 
followed by Tween 80, Poloxamer 407, and Span 60, in 
respective order. These results were in good agreement with 
those obtained by Ekambaram et al., who found the highest 
entrapment efficiency of Ramipril SLNs in case of Poloxamer-188 
than tween 80 and span 60 [43]. Effective attributes of 
Poloxamer 188, such as its relatively lower molecular weight and 
higher HLB (Hydrophilic Lipophilic Balance) value compared to 
other surfactants, likely contributed to the resulting minimum 
particle size and maximum entrapment efficiency. Additionally, 
considering its Generally Recognized as Safe (GRAS) status [44], 
Poloxamer 188 was deemed the optimal surfactant for 
formulating NMT-SLNs. 
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Fig. 2: Screening of lipid and surfactant to formulate NMT-SLNs (GMS-glyceryl monostearate, SA-Stearic acid, %EE-percentage entrapment 
efficiency) 

 

Drug-excipients compatibility study 

The FTIR spectra of pure Nirmatrelvir and Physical mixture 
(NMT+Compritol+Poloxamer-188) are depicted in fig. 3. The IR 
spectrum of Nirmatrelvir reveals characteristic peaks at the 
following wave numbers: The functional groups identified in the 
spectrum include; O-H stretching at 3317 cm-1, C-H stretching at 

2918 cm-1, C=N stretching at 1647 cm-1, N-H bending at 1517 cm-1, 
C=C stretching at 1426 cm-1, C=S stretching at 1153 cm-1 and C-H 
bending at 709 cm-1. When comparing these spectra, it can be seen 
that there is no shift or any missing functional peaks in the spectrum 
of the physical mixture. This proves that there are no chemical 
incompatibilities between the Nirmatrelvir and the selected 
excipients.

 

 

Fig. 3: FTIR spectra of A) Nirmatrelvir and B) Physical mixture (Nirmatrelvir+Compritol 888 ATO+poloxamer 188) 

 

Characterization of formulated NMT-SLNs 

By the box-behnken design, a total of 15 formulations of NMT-SLNs 
were developed and evaluated as specified in the methodology 

Particle size (PS) and polydispersity index (PDI) 

The findings of the particle size and size distribution analysis are 
outlined in table 3. The average particle diameter and distribution 
index of NMT-SLNs ranged from 183.26±12.58 to 913.56±37.18 nm 
and 0.071±0.012 to 0.352±0.16, respectively. 

All dispersions of NMT-SLNs demonstrated an average particle size 
below 1000 nm, with the attainable size being notably influenced by 
formulation variables, specifically the concentration of lipid and 
emulsifier. Literature highlights the preferential transport of SLNs via 
the lymphatic system and emphasizes the importance of maintaining a 
size below 200 nm to evade uptake by the Reticular Endothelial 
System (RES) [45]. This parameter warrants consideration during the 
optimization of formulations. The Polydispersity Index (PDI) serves as 
a metric for evaluating particle size distribution, with a maximum PDI 
of 0.5 deemed optimal for nanoparticles. Generally, a lower PDI 
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reflects a narrower particle size distribution. Notably, all NMT-SLN 
formulations exhibited PDI values below 0.5, indicating a narrow 
particle size distribution. This was similar to the study reports of 
Qushawy et al., where the prepared Carbamazepine SLNs had a 
narrow size distribution with PDI ranging from 0196±0.05 to 
0.419±0.02, which is less than 0.5 [46]. 

Zeta potential 

The results of the Zeta potential analysis are presented in table 3, 
which shows the values ranging between-18. 6±5.4 to-36.7±8. 1 mV. 
Zeta potential represents a critical physicochemical parameter 
impacting the stability of formulations. A minimum ZP of ±20 mV is 

deemed favorable for ensuring the optimal stability of nanoparticles 
[47]. All NMT-SLN formulations were meticulously engineered to 
exhibit a negative zeta potential surpassing 20 mV, attributable to 
the intrinsic chemical composition of the lipid and surfactant 
utilized, thereby signifying resilience against particle aggregation. 

Percentage entrapment efficiency 

The findings of the Entrapment Efficiency analysis are delineated in 
table 3. The Entrapment Efficiency (%EE) of NMT-SLNs ranged from 
84.63% to 98.62%. It is noteworthy that the lipophilic properties of 
Nirmatrelvir [48] significantly contributed to the entrapment, 
accounting for more than 80% of the reported efficiency. 

 

Table 3: Batch-to-batch evaluation data for average particle size, PDI, zeta potential, and % entrapment efficiency of NMT-loaded SLNs 

Formulation code Particle size (Response 1-Y1) (nm) PDI Zeta potential (mV) Entrapment efficiency (Response 2-Y2) (%) 
NF1 589.75±11.02 0.306±0.035 -26.94±5.38 80.12±4.16 
NF2 419.82±4.17 0.192±0.009 -28.18±2.04 90.63±2.08 
NF3 249.26±8.29 0.126±0.015 -22.62±1.12 81.89±2.37 
NF4 471.52±7.34 0.261±0.023 -27.52±1.28 87.61±1.98 
NF5 854.23±5.21 0.279±0.004 -34.29±2.42 96.24±1.34 
NF6 298.15±12.56 0.238±0.024 -22.81±4.16 79.36±3.74 
NF7 423.86±3.64 0.181±0.018 -28.96±2.13 94.31±1.94 
NF8 183.26±2.12 0.071±0.004 -24.63±1.92 86.94±2.08 
NF9 806.45±4.76 0.202±0.012 -36.74±2.05 98.48±1.83 
NF10 254.31±5.16 0.197±0.070 -18.67±1.96 80.19±2.27 
NF11 807.14±5.45 0.314±0.037 -35.15±2.36 92.85±1.88 
NF12 540.13±3.97 0.324±0.027 -30.64±4.89 88.71±3.97 
NF13 913.56±2.65 0.352±0.112 -34.91±4.14 86.92±3.93 
NF14 556.21±5.27 0.296±0.045 -31.28±1.14 90.42±2.18 
NF15 421.42±3.17 0.189±0.006 -28.74±2.56 91.35±1.14 

Note: PDI-Polydispersity index, mean±SD (n=3) 

 

Optimization data analysis and experimental validation 

The experimental results were analyzed by fitting all fifteen 
formulations' responses to various models using the trial version of 
Design Expert Software (STAT-EASE 360). Among these, quadratic 
models were determined to be the most suitable for the tested 
parameters, specifically the mean size of particle and % efficiency of 
entrapment. Below are the equations for quadratics computed for 
the selected response. 

Particle Size (Y1) =+180.54429+126.66698 X1-291.40972 X2-
0.202037 X3-11.67778 X1X2-0.001296 X1X3+0.075833 X2X3-2.09877 
X12+85.35000 X22+0.002639 X32 

Entrapment Efficiency (Y2) =-45.30478+18.60262 
X1+40.23500X2+0.769542X3-1.49000X1X2-0.009167X1X3-
0.045833X2X3-0.927840X12-6.37125X22-0.006565X32 

In the specified context, the codes “X1, X2, and X3” are assigned to 
independent variables, namely Lipid, Surfactant concentration, and 
Homogenization time, in respective order. 

The ANOVA results for the quadratic model relating to particle size 
(response I) and Entrapment Efficiency (response II) are presented 
in table 4. The ANOVA for Particle Size yielded an F-value of 14.48, 
indicating the model's overall significance. Furthermore, the 
significance of the model's individual term is supported by a P-value 
of less than 0.05. Similarly, the ANOVA for Entrapment Efficiency 
demonstrated a model F-value of 86.11, affirming the model's 
overall significance, with individual terms also exhibiting 
significance (P<0.05). The high R2values of 0.9776 and 0.9962 for 
particle size and entrapment efficiency, respectively, signify a strong 
correspondence between the formulation variables and response 
parameters.

 

Table 4: Summary of regression analysis and analysis of variance for response I (Particle size) and response II (% Entrapment efficiency) 

Parameters DF SS MS F P-value R2 SD CV Outcome 
Particle size 
Model 
Residual 
Total 

9 
3 
12 

1.031E+06 
99716.77 
1.131E+06 

2.062E+05 
4245.25 
12.21 

14.48 
- 
- 

0.0014 
- 
- 

0.9776 
- 
- 

91.04 
- 
- 

19.06 
- 
- 

Significant 

% Entrapment efficiency 
Model 
Residual 
Total 

9 
3 
12 

2493.78 
29.44 
2523.22 

498.76 
6.59 
- 

86.11 
- 
- 

0.0017 
- 
- 

0.9962 
- 
- 

2.57 
- 
- 

4.11 
- 
- 

Significant 

 

Further, the association between independent and dependent 
variables was examined through the construction of 3D-response 
surface plots. Design-Expert software generated three-dimensional 
(3D) response surface graphs representing the analyzed responses, 
namely particle size and entrapment efficiency, are depicted in fig. 4. 
From the graphs A and D, it is evident that there is a direct 
relationship between lipid concentration and particle size and % 

entrapment meaning that when the lipid concentration increases the 
particle size increases and the entrapment efficiency also increases. 
Similar results were also observed by Remya et al., where they 
reported that particle size and entrapment efficiency increase 
linearly with the increase in lipid load. Increased particles size and 
increased viscosity of the dispersion lead to an increased rate of 
particle agglomeration. Hence, the lipid content of SLNs dispersion 
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should not exceed 5% [49] On the other hand, plots B and E present 
the trends where surfactant concentration is inversely proportional 
to the particle size and directly proportional to the % entrapment, 
which implies that increased concentration of surfactant decreases 
the particle size and increases the entrapment efficiency. The 
observation was in accordance with results reported by Abdelbary 
et al., who found that the entrapment efficiency of diazepam in 
prepared SLNs increased by increasing surfactant concentration 
[50]. The impact of homogenization time on both parameters varied, 
precluding a generalized conclusion. Insights derived from 3D 
surface plots C and F indicate that Particle Size decreases and % 
Entrapment Efficiency increases up to 60 min for homogenization. 

After this duration, a further increase in homogenization time to 90 
min produces an inverse effect. Similar observations were made by 
another research group, which found reduced entrapment at higher 
homogenization cycles for the prepared mometasone furoate SLNs 
[51]. 

The solution recommended by the Design-Experiment Software, 
comprising a lipid concentration of 5%, a surfactant concentration of 
2%, and a homogenization time of 60 min, was determined based on 
the criteria of maximum desirability, which emphasizes the highest 
entrapping efficiency and the smallest particle size. Subsequently, a 
verification run was conducted to validate the statistical reliability. 

 

 

Fig. 4: 3D Surface graphs; A, B and C-depicting the effect of independent variables on response I (Particle Size); D, E and F-depicting the 
effect of independent variables on response II 

 

 

Fig. 5: Overlay plot for optimization of NMT loaded SLNs 
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The overlay plots depicted in fig. 5 delineate the design space for 
optimizing NMT-SLNs and proffer recommendations for 
achieving the desired responses. Subsequently, two verification 
batches were meticulously prepared and assessed. Table 5 

illustrates that the observed values of the checkpoint batches 
closely aligned with the predicted values, displaying a negligible 
percentage of bias, thereby affirming the reliability of the 
optimization procedure. 

 

Table 5: Comparison of observed and predicted values of checkpoint batches for optimization of NMT loaded SLNs 

Formulation code Composition of checkpoint batches Dependent 
variables 

Observed values Predicted values % Bias 
X1 X2 X3 

Batch I 5.6 2.1 64 Particle size (Y1) 

%EE (Y2) 
220.43±9.56 nm 
86.42±4.38% 

218.82 nm 
86.65% 

-0.730 
-0.266 

Batch II 5.5 2.0 60 Particle size (Y1) 

%EE (Y2) 

185.54±7.89 nm 
85.12±3.72% 

183.96 nm 
84.49% 

-0.851 
-0.740 

Note: X1-Lipid, %w/v; X2-Surfactant, %w/v; X3-Homogenization Time, min 

 

Drug release studies 

In vitro release profiles of NMT solution and NMT-SLN formulations 
are shown in fig. 6. The release profile of the NMT solution is almost 
100% within 5 h and the release of SLNs is spread throughout 24 h. 
All the formulations of NMT-SLN show a biphasic release profile 
where the first phase release is about 35-40% in the first 4 h and the 
second phase release is about 80% in the next 24 h. Similar 
investigations like biphasic drug release patterns were found and 

reported for other drugs [33, 47]. The release data were fitted into 
various kinetic models to establish the mechanism of release. The 
correlation coefficient of all the NMT-SLN formulations with both the 
models was high and in the order of First-order model>Higuchi 
model, thus justifying that the release of the drug is mainly due to 
diffusion from the lipid matrix. Furthermore, the value of the release 
exponent of the Korsmeyer-Peppas model was determined to be 0. 
89 (n>0. 5), which indicates that non-Fickian diffusion of the drug 
from NMT-SLNs dispersion [52]. 

 

 

Fig. 6: A-cumulative % drug release VS time plots for NMT-SLNs formulations (NF1-NF15); B-Comparison between in vitro release profile 
of optimized NMT-SLNs (NF8), and NMT solution 

 

Solid state characterization 

Powder XRD spectra were utilized and compared. In fig. 7, the X-ray 
diffractogram of Nirmatrelvir exhibited a series of characteristic 
sharp peaks at 2 theta scattered angles, confirming the crystalline 
nature of the drug. These peaks were also present in the physical 
mixture XRD spectra, signifying compatibility between the drug and 
excipients. The diffractogram of the optimized NMT-SLNs (NF8) 
revealed the absence of the majority of peaks and decreased 
intensity of existing peaks, suggesting a molecular-level dispersion 
of the drug in the lipid matrix as it transitioned into an amorphous 
form. 

Surface morphology study 

The optimized NMT-SLNs formulation (NF8) was analyzed for 
surface morphology using Scanning Electron Microscopy (SEM). The 
micrograph in fig. 8 depicts uniformly distributed spherical particles 
at the nanoscale. The surface exhibits a smooth texture, and there 
are no signs of particle aggregation. 

In vivo pharmacokinetic studies 

Table 6 summarizes the kinetic parameters derived using non-
compartmental analysis. The data show that Tmax, Cmax, AUC, and 
MRT values are higher for TNF-loaded SLNs compared to pure 
Nirmatrelvir, indicating increased bioavailability for compounded 
NMT-SLNs. The AUC for the Nirmatrelvir solution was 
504.16±15.29ng/h/ml, while for “NMT-SLNs” it was 5112.26± 
13.42ng/hr/ml. The results revealed that NMT-SLNs had a 10.14-fold 
improvement in oral bioavailability compared to the Nirmatrelvir 
solution. The increased bioavailability of SLNs may result from m-cells 
in the intestinal Peyer's patch absorbing nanoparticles via lymphatic 
transport, subsequent permeability of nanoparticles across the GI 
membrane via encapsulation into chylomicrons, and improved 
paracellular transport due to lipid matrix [53]. All these findings 
clarified that the pharmacokinetic profile of NMT was significantly 
(P<0.05) improved when formulated into Solid Lipid Nanoparticles 
(SLNs). Similar findings were reported by another research group 
Muhammad et al., who found a 5.25-folds increase in Famotidine oral 
bioavailability when dispersed in SLNs [36]. 
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Table 7 summarizes the concentration of NMT in different organs 
after oral NMT solution administration and optimized NMT-SLNs 
dispersion at a single dose comparable to 10 mg/kg body weight. 
The targeting efficiency of NMT from SLN dispersion was in the 
following order: Brain, Heart, Lungs, Kidney, Liver, and Spleen, as fig. 
9 illustrates. The data showed that NMT-SLNs considerably (>0.5) 
reduced the absorption of the Reticular Endothelial System (RES), 
particularly in the Liver and Spleen. This finding may account for 
part of the NMT-SLNs' increased oral bioavailability. The literature 

also reports that RES can evade phagocytosis of nanoparticles 
smaller than 200 nm [54]. Subsequent investigations into tissue 
distribution also revealed that brain endothelial cells absorbed 
NMT-SLNs at a greater rate than NMT pure solution. This may be 
explained by the ease with which nanoparticles can evade 
membrane-bound P-gp efflux transport and breach the blood-brain 
barrier. These results are in good agreement with those obtained by 
Chattopadhyay et al., who observed increased cellular accumulation 
of Atazanavir when delivered by SLNs [55]. 

 

 

Fig. 7: X-ray diffractograms A) Pure nirmatrelvir, B) Physical mixture and C) Optimized NMT-SLNs formulation (NF8) 
 

 

Fig. 8: Scanning electron micrograph of optimized NMT-SLNs formulation (NF8) 
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Table 6: Pharmacokinetic parameters of pure NMT solution and optimized NMT-SLNs (NF8) 

Parameter Pure NMT solution Optimized NMT-SLNs (NF8) 
Cmax 44.37±3.34ng/ml 223.16± 1.45ng/ml 
Tmax 3.0±0.0 h 4.5± 0.5 h 
Ka 0.26± 0.21 h-1 1.89±0.026 h-1 
KE  2.37± 0.65 h-1 0.12±0.002 h-1 
t1/2  6.1± 0.42 h 28. 41±2.35 
[AUC]0-∞  504.16±15.29ng/h/ml 5112.26±13.42ng/h/ml 
MRT (h) 10.48±1.05 h 36.20± 1.14 h 

Note: mean± SD, n=6 

 

Table 7: The findings of the in vivo tissue distribution studies of pure NMT solution and optimized NMT-SLNs (NF8) 

Organ Pure TNF solution Optimized NMT-SLNs (NF8) 
Liver 76.42±3.54ng/g 14.02±0.78ng/g 
Spleen 112.34±3.22ng/g 12.36±2.03ng/g 
Lungs 54.93±5.17ng/g 78.83±2.55ng/g 
Kidney 53.74± 5.27ng/g 73.94±0.31ng/g 
Heart 22.31±0.24ng/g 84.06± 1.52ng/g 
Brain 2.6±0.033ng/g 220.58±1.67ng/g 

Note: mean± SD, n=6 

 

 

Fig. 9: Pharmacokinetic profile and tissue distribution of NMT on a single oral dose of optimized NMT-SLNs and pure NMT solution (Note: 
mean±SD, n=6) 

 

Stability studies 

The stability of the optimized NMT-SLNs formulation (NF8) was 
determined under different storage conditions as depicted in 
table 8 below. During the 6-month stability period at 5±3 °C and 
25±2 °C/65±5% RH, no alteration was observed in physical 

appearance, particle size, PDI, and % entrapment efficiency. 
However, it was observed that a slight increase in particle size, 
PDI, and entrapment efficiency was observed at 40±2 °C/75±5% 
RH, which was considered insignificant. The results suggest that 
the NMT-SLNs are stable and possess a shelf-life that is quite 
suitable. 

 

Table 8: Stability studies data for optimized NMT-SLNs formulation (NF8) 

 Studies data Parameters Sampling intervals 
1 mo 3 mo 6 mo 

5±3 °C Particle size (nm) 
PDI 
%Entrapment efficiency 

183.26±2.12 
0.071±0.004 
86.94±2.08 

183.26±2.12 
0.071±0.004 
86.94±2.08 

183.26±2.12 
0.071±0.004 
86.94±2.08 

25±2 °C/65±5%RH Particle size 
PDI 
%Entrapment efficiency 

183.26±2.12 
0.071±0.004 
86.94±2.08 

183.26±2.12 
0.071±0.004 
86.94±2.08 

183.26±2.12 
0.071±0.004 
86.94±2.08 

40±2 °C/75±5%RH Particle size 
PDI 
%Entrapment efficiency 

183.26±2.12 
0.071±0.004 
86.94±2.08 

185.06±2.32 
0.091±0.012 
84.12±1.25 

192±2.54 
0.093±0.014 
83.92±1.18 

Note: mean±SD, n=3 
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CONCLUSION 

Present research has conclusively demonstrated the particular 
benefit of screening Lipid and Surfactant phases, with all 
formulations displaying a drug loading exceeding 80%. In this study, 
solid lipid nanoparticles loaded with nirmatrelvir (MNT-SLNs), an 
antiviral medication for COVID-19 treatment, were effectively 
prepared using the microemulsion technique with compritol 888 
ATO and optimized by box-Behnken design. The optimized NMT-
SLNs formulation (NF8) exhibited a relatively diminutive particle 
size of 183.26±2.12 nm and a remarkably high entrapment efficiency 
of 86.94±2.08%. The primary finding to emerge from this research 
was a 10.14-fold increase in oral bioavailability, alongside a reported 
220.58±1.67 ng/g uptake by brain endothelial cells for NMT-SLNs. 
These outcomes unequivocally underscore the substantial 
enhancement in the Pharmacokinetic and Bio-distribution 
characteristics of nirmatrelvir in the Solid Lipid Nanoparticles 
formulation. Therefore, this study concludes that Solid Lipid 
Nanoparticles have the potential to serve as bioavailability-
enhancing vehicles and effective carriers for brain targeting. 
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