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Purpose: Oral drug administration is the most common and convenient route, offering good patient compliance but drug solubility
limits oral applications. Celecoxib, an insoluble drug, requires continuous high-dose oral administration, which may increase
cardiovascular risk. The nanostructured lipid carriers prepared from drugs and lipid excipients can effectively improve drug bioavail-
ability, reduce drug dosage, and lower the risk of adverse reactions.

Methods: In this study, we prepared hyaluronic acid-modified celecoxib nanostructured lipid carriers (HA-NLCs) to improve the
bioavailability of celecoxib and reduce or prevent adverse drug reactions. Meanwhile, we successfully constructed a set of FDA-
compliant biological sample test methods to investigate the pharmacokinetics of HA-NLCs in rats.

Results: The pharmacokinetic analysis confirmed that HA-NLCs significantly enhanced drug absorption, resulting in an 4UC,_, 1.54
times higher than the reference formulation (Celebrex®). Moreover, compared with unmodified nanostructured lipid carriers (CXB-
NLCs), HA-NLCs enhance the retention time and improve the drug’s half-life in vivo.

Conclusion: HA-NLCs significantly increased the bioavailability of celecoxib. The addition of hyaluronic acid prolonged the drug’s
in vivo duration of action and reduced the risk of cardiovascular adverse effects associated with the frequent administration of oral
celecoxib.
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Introduction

Oral administration is the most common and convenient drug delivery route with favorable patient compliance. However,
conventional oral preparations are adversely affected by gastrointestinal enzymes, acid or alkaline environments, and the
first-pass effect of the liver. The drug’s solubility is critical in determining its efficacy. Low solubility hinders drug
absorption, leading to poor bioavailability and reduced efficacy, which is especially problematic for insoluble drugs.'~
Oral nano-drug delivery systems have the potential to address the aforementioned issues, thereby enhancing bioavail-
ability, improving targeting, and drug stability while simultaneously mitigating adverse reactions, which are considered
significant areas in pharmacy research.® Celecoxib, an FDA-recommended non-steroidal anti-inflammatory drug in
osteoarthritis clinical applications,® is a selective cyclooxygenase 2 inhibitor that exerts analgesic and anti-
inflammatory effects through prostaglandin inhibition. Despite its widely acknowledged efficacy, celecoxib faces
significant pharmacokinetic limitations, including poor water solubility leading to reduced bioavailability and first-pass
effect after oral administration®. Furthermore, it exhibits a high plasma protein binding rate, impeding its extensive
distribution in various tissues and organs.® The continuous administration of high doses increases the risk of adverse
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cardiovascular effects. Therefore, satisfying osteoarthritis patients’ compliance, while immensely improving oral absorp-
tion, reducing drug dosages and reducing drug toxicity is one strategy to develop a novel delivery system for celecoxib.

Nano formulations prepared by mixing drugs with lipid excipients can augment drug bioavailability. Nanostructured
lipid carriers can interact with cells during oral administration through processes like endocytosis, transcytosis, and cell
membrane fusion. These interactions help to overcome the epithelial barrier, leading to enhanced oral absorption,
improved drug stability, and protection of drug release.” Hyaluronic acid (HA) can directly enter the body, travel to
the tissues, and the low molecular weight HA facilitates better penetration of the intestinal barrier during oral
administration.® The organic combination of the two may further improve the intestinal barrier permeability and
bioavailability of the drug.

Pharmacokinetic analysis provides an effective characterization of in vivo changes in drugs. The Mitrovic team
demonstrated the enhanced cellular uptake of loaded DK-I-60-3 oral lipid nanoparticles due to their increased affinity and
bio-adhesion to the intestinal wall by pharmacokinetic studies.” Furthermore, the mixed micelles formed by lipid
degradates and bile salts in vivo were found to enhance drug permeability and absorption. Therefore, pharmacokinetic
research on lipid-based drug formulations should broaden their focus beyond the free drug itself and consider the
dynamic changes occurring within the drug-lipid excipient mixtures in vivo. This approach puts forward new require-
ments and challenges for the bio-analytical methods of lipid-based nano preparations. Common analytical methods for
lipid-based nanoparticles include high-performance liquid chromatography (HPLC) and high-performance liquid chro-
matography-tandem mass spectrometry (HPLC-MS/MS). HPLC-MS/MS synergize the advantages of chromatography
and mass spectrometry with high sensitivity and specificity, allowing the qualitative and quantitative analysis of a wide
range of sample components. Estella-Hermoso’s team conducted a comparative analysis of two analytical methods,
HPLC-MS and HPLC-MS/MS, for the pharmacokinetic determination of lipid nanoparticle systems.'® The application of
HPLC-MS/MS led to a substantial decrease in the duration required for analyzing the drug. Moreover, a three-fold
decrease in retention time and a two-fold reduction in the asymmetry factor were also observed. Furthermore, HPLC-MS
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/MS exhibited a higher level of sophistication and achieved precision in the range of 0.0075~75 pg-mL™', which is
notably higher than the precision range of 0.1~75 pg-mL ™" obtained via HPLC-MS. These improvements are particularly
advantageous for the clinical application of lipid nanoparticles, as they facilitate the monitors of drug blood concentra-
tions and the minimization or avoidance of adverse reactions.

This study aimed to develop an HPLC-MS/MS biological sample assay to investigate the oral pharmacokinetics of
lipid-based and surface hyaluronic acid-modified celecoxib nanostructured lipid carriers (HA-NLCs). This study also
sought to reveal the potential enhancement of hyaluronic acid-modified nanostructured lipid carriers for improving the
oral bioavailability of the drug by comparing the reference formulation (Celebrex™) with unmodified celecoxib nanos-
tructured lipid carriers (CXB-NLCs).

Materials and Methods

Materials

Celecoxib (purity>98%) was purchased from Sigma-Aldrich Co (St Louis, MO, USA) and celecoxib-D7 was purchased
from CFW Laboratories Inc. (purity = 98.2%, Newark, DE, USA). Celecoxib API was purchased from Jiangxi Tonghe
Pharmaceutical Co., Ltd (Yichun, China). Celebrex® capsules, each containing 200 mg of celecoxib, were acquired from
Pfizer (Seoul, Korea). Ultrapure water was prepared using the Lab Tower EDI 15 system (Thermo Scientific,
Langenselbold, Germany). All other analytical grade chemical reagents used in this study were sourced from Hainan
Yigao Instrument Co., LTD (Haikou, China).

Preparation and Characterization of Celecoxib Nanostructured Lipid Carriers

The high-pressure homogenization technique is commonly used to prepare nanostructured lipid carriers. In this study,
CXB-NLCs and HA-NLCs were prepared using a combination of solvent volatilization and high-pressure homogeniza-
tion as detailed in this report.!’ To confirm the successful preparation of both, the study was carried out to determine the
particle size, zeta-potential as well as the content and encapsulation rate accordingly.

The particle size, polydispersity index (PDI), and zeta-potential of CXB-NLCs and HA-NLCs were measured at (25 + 1)
°C using a laser particle sizer (Delsa Nano C, Beckman Coulter Inc, USA). To minimize the impact of multiple scattering
phenomena on the measurement, the drug-loaded nanocarriers were diluted 20 times with deionized water in the experiments
(n=3).

The micromorphology of CXB-NLCs and HA-NLCs was examined using negative stain under a transmission
electron microscope (TEM, Gemini SEM300, ZEISS, Germany). To prepare the sample for observation under a TEM,
first, the sample is diluted 20 times. The diluted sample was then dropped onto a hydrophilic treated copper mesh
supported by a 200-mesh carbon film. Allowing the surface liquid to be removed after 5 minutes, 2% phosphotungstic
acid was dropped for staining, with a duration of 2 minutes. Following staining, any excess surface liquid is carefully
absorbed using filter paper. Subsequently, the sample is left to dry naturally before proceeding with observation under
the TEM.

1 mL of CXB-NLCs or HA-NLCs was added to a 10 mL volumetric flask, filled the flask with methanol, followed by
sonication at 53 kHz for 10 minutes to determine the total concentration of celecoxib (C;). On the other hand, 200 pL of
drug-loaded nanocarriers were added to a dextran gel microcolumn with a column height of 2 cm. Then, water was added
to the microcolumn as eluent and centrifuged at 2000 rpm for 4 minutes. The nanostructured lipid carriers will elute
preferentially, and the concentration of celecoxib in this carrier (C,) would be determined and calculated the encapsula-
tion rate.

Pharmacokinetic Study and Sample Collection

Pharmacokinetics can be used to study the process of absorption, distribution, metabolism and excretion of drugs in
the body. The study was used to investigate the temporal trajectory of celecoxib (as well as nanostructured lipid
carriers) plasma concentrations in Sprague-Dawley (SD) rats. This was done to examine the effect of lipid nanotech-
nology on oral bioavailability of celecoxib and other pharmacokinetic properties. Female SD rats, aged 6 weeks and
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weighed about 100—120 g, were purchased from Guangdong Medical Laboratory Animal Center (SCXK 2022-0002)
in the study. The rats were randomly divided into 3 groups (n=6/group) and fasted overnight with free access to water
before the experiment. Celebrex®, CXB-NLCs, and HA-NLCs were administered to the three groups of rats by oral
gavage at a dose of 5 mg-kg ™', and the drug suspension was shaken well before administration. The rats of Celebrex®
group were gavaged with a suspension obtained by dispersing 200 mg Celebrex™ capsules in 400 mL of ultrapure
water. Blood samples were collected from the orbital vein at specific time intervals (0, 0.25, 0.5, 0.75, 1, 2, 4, 8§, 10,
and 24 h) after the administration to each rat. Following sample collection, whole blood was transferred to heparinized
round-bottomed centrifuge tubes and centrifuged at 4000 r-min ' and 4 °C for 15 minutes. Subsequently, the
supernatant was transferred into another sharp-bottomed plastic centrifuge tube and stored in a refrigerator at —80
°C until future use.

Extraction of Celecoxib from

Celecoxib plasma concentrations were determined using the internal standard method.'” In brief, after the plasma
samples were returned to room temperature, 50 pL of rat plasma was transferred into an EP tube. Subsequently, 30 ng
of celecoxib-D7 isotopic internal standard was added into a 0.1% methanol formate solution and vortexed for 10 min.
This solution was then centrifuged at 13,000 rpm for 10 min. About 100 pL of the supernatant was transferred, and the
drug concentrations were determined by HPLC/MS-MS.

Statistical Analysis

The pharmacokinetic parameters of each celecoxib formulation were analyzed by a non-compartment model analysis
using DSA2.0 software. The GraphPad Prism 9.3.1 software was used to for one-way ANOVA analysis and plotted drug
plasma concentration curve. Moreover, p < 0.05 was considered to be statistically significant.

Analyze Conditions

Chromatographic Conditions

The Agilent Eclipse Plus C18 RRHD column (2.1x50 mm, 1.8 pm) was used for HPLC. The mobile phases were 0.01%
formic acid in water (A) and acetonitrile (B). A gradient elution was used with the following conditions: 0-0.8
min, 10.0% B; 0.80-1.00 min, 10-30% B; 1.00-1.50 min, 30%; B; 1.50-2.00 min, 30-95% B; 2.00-4.50 min, 95%
B; 4.50-5.00 min, 10%. The mobile-phase flow rate was 0.32 mL-min"'. The column temperature was set at 40 °C. The
injection volume was 2.00 uL. and the total analysis time was 3 min.

Mass Spectrometry Conditions

The HPLC-MS/MS system was constructed both of the Shimadzu Nexera XR ultra-high liquid chromatography HPLC
(Kyoto, Japan) and the AB sciex API 4000 plus triple quadruple mass spectrometer (Toronto, Canada). It was also
equipped with a Turbo V electrospray ionization (ESI) probe, two LC-20 AD pumps, a DGU-20A3R degassing unit,
a SIL-20A autosampler and a CTO-20A column heating box. Control of the HPLC-MS/MS system and implementation
of data acquisition and analysis was done through the AB-SCIEX software. The ESI interface was run in negative ion
mode with Multi-Reactive lon Model Monitoring (MRM) selected, wherein the spray voltage was set to —4500 V, the
ionization temperature was set to 500 °C, the collision air pressure was set to 3 psi, the air curtain air pressure was set to
30 psi, the spray air pressure was set to 50 psi and the auxiliary heating air pressure was set to 45 psi.

Solution Preparation

Standard Stock and Internal Standard Solutions

10 mg of celecoxib standard was dissolved in methanol to obtain a 1 mg-mL™" stock solution, which was then serially
diluted with methanol to obtain 10, 25, 50, 100, 1000, 10,000, 20000 ng-mL71 standard working solution. Celecoxib-D7
was prepared in methanol containing 0.1% formic acid to obtain 1 mg-mL™" stock solution and then further diluted to
200 pg-mL ™ internal standard solution. The standard stock solution, standard working solutions and internal standard
solution were stored at —20 °C prior to use.
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Calibration Standard and Quality Control Sample Preparation

Plasma calibration standards were prepared at concentrations of 1, 2.5, 5, 10, 100, 1000, and 2000 ng-mLﬁl, respectively.
5 uL of standard working solution of various concentrations was mixed with 45 pL of blank plasma. Similarly, the lower
limit of quantification (LLOQ) sample (2.5 ng'mL ") and three plasma quality control (QC) samples (6 ng-mL™", 120
ng'mL ™" and 1600 ng'mL™") were obtained by adding the celecoxib standard working solution to the blank plasma
containing celecoxib-D7.

Method Validation of Plasma Samples

Our analytical methods were validated for specificity, linearity, accuracy, precision, matrix effects, extraction effects and
stability. This was done in compliance with the recommended criteria published in the FDA’s Guidance on Validation of
Bioanalytical Methods."?

Specificity

HPLC-MS/MS was performed on blank plasma samples, celecoxib, plasma samples containing the internal standard and
oral plasma samples. These were acquired from the Celebrex™ group, the CXB-NLCs group, and the HA-NLCs group,
respectively. The chromatogram outputs were used to detect possible endogenous interference.

Linearity and Lower Limit of Quantification (LLOQ)

Plasma calibration standard samples (n=6) were assayed and a standard curve for celecoxib constructed. The peak area ratio
of celecoxib to internal standard was used as the y-axis, and celecoxib concentration as the x-axis. Subsequently, a linear
equation was fitted through linear regression, utilizing a weighted regression method (1/X?). It was imperative that the
correlation coefficient exceeds 0.999. The lower limit of quantitation (LLOQ) was defined as the lowest concentration on the

calibration curve that maintains a signal-to-noise ratio (S/N) of >10 with precision and accuracy within 20%.

Precision and Accuracy

Assessment of the intra- and inter-day accuracy and precision, the low, medium, and high concentration QC samples and the
LLOQ were repeated six times over three consecutive days. Accuracy values were evaluated using the percentage relative
error (RE), which measures the percentage deviation of the mean output concentration and the actual concentration.
Meanwhile, precision values were determined by calculating the relative standard deviation (RSD) at each concentration.

Extraction Effects (EE) and Matrix Effects (ME)

The extraction effect of celecoxib is the percentage of the peak area ratio of the pre-extraction spiked sample found in the
peak area ratio of the pure standard solution. It was quantified over the average of six replicates at the three QC
concentrations. Matrix effects were determined by comparing the peak area ratio of spiked extracted samples to pure
standard solutions at three QC concentrations (n=6). For this, six samples were analyzed in parallel for each group.
Ideally, the EE% and ME% should be kept within 85 ~ 115%.

Stability

The stability of the low, medium, and high QC samples was assessed under various storage conditions. These include: (a)
6 hours of bench-top stabilization at room temperature, (b) 12 hours of stabilization under the autosampler tray, (c) three
freeze-thaw cycles from —80 °C to room temperature, and (d) storage at or below —20 °C for 10 days. Each QC samples
underwent analysis in triplicate to evaluate the stability of the sample content under each condition. The RE and RSD
remained within 15% for the samples indicating high stability in all instances.
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Results and Discussion

Characterization of Celecoxib Nanostructured Lipid Carriers

Both CXB-NLCs and HA-NLCs prepared in the study showed a milky white color, and a light blue milky light could be
seen on the surface after dilution (Figure 1A and B), which indicated that both of them had nanoproperties.'* The
microstructures of the two were further observed by TEM. The results showed that the CXB-NLCs were irregularly
square and appeared black (Figure 1C), whereas the HA-NLCs had smooth and rounded surfaces and were white
(Figure 1D). The average particle size of CXB-NLCs was (98.20 = 14.36) nm, PDI was (0.251 + 0.001), and zeta-
potential was (—24.19 £ 3.54) mV (Figure 1E, n=3) as determined by the laser particle sizer, while the average particle
size of HA-NLCs was (93.57 + 10.89) nm, PDI was (0.251 £+ 0.003), and zeta-potential was (—32.98 £ 1.36) mV
(Figure 1F, n=3). Both two exhibited negatively charged surfaces, favoring intestinal epithelial uptake, with HA-NLCs
showing greater stability. In the content and encapsulation rate assay, the content of CXB-NLCs was (535.85 + 8.52)
pg'mL ™" and the encapsulation rate was (84.36 + 1.21)%, while the content and encapsulation rate of HA-NLCs were
(495.76 = 9.13) pg'mL™" and (89.67 + 0.62)%, respectively.

HPLC-MS/MS and Chromatographic Optimization

During the oral pharmacokinetic experiments, celecoxib plasma concentrations within the quantitative range of 1~2000
ng-mL ™" were determined. The commonly used high-performance liquid chromatography-ultraviolet detection (HPLC-
UV) has a high detection limit, which made it difficult to detect the samples in this study and prone to serious errors.
Therefore, we decided to shift to HPLC-MS/MS system to detect the drug content of samples. In HPLC-MS/MS system,
HPLC first separates the substances from the sample to be measured and subsequently converts the ions of the substance
to be measured into an electrical signal, which is then analyzed by a mass spectrometry peak. The combination of the
separation capability of HPLC and the high sensitivity and selectivity of MS greatly improve the detection capability.'>

The small, ultra-dense bonded Agilent Eclipse Plus C18 RRHD column (2.1 x 50 mm, 1.8 um) is often an effective
choice. It exhibits excellent peak shape for samples in the pH range of 2 to 9 and reduces adsorption for alkaline
analyses. This column is particularly efficacious in the analysis of hydrophobic compounds like celecoxib, which
contains a sulfonamide group and a pyrazole ring and displays good solubility in methanol.'*'* Appropriate acidic
conditions could improve the extraction and separation of celecoxib and reduce the trailing problem. In this study,
celecoxib in plasma was extracted using methanol containing 0.1% formic acid and separated using water with 0.01%
formic acid and acetonitrile as the mobile phase, which was able to produce symmetrical peaks with good separation.

Celecoxib-D7 was chosen as an internal standard given the fact that it is known to significantly improve matrix
effects, whilst not interfering with the analyte.'® Celecoxib and celecoxib-D7 tend to lose electrons and are positively
charged. This means that they can show better responsiveness and sensitivity in ESI and MRM modes. In the HPLC-MS
/MS system, the ESI source ionizes the sample and detects it via MRM mode, using a single ion channel for celecoxib
and celecoxib-D7 to achieve optimal selectivity, accelerating data acquisition.'” The maximum parent and daughter ion
abundances of celecoxib and celecoxib-D7 exhibited highly selective negative ionization mode jumps. Figure 2 shows
the daughter ion mass spectra and ion structures of celecoxib and celecoxib-D7 in negative ionization mode with their
respective ion pairs: m/z 380.0=> 316.0 (DP, —135; CE, —31) and m/z 387.1=> 323.1 (DP, —130; CE, —30).

Method Validation

The study methodology was validated according to the FDA requirements.'* Figure 3 depicted dual-channel images of
celecoxib and celecoxib-D7 in an HPLC-MS/MS system for various plasma samples, including blank plasma samples,
plasma samples containing celecoxib-D7, oral plasma samples from the Celebrex® group, the CXB-NLCs group, and the
HA-NLCs group. Notably, celecoxib’s retention time was 3.05 min and no interference peaks impacting its quantification
were observed.

The linear fit of the concentration range was determined to be y = 0.00167x + 0.00182, with a high correlation
coefficient, r = 0.9992, indicating a strong linear relationship between the peak area ratio of celecoxib to internal standard
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and the concentration of celecoxib. This finding was established within the target linear concentration range of 1~2000

ng-mL"". The lower limit for quantification in plasma samples was determined to be 2.5 ng-mL "

The accuracy of QC samples at three concentrations ranged from 97.24% to 109.94%, as shown in Table 1. The intra-

day precision and inter-day precision RSD ranged from 2.67% to 6.37%, remaining within the 15% target threshold.

Meanwhile, the intra-day precision for LLOQ was 8.78%, the inter-day precision was 10.19%, and the accuracy ranged
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Table | The Examination of the Precision and Accuracy of Celecoxib in Plasma

Concentration Intra-Day (n=6) Inter-Day (n=18)
(ngmL™") L o
Mean = SD Precision Accuracy Mean * SD Precision Accuracy
(ng mL™") (RSD, %) (%) (ngmL™") (RSD, %) (%)
25 217 £0.19 8.78 87.05 232 £ 0.24 10.19 92.94
6 6.54 + 0.42 6.37 109.17 6.57 + 0.27 4.18 109.56
120 131.33 £ 497 3.78 109.33 131.89 + 4.84 3.67 109.94
1600 1591.67 + 42.62 2.67 99.42 1556.11 + 60.21 3.87 97.24

Table 2 The Results of Matrix Effect and Extraction Effect (n = 6)

Concentration (ng mL™") Matrix Effect Extraction Effect

Mean £ SD | RSD (%) | Mean * SD | RSD (%)

6 100.18 + 9.66 9.64 99.90 £ 3.06 3.06
120 92.12 + 1.43 1.55 9491 + 4.13 4.36
1600 87.27 + 8.05 9.23 92.18 + 5.03 5.45

Table 3 Stability of Celecoxib Under Four Storage Conditions (n = 6)

Concentration (ng mL™") Short-Term Autosampler | Freezing-Thawing cycles Long-Term

(6 h Room Temperature) (12 h) (3 cycles) (10 Days at —80°C)
6 107.27 £ 5.76 10453 = 8.18 109.83 £ 4.79 110.67 = 3.07
120 109.50 + 4.04 108.50 + 5.24 109.67 + 4.97 111.67 +3.20
1600 106.73 + 7.98 99.83 £ 3.11 94.77 + 6.18 96.38 + 2.07

from 87.05% to 92.94%. These values fall within the target range and comply with FDA standards, indicating the
feasibility and reproducibility of the extraction method for determining celecoxib in rat plasma.

Table 2 shows the matrix effects and extraction effects of celecoxib determined at low, medium and high QC sample
concentrations. The extraction effects were (99.90 + 3.06)%, (94.91 + 4.13)%, (92.18 = 5.03)% with RSD of 3.06%,
4.36% and 5.45%, respectively. The RSD of the extraction effects remained in the range of 15% and was close to 100%
at all concentrations. Overall, the method was considered effective for efficient and reproducible extraction of celecoxib
from rat plasma samples. While the mean matrix effect and RSD in plasma were (100.18 £ 9.66)%, (92.12 £ 1.43)%,
(87.27 + 8.05)% and 9.64%, 1.55% and 9.23%, respectively, which also complied with the assay.

The stability of celecoxib in plasma was assessed through a series of stability tests using QC samples at low, medium,
and high concentrations. The accuracy of all the samples, as summarized in Table 3, fell within a range of 94.77% to
111.67%. This indicated the stability of celecoxib in plasma to be within acceptable limits under all four conditions.

Pharmacokinetics of HA-NLCs

The study’s findings, as depicted in Figure 4, provide a comprehensive understanding of the oral pharmacokinetic
changes observed in CXB-NLCs and HA-NLCs compared to the reference formulation, Celebrex®. The utilization of
lipid nanotechnology demonstrates a notable impact on oral absorption, as evidenced by the analysis of time-blood
concentration curves. Both CXB-NLCs and HA-NLCs exhibit heightened drug concentrations compared to the
Celebrex® group. CXB-NLCs and HA-NLCs reached the peak drug concentration at 2 h, but the concentration of CXB-
NLCs decreased more rapidly, which was related to the susceptibility of the nanostructured lipid carriers to be captured
by opsonization effects.'® Of particular interest was the unique behavior observed in the HA-NLCs group, characterized
by a slow change in concentration and the presence of double peaks in the curve. This suggested the hyaluronic acid
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Figure 4 Plasma concentration vs time profiles of Celebrex® (), CXB-NLCs (m), HA-NLCs (A) in SD rats (mean # SD, n = 6).

modification to protract nanostructured lipid carriers degradation, indicating the existence of alternative transporter
pathways or cyclic processes.'” The lower molecular weight of HA has strong enterocyte permeability and lymphatic
transport capacity, and the modification of the surface of the nanostructured lipid carriers enhances the intestinal
permeability. Meanwhile, the stomach and small intestine have no naturally occurring HA digestive enzymes, which
makes HA easy to enter the body directly and achieve distribution?’. However, it is noteworthy that cecum contents and
intestinal flora were able to degrade HA on the surface of HA-NLCs, while this process did not affect lipid
metabolism.'®?! Therefore, when the HA on the carrier surface completes its degradation in vivo, HA-NLCs likewise
show a faster metabolic elimination. The metabolic process of HA does not affect lipid metabolism but accelerates the
elimination of surface modifiers of HA-NLCs, resulting in faster metabolic elimination in vivo.

The study aimed to analyze the pharmacokinetic parameters of the two nanostructured lipid carriers in comparison to
the reference formulation using DAS software (Table 4). The results revealed the AUCy_ to be (18371.69 + 5585.27)
hng'mL ™" and (19985.26 + 2207.79) h-ng'mL ' in the CXB-NLCs group and HA-NLCs group, respectively. These
values were 1.42-fold and 1.54-fold higher than that of the Celebrex®™ group. Additionally, the C,,a was 1.65-fold and
1.60-fold higher than that of Celebrex® group, suggesting an improvement in celecoxib bioavailability. Similar to
previous studies,'® the half-life of celecoxib was shortened by CXB-NLCs. Common nanostructured lipid carriers
improved absorption but was found to be accompanied by accelerated drug metabolism, leading to a shorter half-life
of celecoxib. When ordinary lipid carriers enter the circulation, they rapidly become protein-bound, resulting in the
formation of a protein corona. This protein corona accelerates the recognition and clearance of the carriers by the
mononuclear phagocyte system.”> HA modification partially reduced the degradation of the lipid carriers and prolong the
half-life, which began to significantly decline after § h.

Table 4 The Pharmacokinetic Parameters of Celecoxib in Different Forms (n = 6)

Parameters Celebrex® CXB-NLCs HA-NLCs
AUC,. (h'-ngmL™") 12,917.36 £ 1013.76 18,371.69 + 5585.27* | 19,985.26 + 2207.79**
AUC,... (h-ng'mL™") 19,724.04 + 10,814.67 | 19,662.54 + 6320.697 24,893.24 + 432.93
Crnax (ng'mL™") 1005.67 + 240.44 1659.09 + 152.57** 1612.13 * 268.63**
Trmax (h) 6.0 £ 3.6 25+ 1.0 43+29

Tin (h) 8.07 + 2.54 5.67 + 1.36 9.38 + 4.71
MRT,.. (h) 891 £ 1.38 738+ 1.16 795 + 0.74
Clz/F (L'h kg ") 0.30 £ 0.10 0.28 £ 0.10 0.21 £ 0.04

Vz/F (L'kg ') 333+ 1.18 2.14 £ 0.10 2.64 + 0.99
Relative bioavailability (%) — 142.22 + 43.24% 154.72 £ 17.19%

Note: Compared with Celebrex® group, *P<0.05; **P<0.01.
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The low solubility of celecoxib makes it difficult to absorb the large amount of undissolved drug by the intestinal
barrier, thus its oral application needs to be accomplished with high frequency and multiple doses, which increases the
risk of cardiovascular adverse effects of the drug. Maru’s>® research revealed that commercially available celecoxib led to
elevated levels of cardiac biomarkers troponin I and CK-MB in rats when administered through gavage, resulting in
slight myocardial damage and an increased cardiac risk. In this study, CXB-NLCs and HA-NLCs can improve celecoxib
solubility and facilitate drug transport through the intestinal barrier using the carriers. At the same time, the nanometer
particle size facilitates intestinal permeation absorption, potentially lowering the required frequency and dosage of drug
administration in practical applications.”* Additionally, the interaction between HA and CD44 can enhance drug delivery
and retention at the inflamed joint site.”> Kang’s report revealed that HA nanoparticles can suppress joint inflammation
and safeguard cartilage function, presenting a novel idea for the further development of this study.”® In conclusion, the
modification of the nanostructured lipid carriers with hyaluronic acid further enhanced the oral bioavailability of
celecoxib in rats. This modification not only improved the absorption of the drug but also prolonged its likely
pharmacological activity, which to a certain extent reduces the dosage and frequency of the drug in patients, thus
reducing the risks of possible cardiovascular side-effects of celecoxib.'®'?

Conclusion

In this study, we developed an analytical method based on HPLC/MS-MS to analyze drug-lipid mixtures in biological
samples, which satisfied the FDA’s bioanalytical method validation standards. This bio-sample analytical method proved
effective in determining the oral pharmacokinetics of hyaluronic acid modified nanostructured lipid carriers, HA-NLCs.
Hyaluronic acid modification of lipid carriers enhances drug transport and intestinal absorption, prolongs drug circulation
time in the body, and effectively reduces the dosage and frequency of drugs in patients, thereby reducing the risk of
cardiovascular adverse effects associated with celecoxib.
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