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A B S T R A C T   

Celecoxib (CLX), a poorly soluble anti-inflammatory drug, requires administration in higher concentrations to 
produce therapeutic effects, oftentimes resulting in cardiac toxicity. Therefore, in this study, we employed a 
nanoemulsion technology to improve the solubility of CLX using poly(δ-decalactone) (PDL) polymer as an oil and 
mPEG-b-PDL as a surfactant. The nanoemulsion (NE) was successfully prepared via the nanoprecipitation 
method. In vitro characterization was performed for size, drug release, and stability. In vivo studies were per-
formed to establish anti-inflammatory activity, CLX induced cardiac toxicity, and pharmacokinetic profile of NE, 
post-oral administration. The globular size of less than 100 nm was obtained in NE with high CLX loading. The in 
vitro drug release studies suggested ~90% of CLX release from NE within 96 h. A significant anti-inflammatory 
activity with lowered cardiac marker values was observed for CLX NE compared to a marketed drug formulation. 
The pharmacokinetic study revealed that the mean retention time of CLX was significantly increased with NE in 
contrast to the marketed formulation, suggesting the advantage of administering CLX in the form of NE owing to 
the higher solubility and sustained release pattern. The long-term storage stability study reveals that NE does not 
show significant changes in terms of size with only a slight decrement in CLX content was observed after 24 
months. The obtained results indicate that CLX bioavailability has been considerably improved without being 
toxic to the heart with the aid of NE and advocate the use of PDL NE for developing oral formulations for poorly 
soluble drugs.   

1. Introduction 

Celecoxib (CLX) is a selective COX-2 inhibitor, a nonsteroidal anti- 
inflammatory drug (NSAID) that is well known for having a low risk 
of gastrointestinal bleeding (Shin, 2018). It is used to treat the symptoms 
of different forms of arthritis pain and to lessen precancerous polyps in 
the colon in people with familial adenomatous polyposis (FAP) (Chen 
et al., 2015). Pfizer markets it under the trade name CELEBREX®, and 
the FDA initially approved it in 1998. When given orally to dogs, CLX 
has poor oral bioavailability (only 30%), due to inadequate absorption 
owing to its poor water solubility. Moreover, CLX taken with a high-fat 
meal in humans results in only a minor rise in the area under the curve 
(AUC)0—∞ (11%), which is not clinically meaningful in terms of safety or 

efficacy (Paulson et al., 2001). According to the US-FDA, chronic use of 
CLX (CELEBREX®) may increase the probability of fatal myocardial 
infarction (MI), stroke, and other serious adverse cardiovascular 
thrombotic events. When compared to placebo, CELEBREX® 400 mg 
taken twice daily had a 3.4 times (95% confidence interval [CI] 1.4–8.5) 
higher relative risk for the composite endpoint of cardiovascular death, 
MI, or stroke; and 2.5 times (95% CI, 1.0–6.4) for CELEBREX® 200 mg 
taken twice a day (US-FDA, 2008). Long-term oral usage of CLX causes 
severe adverse effects (cardiotoxic effects and gastrointestinal toxicity), 
which restricts the drug’s administration via the oral route (Salem et al., 
2018) . Increasing its aqueous solubility could simultaneously increase 
its oral bioavailability (Khadka et al., 2014), which could be a potential 
approach to circumventing these severe side effects owing to high doses. 
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Small dose sizes are required to achieve a sufficient therapeutic response 
with drugs having high bioavailability and consequently, fewer side 
effects can be observed (Tamargo et al., 2015). 

To achieve this, Qin et al. prepared celecoxib lipid nanoparticles 
(CXB-NPs) using a film dispersion high-pressure homogenization sys-
tem. The intragastric (i.g.) delivery of CXB-NPs demonstrated improved 
bioavailability and prolonged circulation of CLX in cynomolgus mon-
keys with increased area under the blood concentration (Qin et al., 
2023). In another study, Beta-casein (bCN) micelles were utilized to 
improve the oral bioavailability of CLX. The pharmacokinetics of mi-
celles with 100% CLX encapsulation were tested on pigs and compared 
with Celebra® (marketed formulation of Pfizer Inc.). The results indi-
cate an increment in AUC and reduction in Tmax of CLX micelles (Perl-
stein et al., 2014). PLGA nanoparticles were also investigated to deliver 
CLX via the oral route with improved digestive tract performance (Li 
et al., 2022). Alajami et al. used ultrasonic melt emulsification to create 
CLX-loaded solid lipid nanoparticles (SLN) for oral administration. The 
authors suggested that CLX-loaded SLN can overcome the common 
constraint of high burst release and specifically target CLX to the colon 
when taken orally (Alajami et al., 2022). 

CLX was also prepared in nanosuspension form with good colloidal 
stability using a modified nanoprecipitation method. The incorporation 
of surface active lipophiles such as Labrafil 1944 CS (oleolyl macrogol 
glyceride) along with hydrophilic surfactants successfully nanosized the 
CLX (Malkani et al., 2014). Margulis et al. prepared CLX nanoparticles 
using solvent extraction from microemulsions in supercritical carbon 
dioxide with the aid of poly-lactide-co-glycolide and n‑butyl acetate to 
increase its solubility and bioavailability (Margulis et al., 2015). In a 
similar study, CLX nanoparticles were prepared as a dry powder from a 
microemulsion system stabilized by a natural surfactants ammonium 
glycyrrhizinate and soybean phosphatidylcholine, with a 10-fold 
increment in dissolution compared to CLX (Margulis-Goshen et al., 
2010). 

Nanoemulsions are another nanoformulation widely used to improve 
the delivery of pharmaceutically active substances. They are thermo-
dynamically stable, isotropic systems in which an emulsifying agent, 
such as a surfactant and/or a co-surfactant, is utilized to incorporate two 
immiscible liquids into a single phase (Aswathanarayan and Vittal, 
2019). The dispersed phase (oil) droplet diameter of nanoemulsions 
created for drug delivery typically ranges from 50 to 500 nm. Nano-
emulsions offer greater stability against flocculation, creaming, and 
sedimentation than traditional emulsions because of the smaller droplet 
size (Patel et al., 2018; Pathak et al., 2018). Numerous nanoemulsion 

formulations, including Ropion, Vitalipid, Neoral, Restasis, Limethason, 
and Diprivan, are already available on the market owing to their 
benefits. 

Nanoemulsions of CLX have also been attempted to improve its 
solubility and consequently bioavailability. For instance, Shakeel et al. 
formulated a CLX nanoemulsion using the spontaneous emulsification 
method, and CLX-loaded SLN using the nanoprecipitation method, as 
well as CLX solid dispersion using the solvent evaporation approach. The 
results showed that the nanoemulsion approach yielded the maximum 
solubility (228.24 mg/mL) and the highest dissolution (99.9%) of CLX. 
In comparison to SLN and solid dispersion, the results of this investi-
gation indicate that nanoemulsions are promising formulations for 
improving the solubility and dissolution of poorly soluble drugs such as 
CLX. Furthermore, the best sustained release profile from nano-
emulsions suggests that they can be used for regulated and sustained 
drug delivery (Shakeel and Faisal, 2010). Using a microfluidizer, Janjic 
et al. developed a nanoemulsion loaded with CLX and a near-infrared 
dye. A single I.V. dose of CLX nanoemulsion was found to be capable 
of reducing inflammation, COX-2 and Prostaglandin E2 level (Janjic 
et al., 2018; Liu et al., 2020). In another study, Schmied et al. prepared 
solid self-nanoemulsifying drug delivery systems (S-SNEDDS) by 
co-extrusion of liquid SNEDDS (L-SNEDDS) and polymeric carrier ma-
terials via the HME (hot melt extrusion) method for improving the sol-
ubility of CLX and other drugs (Schmied et al., 2022). 

However, despite the numerous benefits, the conventional nano-
emulsions prepared with oil exhibit some limitations, such as their 
inability to dissolve high melting point drugs, tedious and expensive 
fabrication techniques, poor stability due to Ostwald ripening, and the 
necessity of a large quantity of surfactant, impeding their widespread 
commercial applications (Wik et al., 2020). To circumvent the draw-
backs associated with traditional nanoemulsions, we recently reported a 
polymer poly(δ-decalactone) (PDL) based nanoemulsion, which was 
found to be capable of increasing the aqueous solubility of hydrophobic 
drugs with good stability. In our previous study, we managed to enhance 
the solubility of CLX by 430-fold (Pyrhönen et al., 2022). Considering 
this exciting result, we decided to extend the evaluation of CLX nano-
emulsion to in vivo for understanding its capability in reducing 
inflammation and cardiac toxicity. 

Therefore, in this study, we prepared a nanoemulsion of CLX using 
PDL as oil phase and mPEG5k-b-PDL3.2k as surfactant by nano-
precipitation method and evaluated this system for drug release, sta-
bility and in vivo anti-inflammatory activity on Swiss albino mice via the 
oral route. The results were compared with free CLX and the marketed 

Scheme 1. Synthesis scheme of (A) poly(decalactone) homopolymer and (B) poly(decalactone) block copolymer. The number in subscript denotes the molecular 
weight of each block(Pyrhönen et al., 2022). 
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capsules of CLX to ascertain the advantage of the nanoemulsion 
approach for delivering CLX. 

2. Materials and methods 

Poly(ethylene glycol) methyl ether (mPEG, Mn = 5.0 KDa), δ-deca-
lactone (≥98%), 1,5,7-triazabicyclo[4.4.0]dec‑5-ene (TBD) (98%), 
propargyl alcohol (99%) were purchased from Sigma Aldrich. Celecoxib 
(>99%) was purchased from LC Laboratories, Woburn, USA. Methanol 
for HPLC (≥99.9%), acetone for HPLC (≥99.8%), lambda carrageenan, 
and carboxy methyl cellulose were purchased from Sigma-Aldrich. 
mPEG5k-b-PDL3.2k and PDL synthesis were already described in our 
previous publication, and we used the same materials for this study 
(Pyrhönen et al., 2022). The schematic representation for the synthesis 
of the polymer is given in Scheme 1. CLX (>99%) was purchased from 
LC Laboratories, Woburn, USA. Carrageenan was purchased from Sigma 
Aldrich. Milli-Q water was used for formulation preparation (Milli-Q 
Synthesis, Millipore, Molsheim, France). The 0.2 μm polyethersulfone 
membrane filters and 0.45 μm polypropylene membrane filter were 
purchased from VWR (Puerto Rico and China). Diethyl ether, Hema-
toxylin & Eosin staining, formalin, Methanol, Sodium Hydroxide 
(NaOH), Potassium dihydrogen phosphate (KH2PO4), Hydrochloric Acid 
(HCl) were purchased from Sigma Aldrich. 

2.1. Nanoemulsion preparation and characterization 

The polymer-based nanoemulsion was prepared by a low-energy 
emulsification method called nanoprecipitation (also known as sponta-
neous emulsification) using PDL as an oil phase and mPEG5k-b-PDL3.2k 
as surfactant. Briefly, CLX (100 mg), PDL (250 mg), and surfactant (750 
mg) were dissolved in acetone (15 ml) with the aid of vortex. This 
organic mixture was then added dropwise into milli-Q water (50 ml) 
under stirring and left stirred for at least 12 h at room temperature to 
ensure the complete removal of the organic solvent (acetone). To 
separate the unentrapped drug, the nanoemulsion was centrifuged 
(Microcentrifuge, Scanspeed, Labogene, Lynge, Denmark) for 10 min at 
13,500 RPM. The supernatant was then filtered through a 0.45 µm 
polypropylene membrane filter (Fig. 1). 

The drug content was determined using UV–Vis spectrophotometer 
(NanoDrop 2000c spectrophotometer from Thermo Fisher Scientific) 
after appropriate dilutions in methanol at λmax – 252 nm. The size and 
polydispersity index of the nanoemulsion were obtained using dynamic 
light scattering (DLS) on ZetaSizer Nano-ZS (Malvern Instruments, UK) 
at 25 ◦C. Samples were placed into the appropriate cuvette for analysis 
after being diluted (100 times) with MilliQ water. 

2.2. Nanoemulsion stability study 

Since the nanoemulsions are thermodynamically unstable and nor-
mally stored in liquid form, estimating their stability is a crucial variable 

(Romes et al., 2021). The filtered samples were kept at cool temperature 
(4 ◦C) for 24 months to conduct long-term stability experiments. Initially 
on day 0 (preparation day) and after 24 months, samples were examined 
visually for changes in appearance, separation, and creaming. The sta-
bility of the formulated nanoemulsion was first assessed by high-speed 
centrifugation for 30 min at 13,500 RPM. Later, samples were 
analyzed by DLS and UV–Vis spectroscopy after sonication for 5 min, to 
observe the change in size and drug content, respectively. 

2.3. Drug release 

The release profile of CLX from nanoemulsion was determined by a 
dialysis method at 37  ◦C (Bansal et al., 2018). Briefly, a calculated 
amount of CLX loaded nanoemulsion equivalent to 40 µg of CLX was 
diluted up to 2 mL in simulated gastric fluid (SGF, pH 1.2). The nano-
emulsion solution was then placed in dialysis tubing (Float-A-Lyzer) 
having the molecular weight cut-off (mwco) of 3.5–5 kDa. The sample 
was then dialyzed against 500 mL of SGF (pH-1.2) for 6 h and then the 
release media was replaced with SIF (pH 6.8). The release media was 
replaced with fresh media (SIF) in every 24 h. The volume of solution in 
the dialysis tubing were measured at appropriate time intervals (~6 h) 
and restored to the original level with the respective solvent, if neces-
sary. Samples (1 ml) were withdrawn directly from the dialysis tubing 
(after shaking) at predetermined time intervals and were analyzed with 
UV- Vis spectrophotometer to calculate the amount of CLX remaining in 
the nanoemulsion. The analyzed samples were transferred back to 
dialysis tubes to maintain the original volume. For analyzing the release 
pattern of free drug, the CLX was dissolved in methanol and the 
experiment was performed using methanol as release media due to the 
poor stability of the drug in aqueous medium. 

2.4. Anti-inflammatory studies using carrageenan-induced paw edema 
model 

Paw edema was induced (Cunningham and Keaveny, 1978; Larsen, 
1972) by injecting 25 μL of 1% w/v lambda carrageenan suspended in 
1% carboxy methyl cellulose (CMC) into sub-plantar tissues of the left 
hind paw of each mouse. Male mice were divided into four groups: 
carrageenan control group, marketed formulation group (Celebrex 100 
mg, Pfizer), pure drug group, and the nanoemulsion group, consisting of 
six animals. Mice between 8 and 12 weeks of age were housed in a 
temperature-controlled environment with a 12-h light/dark cycle. All 
mice received a standard diet and water ad libitum. The animal exper-
iments were approved and compliant with the Institutional Animal 
Ethics Committee constituted by CPCSEA, Govt. of India (approval 
number/IAEC/2021/01/03). Paw thickness was measured just before 
injecting the lambda carrageenan, that is, at “0 h” and then at 0.5, 1, 2, 
3, 4, 6, 8, and 24 h using a Vernier Caliper. The anti-inflammatory ac-
tivity was calculated as percentage inhibition of edema in the animals 
treated with the formulation/drug under test in comparison to the 

Fig. 1. Schematic representation of nanoprecipitation method for nanoemulsion preparation.  
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carrageenan control group. The pure drug and marketed formulation 
were suspended in 0.5% CMC in distilled water before administration. 
The pure drug, marketed formulation, and nanoemulsion formulation 
were orally administered to mice through 18–20 gauge feeding tubes 
about 1.5 inches in length, slightly curved arc with a rounded tip at a 
dose of 40 mg/kg body weight. 

The percentage (%) inhibition of edema was calculated using the 
formula below: 

Percentage inhibition = [(T0--Tt) / T0] × 100  

Where, Tt is the thickness of the paw of mice administered test samples 
at the corresponding time and T0 is the paw thickness of mice of the 
control group (Carrageenan treated) at the same time. 

2.5. Toxicity studies 

2.5.1. Biochemical analysis 
For biochemical analysis, mice were divided into four groups: 

carrageenan control group, marketed formulation group (Celebrex 100 
mg, Pfizer), pure drug group, and the nanoemulsion group, consisting of 
six animals each. The dose preparation was done in the same way and 
treatment was done with the same dose and route as stated above in anti- 
inflammatory study. Blood samples were collected by retro-orbital sinus 
puncture in the absence of anticoagulant under light anesthesia induced 
by diethyl ether post treatment. The serum was collected from clotted 
blood after centrifugation at 5000 × g for 10 min at 4 ◦C and used for 
biochemical analysis using a Biochemistry Analyzer (prietest TOUCH 
PLUS, Robonik, India). The estimation of the values of key parameters 
like urea, uric acid, creatinine, creatine kinase (CK-MB), and troponin-I 
were performed at local pathology. 

2.5.2. Histopathological analysis 
Post blood collection for biochemical analysis, animals were sacri-

ficed. The heart and kidney were collected and fixed in 10% neutral 
buffered formalin for histopathological analysis. The fixed specimens of 
the heart and kidney were processed for dehydration, clearing, and 
impregnation as per standard protocol (Chevrier et al., 2022). The 
specimens were embedded in paraffin blocks using an embedding sta-
tion (Sakura, Japan) and serial sections of 4 µm thickness were cut using 
a microtome (CUT6062, SLEE Medical GmbH, Germany). The tissue 
sections were then stained with hematoxylin & eosin staining. The 
mounted specimens were observed for any pathological changes under 
light microscopy. 

2.6. Pharmacokinetic study 

The marketed formulation and nanoemulsion were administered to 
mice for analysis of pharmacokinetic parameters (Giri et al., 2022). The 
drug formulations were orally administered to mice (PO, n = 3 for each 
time point) at a dose of 40 mg/kg body weight. Blood samples were 
collected at 9 time points, i.e., 0, 0.5, 1, 2, 3, 4, 6, 8, 24 h, and plasma 
was separated. The plasma was then analyzed by HPLC to detect the 
amount of CLX. Quantification of CLX was conducted using a HPLC 
system (Giri et al., 2022). The Agilent (1100) HPLC system was used 
with Agilent ChemStation software, and a C18 (Agilent)-(3), 250 × 4.6 
mm (5 µm) column maintained at 25 ◦C. The mobile phase was 
composed of a mixture of methanol and 0.05% ortho-phthalaldehyde in 
a ratio of 75:25 v/v, respectively. The UV spectrum was recorded at 252 
nm with a flow rate of 1.0 mL/min and an injection volume of 10 µL. 

Pharmacokinetic parameters (Cmax, Tmax, AUC, clearance, half-life, 
mean retention time, etc.) were calculated using PK Solver 2.0 using 
MS Excel software. 

2.7. Statistical analysis 

All values were expressed as the mean ± standard error of the mean 
(mean ± SEM) of six/three independent experiments. The data for 
multiple treatment groups were analyzed using one-way ANOVA (Mul-
tiple Comparisons) followed by Tukey’s multiple comparisons test, 
computed using GraphPad Prism (Version 5.02) software, if not stated 
distinctly. Differences were considered as statistically significant at P <
0.05, when compared with controls. 

3. Results and discussion 

3.1. Preparation and characterization of nanoemulsion 

Following our previous study, the PDL based nanoemulsion was 
prepared with the aid of mPEG-b-PDL as surfactant through a low- 
energy nanoprecipitation process. Due to the improved compatibility 
of mPEG-b-PDL with PDL, as observed in our earlier investigation, the 
1:3 ratio of polymer to surfactant produced a stable emulsion (Pyrhönen 
et al., 2022). No CLX precipitation was visually observed after the 
evaporation of organic solvent during nanoemulsion preparation, sug-
gesting near 100% encapsulation of drug. However, to make sure that 
the nanoemulsion is free from unentrapped drug, it was purified by 
centrifugation followed by filtration. Due to the poor aqueous solubility 
of CLX, any unentrapped drug must be removed from the formulation 
upon filtration. The purified nanoemulsion was then characterized for 
its drug content and size after appropriate dilutions. The results are 
shown in Table 1. 

In general, nanoemulsions are more stable than conventional emul-
sions due to the small droplet size, thus circumventing phase separation, 
coalescence, and/or flocculation. However, the shelf life of the nano-
emulsion depends on droplet size, polydispersity and type of oil used 
(Bernardi et al., 2011; Liu et al., 2019). Since we have used liquid 
polymer instead of oil in the preparation of our nanoemulsion, we 

Table 1 
Drug content, Z-average size, and PdI of freshly prepared CLX loaded nano-
emulsions (0 month) and after 24 months of storage at 4 ◦C.  

Samples CLX content in 
mg/ml (±SD) 

Z-average size in 
nm (±SD) 

PdI 
(±SD) 

Nanoemulsion (0 month)  
1.9 ± 0.06  

93.4 ± 0.29 0.138 
±0.01 

Nanoemulsion 
(24 months) 

1.6 ± 0.06  105.6 ± 1.71 0.145 
±0.01  

% Change from 0 month 
to 24 months 

− 15.5% +13.1% +5.1%  

Fig. 2. Hydrodynamic size distribution by intensity of CLX loaded nano-
emulsion at time 0 month and 24 months, when stored at 4 ◦C. 
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assumed that the process of Ostwald ripening (destabilization process of 
nanoemulsion) had been significantly slowed down (Pyrhönen et al., 
2022; Wik et al., 2020). Thus, to analyze the stability of the nano-
emulsion as well as the loaded CLX upon storage, it was stored for 24 
months at 4 ◦C. No evidence of visible changes in the emulsion was 
observed after 24 months of storage. To observe the change in size and 
PdI, the nanoemulsion was analyzed with DLS. Although the nano-
emulsion showed 13% increment in the Z-average size and 5% incre-
ment in PdI, the size was still close to 100 nm (Fig. 2, Table 1). 

Furthermore, the change in CLX content in the nanoemulsion was 
evaluated with the aid of UV spectrophotometry. To determine whether 
the UV method is efficient in determining the degradation of CLX, we did 
some control measurements. The stock solution of CLX in methanol was 
diluted with water (20 µg/mL) and with methanol (20 µg/mL), after 
which the absorbance was measured at time 0 h. The samples were then 
stored at 37 ◦C and the changes in absorbance in CLX solution were 
analysed. As shown in Fig. 3, there was a clear reduction in absorbance 
after 48 h of storage of CLX in water; on the other hand, CLX in methanol 
showed almost similar absorbance, indicating the adequacy of this 
method to reveal CLX degradation. 

For CLX in nanoemulsions, a small apparent difference in drug 
concentration (15.5% decrement) was observed after 24 months of 
storage at 4 ◦C compared to the initial value (Table 1). Usually, the 
expiration date of any medicament represents a 10% degradation of its 
active content (API) from the initial value. Considering the poor aqueous 
solubility and stability of CLX, the current finding suggests that the 
nanoemulsion offers good stability and the capacity to prevent signifi-
cant drug degradation for at least 24 months, when stored at 4 ◦C. 
However, further stability studies are warranted according to ICH 
guidelines to establish the stability of the formulation and shelf life. 

3.2. In-vitro release study 

For any nanotechnology-based formulation, it is important that the 
encapsulated drug will release at a sufficient rate to produce a phar-
macological response. The control sample containing the pure drug (CLX 
in methanol) showed almost 100% release within 24 h. To assess the 
release pattern of CLX from the nanoemulsion, we performed experi-
ments at two different pH. Since the prepared nanoemulsion was aimed 
at oral delivery of CLX, SGF was also chosen in addition to SIF as the 
release media to monitor the release pattern of CLX for 96 h. To mimick 
the oral delivery and assuming 6 h as gastric residence time for nano-
emulsion, SGF was choosen as release media for first 6 h and later 
replaced with SIF. An initial burst release of CLX was observed from the 
nanoemulsion followed by a slow-release pattern upto 96 h. In the first 6 
h, 45.0% of CLX was released at pH 1.2. The release of almost 45% of 
drugs in the beginning could be beneficial in achieving the minimum 

effective concentration of CLX in the blood to produce the therapeutic 
effect. After 96 h, the cumulative amount of CLX release was 90.0%. We 
do not observed a notable increment in the release percentage of CLX 
past 48 h in SIF after which a platau was attained (Fig. 4). However, 
contrary to the expectation owing to the amorphous nature of PDL 
polymer, we did not observed complete release of CLX from the nano-
emulsion within 96 h. This phenomenon could be due to the anticipated 
equilibration of CLX in empty mPEG-b-PDL micelles (surfactant) and 
nanoemulsions within a closed chamber (dialysis tubing). The reversible 
drug binding to empty mPEG-b-PDL micelles was also observed in a 
previous study and was found to be responsible for retarding the release 
rate (Bansal et al., 2015). 

3.3. In vivo studies 

3.3.1. Anti-inflammatory studies by carrageenan-induced paw edema 
model 

All the animals were treated with the same batch of nanoemulsion 
for in vivo studies. Carrageenan-induced paw edema model was used to 
assess the comparative anti-inflammatory activity of the pure drug, a 
marketed formulation, and CLX loaded nanoemulsion with the control 
group (only carrageenan). The results revealed that all groups inhibited 
the inflammation in the study model, although the level of significance 
was considerably different. The nanoemulsion is more efficacious with 
higher level of significance (P<0.001) compared to pure drug (P<0.05) 

Fig. 3. A) calibration curve of CLX in methanol and (B) UV spectra of CLX solution in methanol and in water prepared using CLX stock in methanol. The absorbance 
spectra indicate a decrease in CLX concentration in water and no change in CLX concentration in methanol from time 0 h to 48 h at 252 nm when stored at 37 ◦C. 

Fig. 4. In-vitro CLX release (%) from the nanoemulsion, in which nano-
emulsion was incubated first in SGF (pH 1.2) for an initial 6 h and then sub-
sequently in SIF (pH 6.8) buffer at 37 ◦C (n = 3). The release pattern of free CLX 
was observed by preparing CLX sample in methanol. 
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and marketed formulations (P<0.05). The percent inhibition compared 
to control group by pure drug, marketed formulation, and nanoemulsion 
at different time points is presented in Table 2. The effect sustains for 24 
h in similar magnitude, i.e., 24.47%, 28.72%, and 35.46%, respectively. 
The results clearly indicate that the nanoemulsion group is showing a 
considerably higher magnitude of anti-inflammatory activity compared 
to pure drug and marketed formulation (Fig. 5). 

Considering the% inhibition of inflammation and reduction in mouse 
paw thickness, it can be concluded that the nanoemulsions demon-
strated significant activity of CLX compared to the other tested groups. 
The less effective response of pure drug and marketed formulations 
compared to nanoemulsions suggested the importance of delivering 
drug using nanotechnology, which is known to change the pharmaco-
kinetics of the drugs (Mitchell et al., 2021). The nanoemulsion formu-
lation has subsided the inflammation to a greater extent and proved to 
be present in a clinically significant doses to exhibit its efficacy. 

3.3.2. Toxicity studies 
CLX is known to have cardiac toxicity at high dose (Ahmad et al., 

2018; Engle et al., 2009). The 40 mg/kg body weight doses of the drug 
formulations were administered to mice orally to see any possible toxic 
effect of CLX in the different formulations. To evaluate the cardiac and 
renal toxicity, cardiac biomarkers such as Cardiac Troponin I and CK-MB 
as well as renal biomarkers such as Urea, Uric Acid, and Creatinine were 
analyzed. The cardiac biomarker levels were found to be significantly 
higher compared to the control group for the marketed formulation 
group, i.e., Troponin I (P<0.0022) and CK-MB (P<0.0001) (Fig. 6), 
which indicates severe cardiac toxicity. The remaining two groups, i.e., 
pure drug and nanoemulsion, were found to be in the normal range and 
no statistically significant differences were observed. The finding sug-
gests that the marketed formulation is adversely affecting the cardiac 

tissues and thus, causing cardiac damage that leads to an increase in 
Troponin I and CK-MB levels in the blood (Fig. 6). In comparison of renal 
biomarker values of the control group with treatment groups, i.e., pure 
drug, marketed formulation, and nanoemulsions, no significant varia-
tions (level considered significant at P>0.05) in the parameters were 
observed (Fig. 7). The absence of cardiac toxicity with the pure drug 
could be due to its poor aqueous solubility resulting in poor bioavail-
ability. At a subclinical dose, a drug will show limited efficacy and 
toxicity as its efficacy and toxicity are both dependent on bioavailable 
dose. In contrast, the marketed formulation may have several additives 
that aid in increasing its solubility to an extent that it becomes toxic to 
the cardiac tissues. 

To further confirm the toxicity in cardiac and renal tissues, histo-
pathological studies were performed. The heart and kidney tissues were 
harvested from the animals and microscopic studies were performed on 
histological slides. To observe kidney tissue damage, microscopic 
studies of kidney tissue were performed to detect any sort of abnormality 
in the cortex, medulla, renal papilla & renal pelvis in kidney. Kidney was 

Table 2 
Percentage inflammation inhibition by different formulations compared to 
positive control group (n = 6).  

Time 
(h) 

Pure Drug (%) 
(±SD) 

Marketed formulation (%) 
(±SD) 

Nanoemulsion (%) 
(±SD) 

2 5.4 ± 0.00683 8.8 ± 0.002236 12.3 ± 0.005163 
4 18.1 ± 0.004772 20.7 ± 0.004215 28.1 ± 0.004943 
6 19.3 ± 0.004281 23.1 ± 0.005425 32.9 ± 0.004281 
8 25.0 ± 0.003415 28.3 ± 0.005163 35.9 ± 0.004281 
24 24.5 ± 0.004281 28.7 ± 0.005626 35.5 ± 0.004215  

Fig. 5. (A). Anti-inflammatory activity of nanoemulsions, marketed drugs and pure drugs after oral administration to mice (n = 6) presented as reduction in paw 
thickness. The standard carrageenan induced mouse paw edema model was used in this study. (B) Representation of anti-inflammatory results in terms of% 
inflammation inhibition compared to control group (carrageenan). The data of multiple treatment groups were analyzed using two-way ANOVA (Multiple Com-
parisons) followed by Tukey’s multiple comparisons test, computed using GraphPad Prism (Version 5.02) software, which shows higher level of signifi-
cance (P<0.0001). 

Fig. 6. Cardiac markers CK-MB (U/L) and Troponin I (ng/mL) level in the 
samples collected from animals (n = 6) after treatment with water (vehicle 
only, control group), nanoemulsion, and marketed drugs to estimate the cardiac 
toxicity. A significant difference in levels was observed for the marketed drugs 
compared to the control group and nanoemulsions (P<0.05) (ns=
non significant). 
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observed for the shape & size of glomeruli, renal tubules & collecting 
duct. They were also observed for any pathological changes such as 
renal tubule dilation, inflammatory cell infiltration, cytoplasmic 
degeneration, hyperplasia and atrophy, hypertrophy of renal tubules, 
fatty degeneration, mineralisation and necrosis (H&E, 20x). The 
microscopic studies revealed no damage to renal tissues after treatment 
(Fig. 8). To observe heart tissue damage, microscopic studies of heart 
tissue were observed for any sort of abnormality in the ventricles & 

atrium of heart, size & shape of myocardium, endocardium and 
epicardium appearance. Heart was also observed for any pathological 
changes such as inflammatory cell infiltration, atrophy, hypertrophy of 
myocardium, fatty degeneration, cytoplasmic degeneration, minerali-
sation, amyloid degeneration, and necrosis (H&E, 20 x). Hemorrhage 
(black color arrow, Fig. 8) in the myocardium focal minimal in heart was 
observed in the marketed formulation group. This is the probable cause 
of the elevated Troponin I and CK-MB levels in this group. The findings 

Fig. 7. Estimation of renal toxicity of pure drugs, nanoemulsion, and marketed drugs by comparing the renal markers urea (mg/dl), creatinine (mg/dl) and Uric Acid 
(mg/dl) levels with the control group. No statistically significant difference was found in any group (n = 6). 

Fig. 8. Histopathological evaluation of major organs of the mice treated with different samples (40 mg/kg, PO). The black arrows show abrasion where the rough 
edges of the cells indicate damage. 
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indicate possible toxicity of the marketed formulation and confirm the 
biochemistry results. 

Remarkably, at the same dose, even if the CLX in nanoemulsion was 
present in the circulation at a clinically significant dose, it did not show 
any toxicity, which makes it superior to marketed drug. The superiority 
of nanoemulsion formulation could be attributed to the controlled 
release pattern of the drug from the formulation. 

3.3.3. Pharmacokinetic studies 
To better understand the pharmacological activity with reduced 

toxicity of the nanoemulsion, pharmacokinetic studies were performed. 
The nanoemulsion and marketed formulation were administered to mice 
to estimate various pharmacokinetic parameters, including maximum 
plasma concentration (Cmax), time to attain maximum plasma concen-
tration (Tmax), and bioavailability (AUC) of the CLX administered in 
different forms. The free drug was excluded from this study as its per-
formance was poorer among all groups. 

The study revealed an enhanced bioavailability of the CLX from 
nanoemulsions compared to the marketed formulations (Table 3). It was 
found that the Mean Retention Time of the drug has considerably 
increased for the nanoemulsion compared to the marketed formulation 
from 4.13 h to 9.63 h. Compared to the marketed formulations, there 
was a slight increase in the average values of area under the curve from 
0 to time t (AUC 0-t), area under the curve from 0 to time infinity (AUC 0- 

∞), and area under the moment curve (AUMC) (Fig. 9, Table 3). The data 
indicates that the bioavailability of CLX from the nanoemulsion has not 
been compromised after processing into polymeric nanoemulsion, 

indicating the formulation capability to provide similar or better anti- 
inflammatory activity without cardiac toxicity. The average time to 
reach the maximum plasma concentration of the drug through marketed 
formulation and nanoemulsion was found to be 1.6 h and 1.96 h, 
respectively. The data indicates that CLX is taking longer time to reach 
its peak concentration level in nanoemulsions compared to the marketed 
formulations. Furthermore, comparing mean values, the maximum 
plasma concentration (Cmax) of the drug achieved through the marketed 
formulation and nanoemulsions was found to be 1.48 μg/ml and 1.24 
μg/ml, respectively. This clearly indicates that the Cmax achieved post- 
marketed formulation administration was higher, i.e., 19.35% 
compared to the Cmax achieved post nanoemulsion administration. The 
higher Cmax achieved from marketed formulation may be contributing to 
its severe cardiac toxicity as the toxic level of the drug (higher con-
centration in plasma) might be attained from the marketed formulation. 
The optimum plasma level peak of CLX with optimum plasma concen-
tration might have prevented the possible cardiac toxicity from nano-
emulsion due to the slow release of CLX. The pharmacokinetic studies 
reveal that the marketed formulation shows a rapid release of drug 
leading to a high peak of the drug level along with a rapid decline of its 
plasma concentration, probably leading to toxicity and relatively less 
efficacy compared to the nanoemulsion. 

4. Conclusions 

In this study, we successfully developed a CLX-loaded nanoemulsion 
with the aid of polymer PDL instead of conventional oil, stabilized by 
mPEG-b-PDL block copolymer as surfactant. The stability study sug-
gested that the nanoemulsion are stable as the size and drug content 
values was only slightly deviated from the initial values upon 24 months 
of storage. As per the in vitro release study, up to 90% of CLX was 
released in the simulated GIT media within 96 h from nanoemulsion 
suggesting sustained release behavior along with intial burst release. 
Although, all groups tested for anti-inflammatory activity showed ac-
tivity, the nanoemulsion group showed a considerably higher level of 
anti-inflammatory activity. Moreover, the nanoemulsion group 
confirmed its safety in terms of cardiac toxicity caused by CLX owing to 
the sustained release behavior, which resulted in slightly lower plasma 
peak concentration compared with the marketed group. The presented 
study reveals the advantage of using PDL polymer based nanoemulsion 
to deliver poorly water-soluble drugs with decreased cardiac toxicity 
without compromising the activity via the oral route. 
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Table 3 
Pharmacokinetic parameters of marketed formulations and nanoemulsions (n =
3).  

Parameter Unit Marketed Formulation 
(±SD) 

Nanoemulsion 
(±SD) 

t1/2ka h 0.87 ± 0.52 0.89 ± 0.61 
t1/2k10 h 1.99 ± 1.43 5.79 ± 6.12 
V/F (mg)/(μg/ml) 0.43 ± 0.22 0.64 ± 0.33 
CL/F (mg)/(μg/ml)/ 

h 
0.17 ± 0.08 0.11 ± 0.05 

Tmax h 1.60 ± 0.55 1.96 ± 0.60 
Cmax μg/ml 1.48 ± 0.17 1.24 ± 0.18 
AUC 0-t μg/ml*h 7.76 ± 2.94 11.10 ± 4.50 
AUC 0-∞ μg/ml*h 7.80 ± 2.96 13.20 ± 8.10 
AUMC μg/ml*h^2 35.32 ± 22.73 170.06 ± 220.23 
MRT h 4.13 ± 1.82 9.63 ± 7.98 

t1/2ka = absorption half-life, t1/2k10 = terminal half-life, V= apparent volume of 
distribution, F= fraction of drug absorbed, CL= clearance, t1/2 = half-life, MRT 
= mean residence time. 

Fig. 9. Plasma drug concentration time profile of the marketed formulation 
and nanoemulsions after a single PO dose of 40 mg/kg (n = 3). 

S. Maru et al.                                                                                                                                                                                                                                    



European Journal of Pharmaceutical Sciences 190 (2023) 106585

9

Acknowledgement 

J.V. acknowledges the funding support provided by National Over-
seas Scholarship, Ministry of Social Justice and Empowerment, Gov-
ernment of India for her personal PhD scholarship. 

References 

Ahmad, S., Panda, B.P., Fahim, M., Dhyani, N., Dubey, K., 2018. Ameliorative effect of 
beraprost sodium on celecoxib induced cardiotoxicity in rats. Iranian J. 
Pharmaceutic. Res.: IJPR 17, 155–163. 

Alajami, H.N., Fouad, E.A., Ashour, A.E., Kumar, A., Yassin, A.E.B., 2022. Celecoxib- 
loaded solid lipid nanoparticles for colon delivery: formulation optimization and in 
vitro assessment of anti-cancer activity. Pharmaceutics 14. 

Aswathanarayan, J.B., Vittal, R.R., 2019. Nanoemulsions and their potential applications 
in food industry. Front. Sustain. Food Syst. 3. 

Bansal, K.K., Gupta, J., Rosling, A., Rosenholm, J.M., 2018. Renewable poly 
(δ-decalactone) based block copolymer micelles as drug delivery vehicle: in vitro and 
in vivo evaluation. Saudi Pharmaceutic. J. 26, 358–368. 

Bansal, K.K., Kakde, D., Purdie, L., Irvine, D.J., Howdle, S.M., Mantovani, G., 
Alexander, C., 2015. New biomaterials from renewable resources – amphiphilic 
block copolymers from δ-decalactone. Polym. Chem. 6, 7196–7210. 

Bernardi, D.S., Pereira, T.A., Maciel, N.R., Bortoloto, J., Viera, G.S., Oliveira, G.C., 
Rocha-Filho, P.A., 2011. Formation and stability of oil-in-water nanoemulsions 
containing rice bran oil: in vitro and in vivo assessments. J. Nanobiotechnol. 9, 44. 

Chen, Q.W., Zhang, X.M., Zhou, J.N., Zhou, X., Ma, G.J., Zhu, M., Zhang, Y.Y., Yu, J., 
Feng, J.F., Chen, S.Q., 2015. Analysis of small fragment deletions of the APC gene in 
Chinese patients with familial adenomatous polyposis, a precancerous condition. 
Asian Pac. J. Cancer Prev. 16, 4915–4920. 

Chevrier, A., Hurtig, M.B., Lavertu, M., 2022. Chitosan-platelet-rich plasma implants 
improve rotator cuff repair in a large animal model: pilot study. J. Biomater. Appl. 
37, 183–194. 

Cunningham, S.K., Keaveny, T.V., 1978. A two-stage enzymatic method for 
determination of uric acid and hypoxanthine/xanthine. Clin. Chim. Acta 86, 
217–221. 

Engle, S.K., Jordan, W.H., Pritt, M.L., Chiang, A.Y., Davis, M.A., Zimmermann, J.L., 
Rudmann, D.G., Heinz-Taheny, K.M., Irizarry, A.R., Yamamoto, Y., Mendel, D., 
Schultze, A.E., Cornwell, P.D., Watson, D.E., 2009. Qualification of cardiac Troponin 
I concentration in mouse serum using isoproterenol and implementation in 
pharmacology studies to accelerate drug development. Toxicol. Pathol. 37, 617–628. 

Giri, B.R., Yang, H.S., Song, I.-S., Choi, H.-G., Cho, J.H., Kim, D.W., 2022. Alternative 
Methotrexate Oral Formulation: Enhanced Aqueous Solubility. Bioavailability, 
Photostability, and Permeability. Pharmaceutics.  

Janjic, J.M., Vasudeva, K., Saleem, M., Stevens, A., Liu, L., Patel, S., Pollock, J.A., 2018. 
Low-dose NSAIDs reduce pain via macrophage targeted nanoemulsion delivery to 
neuroinflammation of the sciatic nerve in rat. J. Neuroimmunol. 318, 72–79. 

Khadka, P., Ro, J., Kim, H., Kim, I., Kim, J.T., Kim, H., Cho, J.M., Yun, G., Lee, J., 2014. 
Pharmaceutical particle technologies: an approach to improve drug solubility, 
dissolution and bioavailability. Asian J. Pharm. Sci. 9, 304–316. 

Larsen, K., 1972. Creatinine assay by a reaction-kinetic principle. Clin. Chim. Acta 41, 
209–217. 

Li, Y., Li, M., Rantanen, J., Yang, M., Bohr, A., 2022. Transformation of nanoparticles 
into compacts: a study on PLGA and celecoxib nanoparticles. Int. J. Pharm. 611, 
121278. 

Liu, L., Karagoz, H., Herneisey, M., Zor, F., Komatsu, T., Loftus, S., Janjic, B., 
Gorantla, V., Janjic, J., 2020. Sex differences revealed in a mouse CFA inflammation 
model with macrophage targeted nanotheranostics. Theranostics 10, 1694–1707. 

Liu, Q., Huang, H., Chen, H., Lin, J., Wang, Q., 2019. Food-grade nanoemulsions: 
preparation, stability and application in encapsulation of bioactive compounds. 
Molecules 24, 4242. 

Malkani, A., Date, A.A., Hegde, D., 2014. Celecoxib nanosuspension: single-step 
fabrication using a modified nanoprecipitation method and in vivo evaluation. Drug 
Deliv. Transl. Res. 4, 365–376. 

Margulis-Goshen, K., Kesselman, E., Danino, D., Magdassi, S., 2010. Formation of 
celecoxib nanoparticles from volatile microemulsions. Int. J. Pharm. 393, 230–237. 

Margulis, K., Neofytou, E.A., Beygui, R.E., Zare, R.N., 2015. Celecoxib nanoparticles for 
therapeutic angiogenesis. ACS Nano 9, 9416–9426. 

Mitchell, M.J., Billingsley, M.M., Haley, R.M., Wechsler, M.E., Peppas, N.A., Langer, R., 
2021. Engineering precision nanoparticles for drug delivery. Nat. Rev. Drug Discov. 
20, 101–124. 

Patel, M.R., Patel, R.B., Thakore, S.D., 2018. 29 - Nanoemulsion in drug delivery. In: 
Inamuddin, Asiri, A.M., Mohammad, A. (Eds.), Applications of Nanocomposite 
Materials in Drug Delivery. Woodhead Publishing, pp. 667–700. 

Pathak, K., Pattnaik, S., Swain, K., 2018. Chapter 13 - Application of Nanoemulsions in 
Drug Delivery, in: Jafari, S.M., McClements, D.J. (Eds.), Nanoemulsions. Academic 
Press, pp. 415–433. 

Paulson, S.K., Vaughn, M.B., Jessen, S.M., Lawal, Y., Gresk, C.J., Yan, B., Maziasz, T.J., 
Cook, C.S., Karim, A., 2001. Pharmacokinetics of celecoxib after oral administration 
in dogs and humans: effect of food and site of absorption. J. Pharmacol. Exp. Ther. 
297, 638–645. 

Perlstein, H., Bavli, Y., Turovsky, T., Rubinstein, A., Danino, D., Stepensky, D., 
Barenholz, Y., 2014. Beta-casein nanocarriers of celecoxib for improved oral 
bioavailability. Eur. J. Nanomed. 6, 217–226. 

Pyrhönen, J., Bansal, K.K., Bhadane, R., Wilén, C.-E., Salo-Ahen, O.M.H., Rosenholm, J. 
M., 2022. Molecular dynamics prediction verified by experimental evaluation of the 
solubility of different drugs in Poly(decalactone) for the fabrication of polymeric 
nanoemulsions. Adv. NanoBiomed Res. 2, 2100072. 

Qin, Z., Lv, G., Wang, T., Li, H., Zhao, B., Chen, M., Gang, H., Tan, Y., Jia, H., 2023. The 
delivery of nanoparticles improves the pharmacokinetic properties of celecoxib to 
open a therapeutic window for oral administration of insoluble drugs. Biomed. 
Chromatogr.: BMC 37, e5552. 

Romes, N.B., Abdul Wahab, R., Abdul Hamid, M., Oyewusi, H.A., Huda, N., Kobun, R., 
2021. Thermodynamic stability, in-vitro permeability, and in-silico molecular 
modeling of the optimal Elaeis guineensis leaves extract water-in-oil nanoemulsion. 
Sci. Rep. 11, 20851. 

Salem, H., Kharshoum, R., Sayed, O., Hakim, L., 2018. Formulation development of self- 
nanoemulsifying drug delivery system of celecoxib for the management of oral 
cavity inflammation. J. Liposome Res. 29, 1–27. 

Schmied, F.-P., Bernhardt, A., Klein, S., 2022. Preparation of solid self-nanoemulsifying 
drug delivery systems (S-SNEDDS) by Co-extrusion of liquid SNEDDS and polymeric 
Carriers&mdash; a new and promising formulation approach to improve the 
solubility of poorly water-soluble drugs. Pharmaceuticals. 

Shakeel, F., Faisal, M.S., 2010. Nanoemulsion: a promising tool for solubility and 
dissolution enhancement of celecoxib. Pharm. Dev. Technol. 15, 53–56. 

Shin, S., 2018. Safety of celecoxib versus traditional nonsteroidal anti-inflammatory 
drugs in older patients with arthritis. J. Pain Res. 11, 3211–3219. 

Tamargo, J., Le Heuzey, J.Y., Mabo, P., 2015. Narrow therapeutic index drugs: a clinical 
pharmacological consideration to flecainide. Eur. J. Clin. Pharmacol. 71, 549–567. 

US-FDA, 2008. https://www.accessdata.fda.gov/drugsatfda_docs/label/2008/020998s0 
26lbl.pdf. 

Wik, J., Bansal, K.K., Assmuth, T., Rosling, A., Rosenholm, J.M., 2020. Facile 
methodology of nanoemulsion preparation using oily polymer for the delivery of 
poorly soluble drugs. Drug. Deliv. Transl. Res. 10, 1228–1240. 

S. Maru et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0001
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0001
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0001
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0002
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0002
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0002
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0003
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0003
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0004
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0004
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0004
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0005
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0005
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0005
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0006
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0006
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0006
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0007
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0007
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0007
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0007
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0008
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0008
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0008
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0009
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0009
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0009
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0010
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0010
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0010
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0010
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0010
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0012
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0012
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0012
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0013
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0013
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0013
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0014
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0014
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0014
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0015
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0015
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0016
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0016
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0016
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0017
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0017
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0017
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0018
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0018
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0018
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0019
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0019
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0019
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0020
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0020
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0021
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0021
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0022
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0022
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0022
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0023
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0023
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0023
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0025
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0025
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0025
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0025
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0026
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0026
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0026
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0027
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0027
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0027
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0027
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0028
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0028
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0028
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0028
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0029
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0029
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0029
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0029
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0030
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0030
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0030
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0031
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0031
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0031
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0031
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0032
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0032
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0033
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0033
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0034
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0034
https://www.accessdata.fda.gov/drugsatfda_docs/label/2008/020998s026lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2008/020998s026lbl.pdf
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0036
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0036
http://refhub.elsevier.com/S0928-0987(23)00215-4/sbref0036

	Attenuation of celecoxib cardiac toxicity using Poly(δ-decalactone) based nanoemulsion via oral route
	1 Introduction
	2 Materials and methods
	2.1 Nanoemulsion preparation and characterization
	2.2 Nanoemulsion stability study
	2.3 Drug release
	2.4 Anti-inflammatory studies using carrageenan-induced paw edema model
	2.5 Toxicity studies
	2.5.1 Biochemical analysis
	2.5.2 Histopathological analysis

	2.6 Pharmacokinetic study
	2.7 Statistical analysis

	3 Results and discussion
	3.1 Preparation and characterization of nanoemulsion
	3.2 In-vitro release study
	3.3 In vivo studies
	3.3.1 Anti-inflammatory studies by carrageenan-induced paw edema model
	3.3.2 Toxicity studies
	3.3.3 Pharmacokinetic studies


	4 Conclusions
	Funding
	Author contributions
	Declaration of Competing Interest
	Data availability
	Acknowledgement
	References


