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Abstract
Background
Naringenin is a flavanone having strong antioxidant potential. It is an anti-hyperlipidemic, anti-depressant, anti-cancer, and neuroprotective agent. However, its major limitation is its low oral bioavailability.

Objective
In order to overcome this limitation and to explore its antioxidant potential in autism spectrum disorders, we developed brain targeting PLGA nanocarriers of naringenin. Current study involves development of a sensitive and robust RP-HPLC method for detection and quantification (in vitro and in vivo) of naringenin in nanoparticles.

Methods
An isocratic RP-HPLC method was developed using C18 reversed-phase column (250 × 4.6 mm internal diameter and 5 μm particle size). Flow rate of mobile phase was 1 ml/min and temperature of column was 30 °C. Methanol and 0.5% ortho-phosphoric acid in MilliQ water (pH 2) (70:30) was used as mobile phase. The ultraviolet detection wavelength for quantification was at 289 nm.

Results
Calibration curve showed linearity within the concentration range from 0.5 to 40 μg/ml (R2 = 1) for the analytical method and for plasma (6.3–200 ng/ml (R2 = 0.9975)) and brain tissue samples (31.25–12,500 ng/ml (R2 = 1)). Limit of detection (LOD) and limit of quantification (LOQ) were 0.15 μg/ml and 0.44 μg/ml for the analytical method. For bio-analytical method, LOD and LOQ were 9.71 ng/ml and 29.44 ng/ml for plasma and 9.06 ng/ml and 27.44 ng/ml for brain sample. Both the method was precise, accurate, and robust. Bio-analytical method showed good recovery from plasma and brain samples (> 95%).

Conclusion
This analytical and bio-analytical method was applied to detect entrapment efficiency, in-vitro release, and pharmacokinetic parameters of naringenin nanoparticles.
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Introduction
(±)-Naringenin (Fig. 1), a flavanone, is abundantly found in grapefruit as well as in oranges and tomato skin (Felgines et al. 2000; Vallverdu et al. 2012). Naringenin shows inhibition of CYP1A2 isoform of human cytochrome P450 metabolizing enzymes (Fuhr et al. 1993). Naringenin also exerts its antioxidant effect by reducing oxidative damage to DNA induced by the exposure to radiations in mice by inhibition of NF-kB pathway (Kumar and Tiku 2016). It shows its anti-hyperlipidemic effect by inhibiting the secretion of very low-density lipoproteins (VLDL) (Nahmias et al. 2008). It also exerts its anti-depressant effects in chronic unpredictable mild stress by BDNF signaling (Yi et al. 2014). As a result of its ability to hamper cell-proliferation by binding to estrogen receptors (ER), naringenin has anti-proliferative effects in breast cancer, colon cancer, uterus cancer cell (Birt et al. 2001). It has also been observed to have anti-estrogenic effects by the regulation of palmitoylation of estrogen receptor-α. Its effects have been observed in osteoporosis, cancer as well as cardiovascular diseases (Galluzzo et al. 2008). Naringenin has a therapeutic role in the suppression of neuroinflammation by inducing the suppression of cytokine signaling 3 expression (SOCS)-3 in glial cells (Wu et al. 2016). It has shown neuroprotective effect in middle cerebral artery occlusion (MCAO) model of ischemic stroke via inhibition of NF-kB signaling (Raza et al. 2013). Despite its therapeutic potential, naringenin’s role clinically has been hampered as a result of its low solubility resulting in poor bioavailability and considerable metabolism before entering into the systemic circulation (Ratnam et al. 2006; Yen et al. 2009). Hence, in order to enhance its bioavailability, it was decided to encapsulate it into nanoparticles which can cross the blood-brain barrier (BBB) and will specifically target brain (Badri et al. 2017; Kumari et al. 2010; Natarajan et al. 2017; Xue et al. 2015). We prepared naringenin-loaded poly (lactic-co-glycolic acid) (PLGA) nanoparticles and wanted to determine the content of naringenin in the nanoparticles by developing and validating a specific, fast, and suitable HPLC method which could be used for determining not only the content of naringenin in nanoparticles but also for in-vitro drug release studies. The method which we have developed here has been extrapolated for estimation of the drug in plasma and brain respectively for in-vivo pharmacokinetic studies as well as to quantify the brain uptake of naringenin by calculating the brain:plasma ratio of naringenin. Our prepared naringenin nanoparticles showed beneficial effect in attenuating oxidative stress, neuroinflammation, and mitochondrial dysfunction in the experimental paradigm of autism spectrum disorders (Bhandari et al. 2018). A number of methods have been reported in literature where naringenin has been quantified in several matrixes such as plasma, serum, urine, grapefruit juice using high-performance liquid chromatography (HPLC) (Fisher and Wheaton 1976; Gupta et al. 2012; Ishii et al. 1997; Peng et al. 1998; Ribeiro and Ribeiro 2008). There are some other methods reported in literature by Dalagnol et al. (2013) and Cordenonsi et al. (2016) about naringenin. Method used by Dalagnol et al. (2013) varied from our method with respect to the calibration curve range (0.1–15 μg/ml), mobile phase composition (methanol:water) (60:40, pH 2.5), and that their method was for quantification of naringenin in lecithin/chitosan nano- and microparticle suspension. Cordenonsi et al. (2016) used shorter column of length 150 mm, gradient mode for separation, and their mobile phase composition was (ACN:water, pH 4) for the determination of both naringin and naringenin in Eudragit nanoparticles. Methods in both of the above studies had different limit of quantification (LOQ) and limit of detection (LOD) as compared to our method, which were lower as compared to Cordenonsi et al. (2016), and our method showed better resolution as we had used column of 250 mm in comparison to 150 mm column used by Cordenonsi et al. (2016). Longer column leads to greater number of theoretical plates leading to improved resolution. Our calibration curve range was also greater as compared to Dalagnol et al. (2013). Our developed method was an elementary, specific, precise, and rapid technique for quantification of naringenin in PLGA nanoparticles which could be successfully extrapolated to plasma and brain for the in vivo pharmacokinetic studies as well as to study the enhanced uptake of naringenin across the blood-brain barrier (BBB), after its encapsulation into nanoparticles.[image: A40543_2019_169_Fig1_HTML.png]
Fig. 1Chemical structure of naringenin




The primary aim of this study was the buildup and verification of a rapid, productive, simple, robust, as well as economical reversed-phase high-performance liquid chromatography (RP-HPLC) method for in-vitro as well as in-vivo quantification of naringenin from PLGA nanoparticles.

Material and methods
Chemicals
(±)-Naringenin ≥ 95% was procured from Sigma Aldrich (St. Louis, MO, USA). Methanol and acetonitrile (HPLC grade) were obtained from Merck (Darmstadt, Germany). Ortho-phosphoric acid (analytical grade) was obtained from Fisher Scientific (Leicestershire, UK). Ultrapure water used for HPLC analysis was obtained from Milli-Q water purification system (Millipore, MA, USA). Analytical grade chemicals, as well as reagents, were used throughout the study. Then, 0.45 μm solvent filter and 0.22 μm nylon syringe filter (Millipore, MA, USA) respectively were also used.

Equipment
The analysis of naringenin was done using a Waters 2996 HPLC system with a Photo Diode Array (PDA) detector (Waters 2996), and the results were processed by Empower®, Waters software. Chromatographic separations were done on a Waters® analytical column, Sunfire®, RP-18 (5 μm particle size, 250 × 4.6 mm i.d.). A BS223S (Sartorius, USA) analytical balance, Cyberscan Eutech pH 510 (E. Merck, USA) pH meter, and an ultrasonicator were other equipments used.

Chromatographic conditions
Methanol and 0.5% ortho-phosphoric acid in MilliQ water (pH 2.47) in the ratio of (70:30) were used as mobile phase. Ortho-phosphoric acid was used as HPLC mobile phase modifier and it was optimum as acid as it provides reasonable buffering at pH 2 for LC-PDA applications (Jaenicke 1975). Each solvent was strained through 0.45 μm nylon filter and used after degassing in an ultrasonic bath. Separation was performed using isocratic mode. The photodiode array detector (PDA) was set at 200–400 nm wavelength and the detection of chromatogram was at 289 nm. The chromatographic analysis was executed at 30 °C, with a flow rate of 1 ml/min and 20 μl as the volume of injection. All the parameters of the method development were same for assessment of naringenin in plasma and brain except the mobile phase flow rate which was scaled down to 0.8 ml/min in order to reduce the slight peak tailing observed.

Standard stock solution preparation
Naringenin’s stock solution (100 μg/ml) was formulated in methanol (HPLC grade). Dilutions (v:v) were prepared from above stock with methanol to obtain dilutions in the range of 40 μg/ml to 0.5 μg/ml for the analytical method validation. For the bio-analytical method, validation stock solutions of naringenin were also prepared in methanol (1000 ng/ml) for plasma and (50 μg/ml) for brain tissue samples and were diluted to obtain solutions in the range of 31.5–1000 ng/ml and 0.125–50 μg/ml respectively. These solutions were used for the various validation parameters, i.e., linearity, accuracy, precision, limit of detection (LOD), limit of quantification (LOQ), robustness, and system suitability by injecting 20 μl into the column and the chromatograms were recorded.

Method development and validation
Method development
The method was developed along with the above described chromatographic conditions. These conditions were selected after utilizing the possibility of different flow rate, varying the composition of mobile phase along with different ratios as well as pH of the mobile phase.

Method validation
The RP-HPLC method for naringenin was validated according to the Q2B(R1) ICH guidelines for method validation (1996) and validated for linearity, LOD, LOQ, interday and intraday precisions, accuracy, reproducibility, recovery, robustness, and system suitability. The developed method was extrapolated to plasma and brain so that it could be used for pharmacokinetic studies and to quantify the brain-uptake of naringenin. The same method was also validated for linearity, intra- and inter-day precision, accuracy, as well as recovery in plasma and brain after processing the samples in order to study any changes due to matrix effect on the method (U.S. Department of Health and Human Services Food and Drug Administration, Bioanalytical Method Validation Guidance for Industry).
Linearity
For determination of linearity, three repeated injections of standard solutions of naringenin at seven concentration levels within the range of 0.5 μg/ml to 40 μg/ml were injected into the system. Similarly, it was established by three repeated injections of rat plasma and brain tissue homogenate spiked with concentrations of 31.5–1000 ng/ml and 0.125–50 μg/ml respectively of naringenin leading to ultimate concentrations of 6.3–200 ng/ml for plasma and between 31.25 and 12,500 ng/ml for brain samples respectively. A calibration plot of peak areas vs concentrations were used to determine linearity in all cases.

Limit of detection and limit of quantification
The LOD and LOQ were used as a measure to detect sensitivity of the method in accordance with Guidance for Industry Q2B Validation of Analytical Procedures: Methodology (1996). LOQ and LOD of naringenin for the analytical as well as bio-analytical method were determined through the residual standard deviation obtained by linear regression analysis of the calibration curves. LOD and LOQ are calculated as follows:
LOD = (residual standard deviation of the regression line/Slope of the calibration curve)*3.3
LOQ = (residual standard deviation of the regression line/Slope of the calibration curve)*10

Accuracy
To determine the accuracy of the analytical as well as bio-analytical procedure, quality control samples (QC) at three different concentrations of naringenin, i.e., 5 μg/ml, 20 μg/ml, and 40 μg/ml for the analytical method while for the accuracy determination in plasma and brain samples concentrations were 200 ng/ml, 100 ng/ml, and 50 ng/ml for plasma and 12,500 ng/ml, 5000 μg/ml, and 250 ng/ml for brain samples respectively. These were within the range of calibration plot and were analyzed in triplicate (n = 3) with three injections of each concentration and were prepared from independent stock solutions. Assessment of accuracy had been done as the percentage accuracy and mean % recovery. The percentage relative standard deviation (RSD) was also calculated.

Precision
The precision of the analytical as well as bio-analytical procedure was evaluated by determination of inter-day and intra-day coefficient of variation. The percentage RSD was calculated as [SD (standard deviation) / mean] * 100. For the determination of the inter-day and the intra-day variation, QC at three different concentrations of naringenin (5 μg/ml, 20 μg/ml, and 40 μg/ml) for the analytical method were used. For the precision determination in plasma and brain samples, concentrations were 200 ng/ml, 100 ng/ml, and 50 ng/ml for plasma and 12,500 ng/ml, 5000 μg/ml, and 250 ng/ml for brain samples respectively. These were within the range of calibration plot and were analyzed in triplicate (n = 3) with three injections of each concentration for three different days to study inter-day variation (for intermediate precision) and were analyzed at three different time points within the same day for intra-day variation (repeatability).

Specificity
Specificity according to Guidance for Industry Q2B Validation of Analytical Procedures: Methodology (1996) is defined as the ability to assess the analyte even in the presence of other components such as impurities, degradants and matrix, etc. Specificity was obtained by injecting blank nanoparticles containing all the formulation components, except the drug, in the same quantity as were present in the naringenin-loaded nanoparticles. The chromatogram of the blank PLGA nanoparticles has been shown in (Fig. 2) while (Fig. 3) describes the chromatogram of the naringenin-loaded PLGA nanoparticles dissolved in methanol.[image: A40543_2019_169_Fig2_HTML.png]
Fig. 2Chromatogram showing absence of peak of naringenin of blank nanoparticles. The peak shown here depicts that of excipients present in formulation



[image: A40543_2019_169_Fig3_HTML.png]
Fig. 3Chromatogram showing peak of free naringenin associated with the PLGA nanoparticles. Naringenin entrapped was calculated after subtracting the amount of free drug from the total amount of drug in nanoparticles. The method uses methanol and 0.5% ortho-phosphoric acid in triple distilled water as mobile phase in the ratio (70:30). The chromatogram was detected at 289 nm and the analysis was performed at 30 °C (column oven temperature), with a flow rate of 1 ml/min and injection volume of 20 μl





Recovery
Absolute recovery is used to determine efficiency with which analyte is extracted from the matrix. It is also used to calculate and study the matrix effect (U.S. Department of Health and Human Services Food and Drug Administration). Recoveries were obtained at low, moderate, as well as high concentrations for both plasma samples (200 ng/ml, 100 ng/ml, and 50 ng/ml) as well as from brain tissues (12,500 ng/ml, 5000 ng/ml, and 250 ng/ml) respectively.[image: $$ \mathrm{Absolute}\ \mathrm{recovery}=100\ X\ \left(\mathrm{peak}\ \mathrm{area}\ \mathrm{of}\ \mathrm{naringenin}\ \mathrm{spiked}\ \mathrm{in}\mathrm{to}\ \mathrm{matrix}\div \mathrm{peak}\ \mathrm{area}\ \mathrm{of}\ \mathrm{the}\ \mathrm{same}\ \mathrm{concentration}\ \mathrm{of}\ \mathrm{naringenin}\ \mathrm{in}\ \mathrm{methanol}\right) $$]




Robustness
Robustness indicates the reliability of the developed analytical procedure after the introduction of deliberate variations in the developed method which can affect its performance such as accuracy. The flow rate, mobile phase composition, pH of the mobile phase, column temperature, and injection volume were slightly changed to lower and higher sides of the actual values to find if there was any effect on the retention time. The flow rate was reduced to 0.6 ml/min and 0.8 ml/min from 1 ml/min, mobile phase composition was changed to 60:40 ratio from 70:30, pH of mobile phase was changed by changing the concentration of ortho-phosphoric acid from 0.5 to 0.1% and 1%, column temperature was varied to 35 °C from 30 °C, and injection volume was varied from 20 μl to 10 μl. Change in the retention time was observed and % RSD values were calculated for each factor. The % RSD values should be not more than (NMT) 2% in accordance with Q2B(R1) ICH guidelines for method validation (1996).

System suitability parameters
System suitability, as defined by USP 32-NF27 (General Chapters: Validation of Compendial Methods 2009) (USP32-NF27 2006) and (Guidance for Industry Q2B Validation of Analytical Procedures: Methodology (1996) are those parameters such as number of theoretical plates (N), tailing factor or asymmetry (A), limit of detection (LOD) (μg/ml), limit of quantification (LOQ) (μg/ml), and retention time (Rt), which give an indication about the analytical method being accurate, precise, and validated. These parameters were obtained after calculation and compared with the standard values to determine whether the method being developed for naringenin was validated or not (Table 8).

Applications of the developed analytical and bio-analytical method
PLGA nanoparticles were formulated by significant modification of nanoprecipitation method developed by Fessi et al. (1989) with minor modifications. Detailed procedure is given in Additional file 1: Section S1. These were characterized for particle size and morphology, etc. The particle size of the nanoparticles, as determined by zetasizer, was 143.93 nm and was spherical in shape.

Determination of the entrapment efficiency of the PLGA nanoparticles
This method was applied for the quantification of naringenin entrapped in the developed PLGA nanoparticles after minor modifications (Peter Christoper et al. 2014). One milliliter of prepared nanosuspension was centrifuged at 10,000 ± 10 rpm for 20 min to separate the free drug from the nanoparticles. The supernatant containing the free drug was diluted with methanol, filtered using 0.2 μm syringe filter, and quantified using the developed RP-HPLC method. Entrapment efficiency was calculated using the expression[image: $$ \mathrm{Entrapment}\ \mathrm{efficiency}\ \left(\%\right)=\frac{\mathrm{Total}\ \mathrm{drug}\ \mathrm{added}\ \mathrm{in}\ \mathrm{formulation}\ \left(\mathrm{mg}\right)-\mathrm{free}\ \mathrm{drug}\ \mathrm{in}\ \mathrm{formulation}\ \left(\mathrm{mg}\right)\ }{\mathrm{total}\ \mathrm{drug}\ \mathrm{added}\ \mathrm{in}\ \mathrm{formulation}\ \left(\mathrm{mg}\right)}\ \mathrm{X}\ 100 $$]




Method for determining the in-vitro release of naringenin from PLGA nanoparticles
In-vitro release studies was performed using sample and separate method (D’Souza and DeLuca 2006; Xu et al. 2009). In this, 1.5 mg of naringenin-loaded PLGA nanoparticles were suspended in 15 ml of phosphate buffer, (pH 7.4), in a centrifuge tube. The centrifuge tube was shaken in a water bath shaker at 37 °C. At predetermined time intervals, the tube was centrifuged at 12,000 rpm for 5 min. The supernatant was collected and replaced with an equal volume of fresh phosphate buffer (pH 7.4). The content of naringenin in supernatant was analyzed using HPLC. The drug release was determined at time intervals ranging from 0.25 to 24 h. In-vitro release profiles of optimized naringenin-loaded poly(lactic-co-glycolic acid) (NGN-PLGA) nanoparticles were determined by the cumulative amount of naringenin released from nanoparticles at various time intervals points. As the release of the drug from PLGA encapsulated nanoparticles has been investigated using sample and separate method, the release of the free drug by this method is inconsequential (remains constant).

Pharmacokinetic studies
The experimental protocol had been approved by Institutional Animal Ethics Committee of Panjab University, Chandigarh (PU/IAEC/S/14/108). Committee for the Purpose of Control and Supervision of Experiments on Animals (CPSEA) guidelines were adhered to for animal care. Eight-week-old male Sprague-Dawley (SD) rats weighing 200–250 g, obtained from Central Animal House at Panjab University, Chandigarh were used. The rats were housed individually in cages and given free access to standard laboratory food and water. The rats were fasted overnight before the experiment and were allowed to drink water ad libitum.
Blood samples were also collected from naive SD rats and plasma was separated by centrifugation. These blank plasma samples were used for validation of the method. For plasma pharmacokinetic studies, ten SD rats were randomly divided into two groups with five animals in each group. They were administered NGN and NGN-PLGA nanoparticles at a dose of 25 mg/kg by oral gavage. Naringenin suspension (unencapsulated naringenin), as well as lyophilized nanoparticles of naringenin, were suspended in 0.5% carboxymethylcellulose (CMC). Collection of blood samples was done by retroorbital venous plexus puncture under the influence of mild ether anesthesia. Samples were collected at following time points: 0.5 h, 1 h, 2 h, 4 h, 8 h, 12 h, 16 h, 20 h, and 24 h. The samples were collected and plasma was immediately separated by centrifugation at 10,000 rpm for 10 min. The plasma samples were stored at − 20 °C for further analysis.
Ninety animals had been randomly divided into 2 groups with 45 animals in each group. Animals were administered with naringenin and naringenin-loaded PLGA nanoparticles as mentioned above. After dosing, brains were excised after sacrificing the animal with cervical dislocation at the same time points as those of plasma. The brain samples were stored at − 80 °C for further analysis. Brain tissues were also collected from naive rats and were used for validation of the method after preparing brain homogenate in phosphate buffer saline (PBS, 7.4 pH).
The plasma and brain samples containing naringenin as well as those spiked with standard concentrations of naringenin were further processed according to the method suitably optimized and validated for plasma and brain samples by us. In brief, 300 μl aliquots of plasma as well as brain homogenate (in PBS, 7.4 pH) were added to clean Eppendorf (2 ml) tubes, followed by 200 μl of mixture of methanol and 0.5% ortho-phosphoric acid in the ratio of (70:30) for plasma and 400 μl for brain tissue samples. This was added to promote efficient extraction of the drug. The samples were then vortexed for 2 min and 500 μl of acetonitrile was added to plasma as well as brain homogenate samples in order to precipitate proteins. The samples were then centrifuged at 15,000 rpm for 15 min and the supernatant was transferred to fresh Eppendorf tubes. The supernatant was filtered using 0.22 μm nylon syringe filter. Subsequently, 20 μl aliquots of each supernatant were analyzed with HPLC system.

Pharmacokinetic analysis
Plasma and brain concentrations were analyzed with PK Solver 2.0 (Microsoft-Excel Add-Ins program) using the built-in non-compartmental analysis (NCA) method of calculation. In this method, the areas under concentration-time curves (AUC) were calculated by a linear trapezoidal method as well as the maximum concentration of the drug in plasma and brain (Cmax) was also calculated. Both these parameters were specifically calculated to calculate the relative bioavailability of the formulation as well as the brain to plasma ratio of naringenin in order to study the enhanced uptake after its incorporation into nanoparticles. Relative bioavailability of the formulation was also calculated as follows: Fr = AUC0 → ∞ (formulation) / AUC0 → ∞ (NGN suspension). Other parameters such as half-life (t1/2), Tmax, volume of distribution (Vd), clearance (CL), mean residence time (MRT), and elimination rate constant (Ke) were also determined.

Brain-to-plasma ratio
Brain-to-plasma partition coefficients (Kp) of naringenin was calculated as described by (Gáll et al. (2015) from the ratio of the mean brain and plasma concentrations (Cmax) as well as AUC0 → ∞ but with minor modifications in the method.




Results
HPLC method development
The method utilizing methanol and water in the ratio of 70:30 with water containing 0.5% ortho-phosphoric acid (pH 2.47) yielded a sharp, symmetric peak at the flow rate of 1 ml/min. The maximum absorption of naringenin was detected at 289 nm, and this wavelength was chosen for its determination. The addition of 0.5% ortho-phosphoric acid improved the separation of naringenin by suppressing its ionization and reduced peak tailing resulting in a sharp symmetric peak with a retention time (Rt) of 7.2 min in the standard solution of 40 μg/ml. The chromatogram is shown in (Fig. 4).[image: A40543_2019_169_Fig4_HTML.png]
Fig. 4The chromatogram of standard solution of naringenin




The same method was used for quantification of naringenin in plasma and brain tissue except that the flow rate was reduced to 0.8 ml/min in order to reduce the slight peak tailing observed and as a result of which Rt was changed slightly to 5.99 min.
Linearity
The linear range for naringenin was evaluated within the range of 0.5–40 μg/ml. The stock solution of naringenin was diluted to seven different concentrations in the range of 0.5–40 μg/ml and a calibration curve was obtained by plotting peak area versus concentration of naringenin (μg/ml). A straight line was obtained over the entire concentration range. Linear regression analysis was used to calculate the linearity equation. The calibration curve equation was y = 50,637x + 37,749, with a determination factor R2 = 1 (Fig. 5).[image: A40543_2019_169_Fig5_HTML.png]
Fig. 5Calibration plot of naringenin in methanol using methanol and 0.5% ortho-phosphoric acid in MilliQ water as mobile phase in the ratio of (70:30). The chromatogram was detected at 289 nm and the analysis was performed at 30 °C (column oven temperature), with a flow rate of 1 ml/min and injection volume of 20 μl. The range of the calibration curve was 0.5 μg/ml to 40 μg/ml




Multiple linear regression analysis was performed using MS-Excel Data analysis Tool-Pack. The regression statistics showed the value of the coefficient of determination (R2) to be 0.999977. Using analysis of variance (ANOVA) on the regression line yielded very small F and p values (F = 8.50643 × 10−13, p = 1.38254 × 10−5) at 99% confidence level. Residual analysis in regression shows a random pattern of the residuals as indicated by the residual plot (Fig. 6). While the regression statistics showed the value of the coefficient of determination (R2) to be 0.997538 and 1 for plasma and brain tissue samples respectively.[image: A40543_2019_169_Fig6_HTML.png]
Fig. 6Residual plot indicating appropriateness of the linear regression model




The linearity for the bio-analytical method was established by three repeated injections of rat plasma and brain tissue homogenate spiked with naringenin concentrations of 31.5–1000 ng/ml and 0.125–50 μg/ml respectively. A plot of peak area with respect to corresponding concentration was used to demonstrate linearity. The linear range for naringenin was evaluated within the range of 6.3–200 ng/ml for plasma and 31.25–12,500 ng/ml for the brain. The calibration curve obtained by plotting peak area versus concentration of naringenin resulted in a straight line over the entire concentration range. Linear regression analysis was used to calculate the linearity equation. The calibration curve equation was y = 152.49 + 1590.8 (R2 = 0.9975) for plasma (Fig. 7) and y = 81.505x + 8186.9, with a determination factor R2 = 1, for brain tissue (Fig. 8). The regression statistics showed the value of the coefficient of determination (R2) to be 0.997538 and 1 for plasma and brain tissue samples respectively. Sample chromatograms of blank plasma and brain tissue as well as blank plasma and brain tissue spiked with naringenin have been shown in Additional file 1: Figure S1.[image: A40543_2019_169_Fig7_HTML.png]
Fig. 7Calibration plot of naringenin in rat plasma



[image: A40543_2019_169_Fig8_HTML.png]
Fig. 8Calibration plot of naringenin in brain tissue of rat





Limit of detection and limit of quantification
Limit of detection (LOD) and limit of quantification (LOQ) of naringenin were obtained using calibration curve analysis; LOD and LOQ were found to be 0.15 μg/ml and 0.44 μg/ml respectively. While LOD and LOQ in plasma, as well as brain samples, were calculated to be 9.71 ng/ml and 29.44 ng/ml as well as 9.06 ng/ml and 27.44 ng/ml, respectively. Pharmacokinetic analysis of plasma and brain has indicated that at 24 h, concentration of naringenin in plasma was 18.6 ng/ml and in brain concentration was 9.91 ng/ml. Therefore, a sensitive method with LOD as low as 9 ng/ml is required, which is the case with our method. The same has been described in the text on page 15.

Accuracy
The accuracy for the analytical method was determined in the range of 5 μg/ml to 40 μg/ml (Table 1). The accuracy was determined in the range from 50 to 200 ng/ml for plasma (Table 2) as well as from 250 to 12,500 ng/ml for brain tissue (Table 3).Table 1Accuracy data for the developed analytical method for naringenin


	Conc (μg/ml)
	Predicted concentration

	Mean ± SD
	% RSD
	Accuracy %

	5
	5.11 ± 0.06
	1.19
	102.38

	20
	20.29 ± 0.01
	0.06
	101.48

	40
	40.53 ± 0.11
	0.28
	101.34


Data are expressed as (mean ± SD, n = 3)


Table 2Accuracy data for the developed bio-analytical method for naringenin in rat plasma


	Conc (ng/ml)
	Predicted concentration

	Mean ± SD
	% RSD
	Accuracy %

	200
	202.70 ± 0.006
	0.0064
	101.35

	100
	94.68 ± 0.01
	0.011
	94.68

	50
	49.21 ± 0.026
	0.054
	98.41


Data are expressed as (mean ± SD, n = 3)


Table 3Accuracy data for the developed bio-analytical method for naringenin in rat brain tissue


	Conc (ng/ml)
	Predicted concentration

	Mean ± SD
	% RSD
	Accuracy %

	12,500
	11,852.300 ± 0.043
	0.0004
	94.82

	5000
	4976.66 ± 0.06
	0.001
	99.53

	250
	250.09 ± 0.037
	0.015
	100.04


Data are expressed as (mean ± SD, n = 3)



The excellent mean recovery values which are close to 100% and their low values of relative standard deviation (% RSD) which is < 2% depict high accuracy of the analytical as well as bio-analytical method.

Precision
The precision (% RSD) of the developed analytical as well as the bio-analytical method was evaluated by calculating intra-day and inter-day coefficient of variation. Precision was determined for an analytical method by studying the intra-day variability or repeatability as well as inter-day variability ranging from 5 to 40 μg/ml at all three concentrations of naringenin in triplicate (n = 3) (Table 4). For plasma, the range was from 50 to 200 ng/ml (Table 5) and it was from 250 to 12,500 ng/ml for brain tissue (Table 6). The intra-day variability studies indicate the precision after a short interval of time within a day under the same operating conditions. Inter-day variability is the precision study over three different days. Percentage relative standard deviation (% RSD) were found within the limit of 2% in all cases. RSD values were within the acceptable range indicating that the developed analytical, as well as bio-analytical method, is precise.Table 4Precision study of the HPLC analysis of naringenin


	Conc taken (mcg/ml)
	Intra-day variation
	Inter-day variation

	Conc found (Mean ± SD)
	% RSD
	% Accuracy
	Conc found (Mean ± SD)
	% RSD
	Accuracy

	5
	5.101 ± 0.060
	1.17
	102.02
	5.13 ± 0.043
	0.85
	102.72

	20
	20.832 ± 0.114
	0.55
	104.16
	20.924 ± 0.262
	1.26
	104.62

	40
	39.90 ± 0.67
	1.7
	99.66
	40.300 ± 0.158
	0.39
	100.75


Data are expressed as mean ± SD; n = 3


Table 5Precision of the assay for naringenin in rat plasma


	Conc (ng/ml)
	Inter-day variation
	Intra-day variation

	Conc found (Mean ± SD)
	% RSD
	% Accuracy
	Conc found (Mean ± SD)
	% RSD
	Accuracy

	200
	202.672 ± 0.0075
	0.004
	101.34
	202.68 ± 0.014
	0.007
	101.34

	100
	94.632 ± 0.0057
	0.006
	94.632
	94.63 ± 0.011
	0.11
	94.63

	50
	49.133 ± 0.0082
	0.016
	98.267
	49.14 ± 0.008
	0.015
	98.27


Data are expressed as mean ± SD; n = 3


Table 6Precision of the assay for naringenin in rat brain


	Conc taken (ng/ml)
	Inter-day variation
	Intra-day variation

	Conc found (Mean ± SD)
	% RSD
	% Accuracy
	Conc found (Mean ± SD)
	% RSD
	% Accuracy

	12,500
	11,852.27 ± 0.033
	0.0002
	94.818
	11,852.24 ± 0.02
	0.0002
	94.82

	5000
	4976.63 ± 0.054
	0.001
	99.53
	4976.60 ± 0.009
	0.0001
	99.53

	250
	250.04 ± 0.024
	0.009
	100.014
	250.043 ± 0.012
	0.005
	100.08


Data are expressed as mean ± SD; n = 3




Specificity
The absence of the peak of naringenin in the chromatogram of blank nanoparticles (Fig. 2) and presence of a peak of naringenin in the chromatogram of PLGA nanoparticles containing naringenin at Rt 7.1 in methanol (Fig. 3) indicates the specificity of the developed method.

Recovery
The recoveries of naringenin from plasma were 94.61, 98.22, 101.32% for concentrations of 50, 100, and 200 ng/ml, respectively. The recoveries from brain tissue homogenate were 99.99, 99.94, 99.98% for concentrations of 250, 5000, and 12,500 ng/ml, respectively.

Robustness
Robustness of the developed analytical method was found by varying the parameters such as injection volume to 10 μl from 20 μl, flow rate to 0.6 and 0.8 ml/min from 1 ml/min, column temperature to 35 °C, mobile phase ratio to 60:40 from 70:30, and pH of the mobile phase by varying the concentration of ortho-phosphoric acid from 0.5 to 0.1% and 1%. (Table 7). Injections were given in triplicate for each parameter. The percentage RSD was calculated for observing any deviation in the retention time on variation in these parameters. The percentage of RSD was found to be in the range of 1.2–2%.Table 7Effect of variation in the parameters on the retention time


	S. No
	Parameters varied
	Condition
	Retention time (min)

	1
	Injection volume (μl)
	20
	7.097

	 	10
	7.22

	 	Mean
	7.1585

	 	SD
	0.086974134

	 	% RSD
	1.214977077

	2
	Flow rate (ml/min)
	0.6
	7

	 	0.8
	6.8

	 	1
	7

	 	Mean
	6.9

	 	SD
	0.141421356

	 	% RSD
	2.049584873

	3
	Mobile phase ratio
	Ratio (60:40)
	6.8

	 	Ratio (70:30)
	7

	 	Mean
	6.9

	 	SD
	0.141421356

	 	% RSD
	2.049584873

	4
	Column temp (°C)
	35 °C
	7

	 	30 ° C
	7.2

	 	Mean
	7.1

	 	SD
	0.141421356

	 	% RSD
	1.991850088

	5
	pH of mobile phase
	1% OPA (pH 2.27)
	7.05

	 	0.1% OPA (pH 2.97)
	7.084

	 	0.5% OPA (pH 2.47)
	7.22

	 	Mean
	7.152

	 	SD
	0.096166522

	 	% RSD
	1.34461021





System suitability parameters
The system suitability parameters were calculated and were in accordance of the ICH Q2B guidelines for the validation of analytical procedure (1996) (1996) as well as the United States Pharmacopeia (USP 32-NF-27), 2009 (USP32-NF27.) (Table 8).Table 8System suitability parameters


	Parameters
	Obtained values
	Standard values

	Theoretical plate
	9189
	≥ 2000

	Asymmetry
	1.1
	< 2 (0.9–1.1)

	LOD (μg/ml)
	0.1 μg/ml
	3* (signal/noise)

	LOQ (μg/ml)
	0.44 μg/ml
	10 * (signal/noise)

	Retention time
	7.1
	> 2

	Precision
	0.5–1.2 (intra-day and inter-day)
	RSD ≤ 2

	Accuracy
	0.28–1.19
	RSD ≤ 2






Applicability of the developed RP-HPLC method for determination of naringenin
The developed and validated method was applied for the determination of in-vitro release of naringenin from the nanoparticles as well as entrapment efficiency (%) of naringenin in the PLGA nanoparticles (Fig. 3). Then, 81.8% of the drug was released in 24 h.
The peak of naringenin in the PLGA nanoparticles was obtained at 7.101 min (Fig. 3). The concentration of free naringenin associated with the nanoparticles was found to be 14 μg/ml. Hence, entrapment efficiency was found to be 95.33% as the concentration of naringenin in the nanoparticles is 300 μg/ml.
Single-dose pharmacokinetic and brain-uptake study
The in-vivo pharmacokinetic study was performed to quantify naringenin in plasma and brain after oral administration of naringenin-loaded PLGA nanoparticles. The objective of the study was to determine the improvement in bioavailability of naringenin after its formulation into nanoparticles as well as to quantify the uptake of naringenin in the brain by evaluating the pharmacokinetic parameters in the brain as well as by studying the brain: plasma ratio of the drug. Our results showed that the pharmacokinetic parameters fitted non-compartmental model. The statistical analysis of data was performed using one-way analysis of variance (ANOVA) at 5% level of significance (p ≤ 0.05) followed by Tukey’s multiple comparison test.

Plasma PK
The Cmax of naringenin-loaded nanoparticles in plasma was 5323.08 ± 0.57 ng/ml as compared to naringenin suspension whose Cmax was 4227.08 ng/ml. While the AUC0 → ∞ for naringenin nanoparticles was 43,019.92 ± 9.65 ng × h/ml as compared to naringenin suspension whose AUC0 → ∞ was 25,460.66 ± 3.27 ng × h/ml. The AUC 0 → ∞, Cmax, and Fr (relative bioavailability) of NGN-PLGA nanoparticles after oral administration were approximately 1.68 times (p < 0.05), 1.26 times (p < 0.05), and 1.69 times higher as compared to those of naringenin suspension (NGN-Suspension), respectively (our unpublished data). The other pharmacokinetic parameters such as t1/2, Tmax, Vd, CL, MRT, and Ke of naringenin suspension and nanoparticles in plasma were also obtained and showed similar trend.

Brain PK
The Cmax of naringenin-loaded nanoparticles in brain tissues was 1380.07 ± 0.54 ng/ml as compared to naringenin suspension whose Cmax was 836.96 ± 0.315 ng/ml. While the AUC0 → ∞ for naringenin nanoparticles was 10,890.05 ± 16.29 ng × h/ml as compared to naringenin suspension whose AUC0 → ∞ was 4937.56 ± 1.96 ng × h/ml. The AUC0 → ∞, Cmax, and Fr (relative bioavailability) of NGN-PLGA nanoparticles in the brain after oral administration were approximately 2.26 times (p < 0.05), 1.64 times (p < 0.05), and 2.26 times higher as compared to that of naringenin suspension (NGN-Suspension), respectively (our unpublished data). The other pharmacokinetic parameters such as t1/2, Tmax, Vd, CL, MRT, and Ke of Naringenin suspension and nanoparticles in brain were also obtained and showed similar trend.

Brain:plasma ratio
Brain-to-plasma ratios (Kp) (Cbr/Cpl) was significantly higher after administration of naringenin-loaded nanoparticles as compared to naringenin suspension. NGN-PLGA-NPs also showed increased uptake as compared to naringenin suspension [(F3,8 = 195,298), p < 0.0001)] (our unpublished data) (Additional file 1: Table S1).
The results of pharmacokinetic studies for plasma as well as brain indicate that after administration of NGN-PLGA nanoparticles, there was an increased absorption of NGN after oral administration as compared to NGN-Suspension as indicated by the increase in the AUC and Cmax. The relative bioavailability of NGN-PLGA nanoparticles was found to be ~ 1.7 times more as compared to naringenin suspension. Similar results were obtained by other research groups where there was increase in bioavailability of naringenin after its incorporation into delivery systems which enhance dissolution and prolong the circulation time because of their small size, bypassing the reticuloendothelial system (Ji et al. 2016; Khan et al. 2015; SUSEELA et al. 2015). The results of brain to plasma ratio of the availability of the drug also indicated that there was enhanced uptake in the brain after incorporation of naringenin into nanoparticles. The plausible reason for enhanced uptake of naringenin across the BBB after incorporation into nanocarriers as compared to unencapsulated naringenin was improved oral bioavailability of naringenin as also evident from the results of plasma pharmacokinetic studies. Encapsulation of naringenin into nanocarriers also prevents its metabolic degradation and early elimination from the body. Naringenin nanocarriers will be better absorbed as compared to unencapsulated naringenin because its low solubility leading to poor bioavailability has been overcome after its incorporation into nanocarriers. Similar results have also been obtained by other research groups (Jain et al. 2015; Muthu et al. 2009; Tiwari et al. 2014) indicating beneficial effects of nanocarriers in targeting brain. There will be prolonged release from the nanocarriers. We had also found in our study that brain uptake of these nanocarriers was enhanced as they inhibit P-gp efflux transporters at the blood-brain barriers (Bhandari et al. 2018). This inhibition was enhanced after surface modification of naringenin nanocarriers with reduced glutathione (GSH) and Tween 80 (Bhandari et al. 2018). Naringenin nanoparticles show their effect in attenuation of neuroinflammation and reduction in oxidative stress mediated mitochondrial dysfunction and biochemical deficit in autism spectrum disorder at dose of 25 mg/kg, and this effect was found to be comparable to the 100 mg/kg dose of unencapsulated or free naringenin (Bhandari et al. 2018).



Discussion
The method was linear within the range of 0.5–40 μg/ml as indicated from the value of determination factor which was found to be 1, yielding the best fit line. Multiple regression analysis using MS-Excel analysis Tool-Pack showed the value of 0.999972 of the adjusted coefficient of determination (R2) which suggests that 99.99% variance of the dependent variable y, i.e., peak area, is explained by the variance of the independent variable, i.e., concentration. Results of ANOVA show that the probability of obtaining the predicted regression output by random chance is nearly zero at 99% confidence level. Residual analysis indicates appropriateness of the linear regression model. The precision and accuracy were found to be in accordance with the ICH guidelines as indicated from the mean recovery values and low values of % RSD which were within the acceptable limits. Method was also found to be robust as % RSD values obtained after varying various parameters were within the acceptable limits. The system suitability parameters were within the permissible limits laid down by ICH Q2B guidelines and USP 32-NF-27, indicating that the developed analytical method for naringenin was accurate, precise, and robust. When this developed and validated method was further applied for quantification of naringenin in the developed PLGA nanoparticles as well as for in-vitro release, there was no unwanted peak or shift in the retention time of the drug indicating the sensitivity as well as selectivity of the developed and validated RP-HPLC method. The entrapment efficiency of the nanoparticles was found to be 95.33% while the in-vitro drug release was 81.8% in 24 h. This developed and validated method could not only be used for determining the entrapment efficiency and in-vitro release of naringenin from nanoparticles but could be used for determination of pharmacokinetic parameters of naringenin in plasma and brain as well the ratio of uptake of naringenin in brain with respect to plasma. The bio-analytical method was also found to be linear, precise, accurate, and specific with a good recovery and minimum matrix effect. The permissible limits of the validation parameters complied to the bio-analytical method validation guidelines (U.S. Department of Health and Human Services Food and Drug Administration). There was slight shift in retention time in plasma and brain samples from Rt 7.0 to Rt 5.99 as a result of change in flow rate from 1 to 0.8 ml/min as slight peak tailing was observed. Rest all the column parameters were the same as those used for analytical method validation. The developed bio-analytical method was used for quantification of naringenin in plasma and brain. The results of pharmacokinetic studies for plasma as well as brain indicate that after administration of NGN-PLGA nanoparticles, there was an increased absorption of NGN after oral administration as compared to NGN-Suspension as indicated by the increase in the AUC and Cmax. Hence, our developed RP-HPLC method proved to be an efficient analytical tool for in-vitro and in-vivo quantification of naringenin in PLGA nanoparticles.

Conclusions
An easy, economical, fast, precise, and robust RP-HPLC method was developed and validated for in-vitro and in-vivo determination of naringenin from developed PLGA nanoparticles. Further, this method was used to assess entrapment efficiency, drug release, in-vivo pharmacokinetics (plasma and brain concentration), as well as brain to plasma ratio of naringenin from nanoformulation.
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