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ABSTRACT
Introduction: Phloretin (PHL, 3-(4-Hydroxyphenyl)-1-(2,4,6-trihydroxyphenyl) propan-1-
one), is a naturally occurring dihydrochalcone, exclusively found in apple fruit peels, leaves, 
and Manchurian apricots. It has tremendous benefits as an antioxidant, anti-inflammatory, 
neuroprotective and anti-cancer agent but its Bioavailability (BA) and penetration across the 
Blood-Brain Barrier (BBB) is limited as it is a BCS class II drug, thereby hindering its therapeutic 
applications. Materials and Methods: In this study, we report the formulation, development, 
and characterization of an Oral Solid Dispersion (ASD) of PHL, designed to enhance its BA 
and brain distribution, by incorporating non-ionic surfactants like Poloxamer® 188 (P188) and 
Gelucire® 48/16 (GEL), & excipients like Neusilin® S2 (NEU), in a reproducible, solvent-free approach 
using melt-fusion technology. Comprehensive characterization included, Differential Scanning 
Calorimetry (DSC), X-ray Diffraction (XRD), Fourier-Transform Infrared Spectroscopy (FTIR), and 
Scanning Electron Microscopy (SEM) to compare pure PHL, binary formulations (FPOX: PHL+P188; 
FGEL: PHL+GEL 48/16), and its Physical Mixtures (PM). In vitro drug release (dissolution, solubility, 
and accelerated stability) with in vivo Pharmacokinetic (PK) profiling was carried out to assess 
improved performance. Bioanalytical validation of an RP-HPLC method was done to analyse 
the samples. Additionally, in vitro antioxidant and anti-inflammatory activities were evaluated. 
Results and Discussion: The optimized formulation, FPOX with the strategic inclusion of P188 
and NEU in an ASD had improved physical stability, dissolution rate, and at an equivalent dose of 
10 mg/kg, showed enhanced PK parameters as was analysed by a robust, validated HPLC method. 
It retained its biological efficacy supporting its potential in phytopharmaceuticals.
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INTRODUCTION

Neurodegenerative Diseases (NDs) such as Alzheimer’s Disease 
(AD), Parkinson’s disease, Huntington’s disease, and others, are 
a group of complex ailments with a heterogenous predisposition, 
having certain hallmark features like progressive degeneration 
of neurons, formation of misfolded proteins, accumulation 
of toxic species, escalating a cascade of metabolic reactions 
generating Reactive Oxygen Species (ROS), exacerbating 
neuroinflammation, and causing mitochondrial damage. With 
the need for emergent and exclusive therapies, there has been a 
paradigm shift in healthcare towards a multi-target approach; 
introducing holistic remedies that can target the cellular 

metabolic processes and act as safe therapeutic adjuvants to the 
classically prescribed medications. Among the rich repository 
of plant-based remedies, polyphenols are an upcoming class of 
secondary metabolites that offer tremendous potential in the 
management of these debilitating conditions.1,2

Polyphenols have gained significant traction in the past decade 
due to their benefits in the nutraceutical, pharmaceutical, and 
cosmetic industries.3 As a major group of phytochemicals, with 
more than 8000 varieties in nature,4 and multiple phenolic groups, 
they possess a unique physicochemical profile. A prime challenge 
in developing formulations incorporating polyphenols is to 
counter their limited Bioavailability (BA) and navigate the Blood 
Brain Barrier (BBB) until it reaches the site of action. They can 
protect plants from parasites and predators, and against oxidative 
damage by scavenging free radicals.5 This property is most 
sought in the treatment of NDs. In addition to this, polyphenols 
also modulate oxidative stress-sensitive signaling pathways by 
reducing the expression and activation of transcription factors 
such as nuclear factor-κB (NF-κB) and Activator Protein-1 (AP-1), 
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which are central to inflammation and neurodegeneration.6,7 
Their neuroprotective effects are demonstrated by regulating 
mitochondrial apoptosis, upregulating Bcl-2 and downregulating 
Bax, thereby stabilizing mitochondrial integrity, preventing 
cytochrome c release, and reducing caspase activation.7-9

Flavonoids are one such class of polyphenols that are ubiquitous 
in nature.4 Notably present in fruits and vegetables, these phenolic 
compounds are largely present in apples (Malus domestica Borkh.) 
family – Rosaceae.10 As the old adage goes, “an apple a day, keeps 
the doctor away,”11 consumption of apples can benefit humans 
as they are rich in flavonols like quercetin, dihydrochalcones 
like Phloretin (PHL), its glucoside derivative Phloridzin (PHZ), 
and flavan-3-ols like epicatechin, all primarily antioxidants.12 
Although their concentrations vary on the apple variety, they 
are still effective13 in reducing the risk of Cardiovascular (CVS) 
disease, asthma, some cancers, and diabetes.14

PHL, also found in strawberries and Manchurian apricots, has 
been widely studied for its diverse pharmacological properties, 
including antioxidant, anti-inflammatory, and anti-cancer 
activities.15 In CVS disorders, PHL restores Sirtuin 1 (SIRT1) 
signalling, alleviates myocardial fibrosis, and improves cardiac 
function; it inhibits aldose reductase and Advanced Glycation 
End product (AGE) formation and activates the AMP-activated 
protein kinase (AMPK/SIRT3) pathway in vascular endothelium, 
reducing mitochondrial ROS via Manganese Superoxide 
Dismutase (Mn-SOD) deacetylation.16-18 It offers neuroprotection 
by preserving mitochondrial membrane potential, reducing ROS 
and inflammation, limiting lipid peroxidation, thereby improving 
cognitive performance in AD models.19,20 Imparting longevity,21 
its antioxidant role involves donating a proton H+ to free radicals 
abolishing their reactivity, leading to the formation of a stable 
flavonoid radical.22,23

Its clinical utility is, however, hindered by poor aqueous solubility, 
which significantly limits its oral BA. Since it is a Biopharmaceutics 
Classification System (BCS) class II drug,15 various formulation 
strategies have been explored over the past two decades, like Solid 
Dispersion (SD) with Polyvinylpyrrolidone, PHL-microemulsion 
for vaginitis treatment,24 hydroxypropyl-β-cyclodextrin using 
a co-evaporation method,25,26 PHL-loaded propylene glycol 
ethosomes,27 mixed polymeric modified self-nanoemulsions,28 
among others, however, they have been met with limited success.

The aim of this study was to formulate a bio-enhanced 
Amorphous Solid Dispersion (ASD) of PHL with improved BA 
using polymers like Poloxamer® 188 (POX) and Gelucire® 48/16 
(GEL) by melt-fusion technique. The polymers have low melting 
points (< 60 °C) making them suitable for ASDs. Further, it was 
conformed into a consistent, free-flowing powder with Neusilin® 
US2 (NEU), a multi-functional carrier, that protects the active 
pharmaceutical ingredient (API) from moisture and enhances 
solubility of poorly soluble APIs. POX is a non-ionic amphiphilic 

polyoxyethylene - polyoxypropylene block copolymer beneficial 
in preventing recrystallization, resulting in stable SDs.29 Although 
the mechanism is not entirely understood, its bioactivity could be 
due to its ability to intercalate with the membrane bilayers and 
increase the density of lipid packing. GEL is a non-ionic surfactant 
with a unique composition of lipids, surfactants, and co-surfactant 
built on blocks of Polyethylene Glycol (PEG), that solubilises 
and boosts the oral BA for lipid-based formulations.30 ASDs can 
significantly reduce the particle size and enable drug wettability.31 
Polymers like POX and GEL are 3rd generation SDs intended 
at achieving the highest degree of BA for poorly soluble drugs 
like PHL. Lastly, a permeation enhancer, Labrasol® ALF (LAB), 
a non-ionic surfactant (caprylocaproyl polyoxyl-8 glycerides), 
that has been known for its excellent bio-enhancing abilities in 
oral drug delivery systems such as Self-Microemulsifying Drug 
Delivery Systems (SMEDDS/SNEDDS), surfactant-enriched 
liposomes, and liquid-solid formulations32 was added. The final 
formulation was characterized, efficacy and release of drug was 
assessed in vitro, followed by in vivo Pharmacokinetic (PK) 
analysis employing a robust and validated Reverse Phase-High 
Performance Liquid Chromatography (RP-HPLC) method.

MATERIALS AND METHODS

In silico Investigation

For a preliminary investigation into the role and features of the 
phytochemical, two in silico databases that are freely available 
online were explored; viz. the Comparative Toxicogenomics 
Database (CTD) http://ctdbase.org/ and ADMETlab 2.0. 
CTD is a comprehensive database that defines and correlates 
associations between chemicals in the environment, and the 
impact of their exposures on human health. ADMETlab 2.0 is 
an online software with a highly trained prediction model for 
the absorption, distribution, metabolism, excretion and toxicity 
profile of a compound. It reports the physicochemical properties 
and medicinal chemistry friendliness of the compound.33,34 The 
SMILES format of PHL was uploaded in the software and a 
detailed report was obtained. https://admetmesh.scbdd.com/

Chemicals and Reagents

PHL (API, >98.0%) was procured from Tokyo Chemical Industry 
Co., Ltd., (Tokyo, Japan). P188, and NEU, (Fuji Chemical Industry 
Co. Ltd.,) were a gift from BASF India and Gangwal Chemicals, 
Mumbai, respectively whereas GEL and LAB were gifts from 
Gattefossé, India (Table S1). Methanol (MeOH), Acetonitrile 
(ACN), were HPLC grade solvents. Milli-Q (MQ) water was used 
throughout the experiments (Millipore, Bedford, MA, USA). All 
the other chemicals for the study were laboratory grade.

Animals

Adult male Sprague-Dawley (SD) rats (250 ± 20 g) were 
purchased from the National Institute of Biosciences, Pune and 
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allowed a 1-week acclimatization period before commencing the 
experiments. They were housed in separate cages under ambient 
conditions (temperature: 23 ± 2°C; 12 hr light–dark cycle; relative 
humidity: 50%). Water and food pellets were freely accessible as 
per their standard diets. Prior to the PK study, rats were kept 
on fasting for 04 hr with free access to water. Blank plasma was 
procured from the rats after approval from the Institutional 
Animal Ethics Committee (IAEC) committee (ICT/IAEC/2022/
P03) of the Institute of Chemical Technology (ICT), Mumbai, 
India in accordance with the Committee for the Control and 
Supervision of Experiments on Animals (CCSEA).

Optimisation and Formulation
Optimization

Firstly, three different techniques, viz. Solvent Evaporation (SE), 
Cold-Press (CP), and Melt-Fusion (MF) technique were used to 
develop an ASD of PHL.35 Secondly, a range of polymers (P188, 
P407, GEL48/16) were tested for selecting the polymer of choice. 
The most suitable, reproducible method for developing the 
formulation was used. All excipients were generally recognized 
as safe. The methods have been explained in detail in a 
supplementary file (Table S1).

Formulation

Weighed amount of the polymers (P188 – coarse white powder or 
GEL48/16 - pellets) were taken in a container on a hot plate and 
allowed to heat until complete melting. The melting temperature 
should not exceed 60°C. After the polymer completely melted, 
and a semi-solid golden mixture was obtained, PHL was added, 
gradually, till it was completely mixed with the polymers. Then 
LAB (10%) was added to enhance permeation, on gentle heating 
with continuous stirring followed by NEU till a free-flowing 
powder was obtained. A 40-mesh sieve was used to get a uniform 
ASD. The powders were weighed and stored in air-tight plastic 
containers at Room Temperature (RT). A ratio of 1:3:0.5:2 was 
optimized after several trials (Table S2).

Characterization

The API, prepared ASD formulations (FPOX, FGEL), Physical 
Mixtures (PM_POX, PM_GEL), and corresponding controls 
– CONT_POX, CONT_GEL were characterized by Scanning 
Electron Microscopy (SEM), Differential Scanning Calorimetry 
(DSC), X-ray Diffraction (XRD), and Fourier Transform Infrared 
(FTIR) spectroscopy studies.

FTIR

FTIR spectroscopy was employed to measure the possible 
chemical interactions between PHL and the polymer matrix. 
All the samples were analysed using Jasco FTIR-4600 series 
spectrophotometer. Samples were prepared in KBr, compressed 
into discs and analysed in the scanning range from 400–4000 
cm-1 at a resolution of 4 cm-1.

DSC

DSC analysis was carried out to monitor possible physical 
interactions. For thermal characterisation of the samples, a 
quantity of about 7 mg was placed within open aluminium crimp 
pans (size: D6*2.5 mm), and subjected to thermal analysis at a 
scanning rate of 10°C/min across a temperature spectrum ranging 
from 30-250°C. Aluminium pans served as the standard reference 
material for the calibration of both the temperature and energy 
scales of the DSC apparatus. The thermal behavior was examined 
under a nitrogen flow of 100 mL/min on TA Instruments, model 
SDT Q600.

XRD

The powder XRD diffractograms of all the formulations were 
recorded using a high-resolution X-ray diffractometer, Rigaku 
SmartLab, SmartLab Studio II v4.3.152.0 software for analysis. The 
conditions used to obtain a 1D scan using a standard goniometer 
were, D/teX Ultra 250 detector, Kβ filter 1D for Cu, 45 kV voltage, 
current 40 mA, scanning rate of 15°/min, and scanning range of 
5 ~ 80°. The diffractograms obtained were plotted in intensity 
counts (cps) and 2θ° values.

SEM

The morphology of the formulations was examined using SEM 
type – QUANTA 200 ESEM, ICON Labs, Mumbai with an 
accelerating voltage of kV:20 resolution:(eV) 129.5. pressure 
64 Pa, employing a large field detector. Samples were placed on 
Aluminium stubs by double-sided adhesive carbon tape and 
coated using a sputter coater. High resolution images were taken 
at a range of magnifications (500-4000x). The EDAX APEX 
software was used to depict the surface morphology and chemical 
elemental composition.

In vitro Release
Saturation solubility

The saturated solubility of the drug was determined in Distilled 
Water (DW) and various buffers from pH 1.2 to 7.4. An 
excess amount of drug was added to 2 mL of DW or buffer of 
required pH in a microcentrifuge tube (Eppendorf tube). The 
tubes were kept on an orbital shaker for 48 hr (speed: 50 rpm, 
temperature: 25 ± 0.5°C). The samples were then filtered (0.22 
µm syringe filters), filtrates collected, and absorbance measured 
with UV-visible Spectrophotometer (UV–1601PC, Shimadzu 
Corporation, Japan), UV Probe software, on selected λmax for 
PHL.36 Calibration curves of the different solvents were used 
to calculate the concentrations. The results were obtained in 
triplicates and presented as Mean±Standard Deviation (SD).

Dissolution

For studying the drug release in vitro, dissolution studies for 
PHL (50 mg) and its SDs equivalent to 50 mg PHL (FPOX and 
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FGEL) was carried out on USP dissolution apparatus II (basket 
type) with paddles (LABINDIA® DS8000, India), in a dissolution 
media of 900 mL gastric fluid without enzymes (pH=1.2) at 37 
±0.5°C and speed of 75 rpm. The drug release behaviour was 
evaluated up to 03 hr, collecting 5 mL samples at each time point, 
and determined by UV-spectrophotometry. The readings (in 
triplicates) were calculated from the calibration curve (Table S3) 
to obtain the corresponding concentration of the drug across the 
time profile.37

Stability studies

The formulations were assessed for physical and chemical stability 
for a period of 06 months in accordance with International 
Conference on Harmonisation (ICH) guidelines on stability 
testing of new drug substances and products: ICHQ1A (R2) 
with accelerated testing at 40°C ± 2°C/75% RH ± 5% RH up to 
6 months.38 They were stored in sealed aluminium packets and 
the physical characteristics, in vitro drug content was determined 
periodically after 1, 2, 3 and 6 months.

Bioanalytical Method Validation [Ich M10]

To determine the amount of PHL released in the biological matrix 
(i.e., blood plasma) and gain an improved understanding of PK 
parameters such as AUC (Area Under the Concentration-time 
curve) and Cmax (maximum concentration), the rate and extent 
of drug absorption was carried out employing a validated HPLC 
method.

HPLC system and conditions

An RP – HPLC (Jasco LC-4000 series) system with a Photo 
Diode Array (PDA) UV detector was employed in the study. The 
stationary phase was a Welchrom C18, 4.6*250 mm, 5μ pore size 
column. The mobile phase was a mixture of ACN and MQ water, 
in a ratio of 40:60 (v/v), and the wavelength (λmax) was set to 286 
nm. The solvents were filtered and sonicated before use. Elution 

was carried out at a flow rate of 1 mL/min for 10 min (retention 
time=tR) in isocratic mode. Sample volume injected in the HPLC 
was 10 μL. Maintaining an ambient temperature of 25°C ensured 
sharp peaks without any interference. All samples were analysed 
using the Jasco ChromNAV version 2.03.06 software.

Preparation of Standard and Working Solutions

Initially, a stock solution of 1000 ppm (1 mg/mL) of PHL was 
prepared in MeOH. It was filtered, if necessary, and remaining 
dilutions for Working Solutions (WS) were prepared in MeOH. 
For the calibration study, concentrations ranging from 10-150 
ppm were chosen to obtain a standard curve. For method 
development, an accurate and equivalent amount of blank 
rat plasma (100 μL) was added to 150 μL of prepared WS and 
the volume was made up to 500 μL with MeOH. After protein 
precipitation with MeOH, the mixture was vortexed for 2 min 
and centrifuged two times at 7000 rpm, 4°C, for 5 min, each. 
The supernatant was collected in a separate Eppendorf tube and 
transferred to HPLC vials for further analysis.

Figure 1: Formulation development by melt-fusion technique.

Composition Value
Column Welchrom C18, 4.6*250 mm, 5 μ 

pore size
Flow rate (mL/min) 1.0
Retention time (tR) 7.2-7.3
Detector PDA
Detection wavelength 
(nm)

286

Injection volume (μL) 10
Temperature (°C) 25
Elution type Isocratic
Run time (min) 10

Table 1: HPLC parameters for method validation.
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Sample Preparation

Briefly, in a 1.5 mL Eppendorf tube, 100 μL of plasma sample 
(collected at different time points from respective animal groups) 
was added. To obtain values within the detectable range, a known 
concentration of standard solution (50 ppm PHL in MeOH) 
was spiked to all the samples (150 μL). After vortexing for 1-2 
min, 250 μL MeOH was added to precipitate proteins, volume 
was made up to 500 μL, and then vortexed for 1 min. The final 
mixture was centrifuged for 5 min at 7000 rpm (2 rounds). 10 μL 
of the supernatant was collected and analysed according to the 
same parameters previously validated for the analyte, PHL (Table 
1). A slight shift in the tR can be expected owing to the presence 
of plasma. The corresponding AUCs were subtracted from the 
AUC value for the spiked sample and the concentration obtained 
was calculated from the linearity equation (y=mx+c).

Pharmacokinetic Analysis

For the PK study, adult SD rats were randomly divided into 
04 groups (n = 06/group) viz. GI – IV PHL (10 mg/kg), GII – 
oral PHL (10 mg/kg), GIII – oral FPOX (10 mg/kg eq.), GIV 
– oral FGEL (10 mg/kg eq.). PHL and the formulations were 
suspended in 0.5% sodium Carboxymethyl Cellulose (CMC) 
and orally administered as a single dose. Blood samples (0.5 mL) 
were collected at 5, 10, 15, 30, 45 min, 1, 1.5, 2, 4, 6, 8 and 24 
hr post-dose with sparse sampling.39 To collect plasma, samples 
were immediately centrifuged at 2500 rpm for 15 min at 4°C 
and stored at -80°C until further preparation for HPLC analysis. 
PK parameters for Non-Compartmental Analysis (NCA) were 
calculated by the Phoenix® WinNonlin® (Certara Inc., USA) 

software for individual animals and reported as the Mean ± SD 
of the group.

Method Validation [adapted from ICH Q2(R1)40]

Specificity, Linearity, and Range

The linearity of a method is the ability to maintain a direct 
proportionality of the results with the concentration of the 
analyte, within a specific range. Linearity of the plasma samples 
was calculated from the regression coefficient (R2) of the graph. 
07 aliquots ranging from 10-150 ppm were prepared in MeOH 
and scanned at λmax of PHL (286 nm) in HPLC. The interval 
between the highest and the lowest concentrations for which the 
analytical method gives a sufficient degree of accuracy, precision, 
and linearity, is termed as range. The same was ascertained from 
the calibration graph. The specificity of the method was reported 
to highlight no concomitant interaction of other substances in 
HPLC.

Accuracy, Precision, and Recovery

To determine the closeness of the readings of the analytical samples 
and its method to the true or actual values of the standard, can be 
expressed in its accuracy. This can also be termed as trueness. The 
mean percentage (%) recovery was calculated as a parameter for 
accuracy. While, precision is termed as a series of measurements, 
expressing repeatability and reproducibility, that are obtained 
over multiple time points from the same homogenous sample. 
For intra- and inter-day precision, three different concentrations 
– low, medium, high (30, 70, and 130 ppm) on the same day and 
once a day for 03 consecutive days, were analysed. The acceptance 

Figure 2: FTIR spectra of different formulations.
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criterion was within ± 15% deviation from the nominal i.e., 
Relative SD (RSD).41,42

Robustness

To study how unchanged or resilient the developed method is by 
making small, but deliberate changes in the method parameters 
provides an indication of its robustness. 03 different variables 
were altered; temperature was varied by 3 degrees i.e., 28°C, the 
wavelength was adjusted by 1, i.e., 285 nm, and the flow rate was 
adjusted by 1, i.e., 1.1 mL/min keeping the other parameters 
constant. The %RSD values from the AUC values were calculated 
and reported.

LOD and LOQ

The lowest amount (concentration) of analyte in a sample which 
can be detected is termed as the Limit of Detection (LOD) 
whereas the lowest amount that can be quantified with suitable 
precision and accuracy is termed as the Limit of Quantification 
(LOQ) of the developed analytical method. These values can be 
calculated as follows:

LOD=3.3* σ /Slope

LOQ=10* σ /Slope

wherein, σ (sigma) is the Standard Deviation (SD) of the 
Y-intercept, and S is the mean slope of the calibration curve. It 
gives an indication of the signal-to-noise ratio.

In vitro Assays
Antioxidant activity

To measure the antioxidant capacity of PHL and the developed 
formulations, two in vitro assays, viz. 1,1-diphenyl-2-picrylhydrazyl 
(DPPH•) and Oxygen Radical Absorbance Capacity (ORAC) 
assay were performed.

DPPH• Assay

The DPPH• assay procedure was adapted from Dudonne et 
al., (2009), to assess the free radical scavenging ability of the 
flavonoid.43 Briefly, serial dilutions of PHL and its formulations, 
were prepared alongside ascorbic acid (standard). The solutions 
were readily mixed with MeOH and 200 μM DPPH was added 
to the reaction mixture under dark conditions. This 1:1 mixture 
was incubated at RT for 20 min and absorbance was taken at 517 
nm44 in a microplate spectrophotometer reader (BioTek® Epoch), 
analysed using Gen5 software. The formula used to calculate the 
percentage of DPPH•-scavenging activity was

% DPPH inhibition= {[Abs(control) – Abs(sample)]/ 
[Abs(control)]} *100

ORAC Assay

A prominent technique to measure the scavenging 
capacity against peroxyl Radicals (ROO•) generated by 
2,2’-azobis(2-amidinopropane) dihydrochloride (AAPH) using 
fluorescein as a fluorescence probe is the ORAC assay. AAPH 
undergoes time-dependent thermal decomposition to form 
ROO• that quench the fluorescence of fluorescein molecules in 

Figure 3: DSC thermal spectra of different formulations.
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the reaction mixture. Trolox, a water-soluble vitamin E analogue, 
is used as the standard. The quenching capacity is measured 
by calculating the AUC in Trolox equivalents/gram of the 
formulations. The excitation and emission wavelengths were set 
at 485 nm and 528 nm, respectively, using a microplate reader. 
The readings in triplicates were taken across a concentration 
range and Mean ± SD of the AUCs were calculated in μmoles 
of Trolox/gram of sample. The procedure was as described in 
Deshpande et al., (2023).45

Anti-inflammatory Activity – Protein Denaturation 
Assay

Although carrageenan-induced inflammation is a known 
technique for measuring the anti-inflammatory potential of drug 
substances, we employed a simple in vitro protein denaturation 
assay to measure the inhibition in inflammation. The procedure 
was adapted from earlier reports with modifications.46–48 Aspirin, 
a known Non-Steroidal Anti-Inflammatory Drug (NSAID), was 
used as a standard. Briefly, 1% bovine serum albumin (BSA, 500 
μL) was added to 100 μL of sample, and after heating (to enable 
denaturation), followed by cooling, the absorbance was measured 
at 660 nm using a microplate reader. Readings were taken in 
triplicates and % inhibition was plotted for the formulations.

% inhibition= 100-{[Abs(sample) – Abs(control)]/ [Abs(positive 
control)]} *100

Statistical Analysis

All the data was represented as Mean ± SD. The results were 
analyzed by GraphPad® Prism software Ver. 8.0.1 (GraphPad 
Software, Inc., La Jolla, CA) and performed by OriginPro® 
graphing and analysis software 2025b (OriginLab Corp., 
Northampton, USA). Statistical significance was considered as 
p<0.05 in all cases. Wherever necessary, sample sets were analyzed 
by Student’s t test for unpaired samples, one-way ANOVA and 
post hoc multiple comparisons tests.

RESULTS AND DISCUSSION

In silico Findings

According to CTD – [chemical-phenotype interaction] query, 91 
phenotypes were found to be associated with PHL [chemical] 
across Homo sapiens, Mus musculus and Rattus norvegicus 
[species]. Among those, PHL was found to have a strong 
involvement in cellular metabolic processes, cell proliferation, 
cell cycle phases, predominantly mitotic cell cycle processes and 
S phase, lipid oxidation and catabolism, glutathione transferase 
activity, ROS biosynthetic process, apoptotic process and 
glucose import into the cells, lactate dehydrogenase activity, 
SOD activity and also sperm motility.34 As per reports, PHL has 
multi-dimensional effects; as a therapy for skin disorders due 
to enhanced penetration, inhibiting prostaglandins acting as an 
anti-inflammatory agent, management of diabetes by regulating 
glucose transport, and inhibiting the pro-inflammatory mediators 
in macrophages and dendritic cells.16,49-51

Based on the ADMETLab 2.0 simulations data, 88 parameters 
were reported. Briefly, PHL satisfied the Lipinski rule of 5,52 with 
a 0.058 probability of P-gp inhibition and very poor BA (<20%) as 
was indicated by the prominent plasma protein binding (93.96%), 
and small fraction of drug unbound in plasma (5.864%). It 
displayed poor BBB penetration (0.023), limited volume of 
distribution (Vd = 0.563), and high rate of clearance (CL = 15.737 
mL/min/kg) concurring with reports that PHL gets metabolized 
by conjugative enzymes such as β-glucosidase,13 moves rapidly 
in the intestine, and is efficiently eliminated in the urine.53,54 Its 
drug-likeness score was 0.64 (unattractive), and solubility in 
water nearly 0.2 mM. These challenges hinder the nutritional and 
cosmetic applications55 of PHL promoting the need to enhance 
its BA.

Formulation, Development, And Optimisation

In the SE method, a white pasty mixture was obtained and 
hence could not be evaluated. In the CP method, 30% of P188 
enabled the dissemination of PHL uniformly and the solution 

Sr no. Formulation Method
Ratio

PHL G48/16 P188 LAB NEU

1 3 0.5 2
1 FGEL Melt-fusion 100 mg 300 mg - 50 mg 200 mg
2 FPOX Melt-fusion 100 mg - 300 mg 50 mg 200 mg
3 PM_GEL Physical mixture 100 mg 300 mg - 50 mg 200 mg
4 PM_POX Physical mixture - - 300 mg 50 mg 200 mg
5 CONT_GEL Only excipient 

mixture
- 300 mg - 50 mg 200 mg

6 CONT_POX Only excipient 
mixture

- - 300 mg 50 mg 200 mg

FGEL = formulation with Gelucire 48/16; FPOX = formulation with Poloxamer 188; PM_GEL = physical mixture with Gelucire 48/16; PM_POX = physical mixture 
with Poloxamer 188; CONT_GEL = physical mixture with Gelucire 48/16 (without API); CONT_POX = physical mixture with Poloxamer 188 (without API).

Table 2: Formulation development of different batches.
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remained stable up to 48 hr with no crystal formation. P188 
showcases reverse solubility at low temperatures due to the 
hydration capacity of the block copolymer that accelerates 
drug dissolution.56 This technique could be advantageous for 
developing in situ gels.57 However, for our study, we chose to 
proceed with MF method due to its ease and reproducibility. A 

step-down approach was employed. Several ratios were attempted 
for drug loading capacity. Finally, a ratio of 1:3 of drug: polymer 
was selected due to the effectiveness and stability of P188. PHL 
got completely embedded within the polymer (P188) producing 
a white crystalline homogenous mixture. This can be attributed to 
the low melting point and increased wettability of P188.58 Based 

Figure 5: SEM images of different formulations (at 2000x magnification).

Figure 4: X-ray diffractogram of different formulations.
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on this ratio, the final formulations were prepared as shown in 
Figure 1, Table 2.

Characterisation

FTIR

A cumulative FTIR spectra of %transmittance vs. wavenumber 
(cm-1) was obtained for all the formulations (Figure 2). PHL 
is a dihydrochalcone flavonoid containing multiple alcoholic 
groups. With respect to the FTIR scan for PHL, the strong and 
broad O-H stretching at 3208.97 cm-1 can also be observed in the 
formulations FPOX (3414.35 cm-1) and FGEL (3435.56 cm-1). 
Additional O-H stretching can be observed for both the polymers 
FPOX 2870.52 cm-1 and FGEL 2917.77 cm-1 depicting its unique 
presence in the formulation. PHL possesses phenyl rings (cyclic 
alkene). This C=C stretching (1566-1650 cm-1) is observed at 
1603.52 cm-1 in PHL, at 1621.84 cm-1 in FPOX and 1623.77 cm-1 
in FGEL. The presence of 2 phenyl rings gives an indication of 
secondary alcoholic groups that are depicted at 1075.12 cm-1, 
1083.8 cm-1, and 1082.83 cm-1 and the peak of C–H stretching in 
methyl groups is at 1475.28 cm-1, 1455.03 cm-1, and 1456.96 cm-1 
for PHL, FPOX, and FGEL, respectively. The variations in the 
intensities and shapes of the peaks can be attributed to physical 
interactions between PHL and the polymers.

DSC
For both the polymers GEL and P188, the melting point (Tm; 
q=6-7 mW) was ~60°C, this endothermic reaction was seen by 
a dip in the graph (Figure 3). The glass transition temperature 
(Tg) was between 150-160°C. The processing temperature 
for the technique should hence lie between 60-160°C (>Tm 
and <Tg). Phase change was observed above 160°C suggesting 
polymerisation of the polymers. For both the formulations, FGEL 
and FPOX the dip was not observed suggesting that PHL was 
embedded in the polymer matrix owing to a partial amorphization 
of the crystalline structure. Therefore, hot melt-fusion is essential 
for completing the reaction. Conversely, in the physical mixture 
of PHL, i.e., PM_POX, a dip was observed suggesting that the 
homogenous mixing between the drug and excipients had not 
been carried out. Today, the highest number of drugs (>50%) 
in the pharmaceutical pipeline belong to BCS class II. Among 
the strategies for development of ASDs, freeze drying, fluid-bed 
coating, spray drying, co-precipitation method, and HME 
technique, are popular.59 The ASDs prevented recrystallisation 
or degradation of the API even at higher temperatures, offering 
stability.60

XRD
The XRD plot for PHL revealed the characteristic peaks 
corresponding to the native crystalline structure of PHL at 7.005°, 

Figure 6: Concentration (mg/mL) of formulations soluble at different pH.
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9.638°, 14.007°, 19.236°, and 27.209°. From Figure 4, peaks 
for FPOX and FGEL, it was evident that the crystalline nature 
of PHL got completely masked due to its incorporation in the 
polymer matrix as no clear strong peak was observed. PHL was 
uniformly distributed in the formulation making it amorphous.61 
The intensity was measured against 2θ° values. Both DSC and 
XRD data confirmed the formation of ASDs of PHL, known as 
FPOX and FGEL, in the polymeric blends of P188 and GEL48/16, 
respectively, with NEU and LAB as excipients.

SEM

As observed in Figure 5, PHL retained its crystalline structure, 
whereas the formulations, FPOX and FGEL, completely entrapped 
the drug into their polymer matrix (all images were taken at 100 
μm, 1000X magnification). Interestingly, the physical mixtures, 
i.e., PM_POX and PM_GEL did not completely integrate the drug 
into the mix highlighting the need for melt-fusion technology. 
When observed at 50 μm, the particle size of PHL was found to be 
in the range of 10.35 – 33.83 μm, FPOX – 4.978 – 23.58 μm, and 
FGEL – 8.078 – 21.0 μm.

In vitro Release
Saturation Solubility, Dissolution, and Stability

The percent drug release at pH 1.2 of PHL alone was closely 
matched with FPOX whereas FGEL was significantly poor 
(p<0.001, Figure 6) in its release over time suggesting that it 
was unstable for a longer duration. The poor solubility of PHL 
in water (pH 7.4) limits its therapeutic potential62-64 highlighting 
the need for ASDs. FPOX would be an improved and preferred 
formulation as was noted in its significantly enhanced solubility at 
pH=1.2, 4.5, 6.8, and 7.4 (Figure 7). Li et al., (2011) described the 

solubility of PHL in different solvents according to the theory of 
solid-liquid phase equilibrium. They suggested that the solubility 
of PHL is directly proportional to temperature, with MeOH 
and ethanol showing dominant solubility over other solvents.54 
Estimating for stability over 6 months, % drug content for FPOX 
and PM_POX was equivalent to that of PHL API (Figure 8) in the 
range of 90-110%. Surprisingly, the increase in % drug content 
for FGEL and PM_GEL can be attributed to elution of the drug 
from the formulation, interaction with the components of the 
mixture, degradation of the active ingredient, or formation of 
an unintended by-product. Initially, the formulations, FGEL 
and PM-GEL were cream-white free-flowing powders, but they 
obtain a semi-solid orange gel-like consistency upon long-term 
storage suggesting instability. PHL and FPOX, however, remain 
unchanged (white fluffy powder and cream-white powder).

Bioanalytical Method Validation
Pharmacokinetic Analysis

The results of the PK analysis were on the assumption that the 
biological system is a single unit i.e., NCA. The release followed 
first-order kinetics, i.e., a direct co-relationship between the 
amount of drug released in the body (concentration in μg/mL) 
with respect to time (hr). The trapezoidal rule was utilized to 
calculate the extent of drug exposure employing the Phoenix® 
software. Since IV PHL has the maximum exposure being 
administered directly into the systemic circulation (100% BA), 
the initial concentration i.e., C0 was 8820.68 ± 6623.48 ng/mL. 
Other prominent features, viz. Cmax, Tmax (time to maximum 
concentration), AUC, and %F (percent BA) were recorded in 
Table 3. Cmax for IV PHL was >2-fold than the oral PHL group 
(33.96 ± 2.60 μg/mL vs. 17.83 ± 5.12 μg/mL respectively), whereas 

Figure 7: Percent release of formulations vs. time (min).
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Figure 8: Stability study of different formulations.

the oral formulation groups (FPOX and FGEL), although not 
significant, showed a marginal improvement over the API (FPOX: 
21.41 ± 2.65 μg/mL; FGEL: 20.42 ± 2.21 μg/mL). Interestingly, we 
found that the AUC (last) values for both the formulations were 
nearly 3-fold higher compared to the API (oral PHL: 14.98 ± 4.91 
hr*μg/mL vs. FPOX: 54.60 ± 30.0 hr*μg/mL and FGEL: 67.76 ± 
23.83 hr*μg/mL). Tmax was attained quickly not only for IV (0.20 
± 0.05 hr) but also oral PHL (API = 0.167 hr), while the oral 
formulations took longer (FPOX: 5 ± 3.5 hr and FGEL: 0.7 ± 0.1 
hr) to achieve the highest concentration in the body. The MRTlast 
(h), i.e., suggestive of the average time that all the molecules of 
a formulation spend in the body, were superior for both the 
formulations, (FPOX and FGEL) vs. oral API (3.8375±1.231 and 
4.012±1.806 vs. 3.249±1.453 respectively).

From Figure 9A, it is evident that PHL (API) had very poor 
BA and release over time, whereas FPOX showed a significant 
improvement over PHL (%F = 37.96 vs. 10.42; p<0.01). FGEL 
although at par with FPOX, was not preferred due to its instability 
(Figure 9B). Lastly, reports suggest that masking the phenolic 
-OH groups by acetylation could increase the BA and duration 
of action of PHL,65 however, its penetration into the brain was 
unchanged. Our results showed that the concentration of PHL 
in the brain, when administered systemically, was 49.21±4.40 μg/
mL whereas FPOX had a superior brain distribution compared 
to its API (78.69±9.02 μg/mL vs. 64.33±6.45 μg/mL respectively, 
*p<0.05).

Method Validation
Specificity, Linearity, and Range

The developed method was highly specific; no other peak was 
obtained while running the samples. Figure 10A shows the 
calibration curve over the range 10 – 150 μg/mL suggesting a linear 
relationship of AUC values plotted against the concentration 
(n=3). The straight-line equation obtained was y = 10272x – 
43205 and regression coefficient R² = 0.9915. Figure 10B depicts 
the linearity overlay of the working standard solutions in HPLC.

Accuracy, Precision, and Recovery
To study system suitability, 06 replicates of the same concentration 
(50 ppm) were run in HPLC (Table 4.1). To estimate accuracy 
and recovery, the average readings of the spiked samples were 
calculated against the obtained values and % recovery was 
noted in the Table 4.2. For precision, intra-day and inter-day, 03 
concentrations were run in triplicates39 and readings obtained 
demonstrated appreciable reproducibility of the method (Table 
4.3). All data were expressed in mean AUC values with %RSD 
<15%.

Robustness
Based on the 03 parameters that were altered (temperature, flow 
rate, wavelength), the results of robustness were depicted in the 
Table 4.4. As per the bioanalytical guidelines, the %RSD was 
less than 10% across all 03 concentration levels. The ideal HPLC 
conditions were as follows: Temperature - 25°C, Flow Rate (FR) – 
1 mL/min, Wavelength (WL) - 286 nm (n=3 at each level).
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Parameters IV PHL API Oral PHL API Oral PHL formulation 
(FGEL)

Oral PHL formulation 
(FPOX)

Dose (mg/kg) 10 10 10 eq. 10 eq.
Cmax (ng/mL) 33960.005±2607.354 17832.09±5123.109 21416.515±2649.551 20422.3625±2207.841
Tmax (h) 0.209±0.048 0.167 5±3.464 0.6875±0.125
AUC (last) (h*ng/mL) 143833.313±56223.432 14981.693±4908.232 54605.514±29968.606 67766.5425±23828.35
AUCINF_obs (h*ng/mL) 232595.618 20328.355±9060.65 - -
MRTlast (h) 3.976±1.251 3.249±1.453 4.012±1.806 3.8375±1.231
MRTINF (h) 9.4 6.871±5.071 - -
CL_obs (mL/h/kg) 42.993 - - -
Vss_obs (mL/kg) 404.131 - - -
F% (bioavailability) - 10.42 47.11 37.96

Cmax = maximum (peak) concentration; Tmax = time to maximum (peak) concentration; AUC = Area Under Curve; MRT = Mean Residence Time; CL_obs = clearance; 
Vss_obs = volume of distribution at steady-state.

Table 3: Pharmacokinetic profile of different formulations.

LOD and LOQ

For reporting, the S (mean of slope) = 10272.21, and σ (SD) = 
535094.8 were calculated from the calibration graph, the LOD 
and LOQ for PHL was found to be 12.41 μg/mL and 37.61 μg/mL 
respectively, i.e., LOQ was nearly 3-fold of LOD. The specificity 
of the method was thus established as the lowest concentration in 
linearity (10 μg/mL) was very close to the LOD value.

In vitro Assays
Antioxidant Assays (DPPH● and ORAC)

In the DPPH assay (Figure 11), the IC50 (μg/mL) values of ascorbic 
acid (standard) were presumably lowest at 4.66 μg/mL. The 
values for PHL (API) were closely matched with its formulations 
FPOX and PM_POX (80.43 μg/mL vs. 87.98 μg/mL; 90.44 μg/

mL respectively; p<0.05). The formulations FGEL, and PM_GEL 
however, were not significant (100.75 μg/mL and 229.31 μg/mL, 
respectively). These results confirm that the antioxidant capacity 
of PHL was retained in the formulations. DPPH assay can hence 
be used as a preliminary tool to measure the ROS-scavenging 
potential of a drug.66

For the ORAC score, the calibration graph for equating Trolox 
equivalents was calculated. As shown in Figure 12, the Mean ± SD 
of the AUCs were calculated in μmoles of Trolox/gram of sample 
observed in lakhs. The ORAC score for PHL was 122.70 lakhs, 
whereas the formulation FPOX showed >2-fold improvement in 
the score (277 lakhs; p<0.0001) and FGEL as well at 219 lakhs 
(p<0.01). Further, the physical mixtures, PM_POX and PM_GEL 
also demonstrated notable free radical-scavenging capacities 

Figure 9A: Pharmacokinetic profile (concentration vs. time) for different animal groups.
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Table 4: Bioanalytical validation parameters for HPLC

Table 4.1: Bioanalytical validation parameters for HPLC – System suitability

Concentration (ppm) Parameter

50

AUC tR

Mean %RSD Mean %RSD

408130.8 7.90 7.290 2.04

Table 4.2: Bioanalytical validation parameters for HPLC - Accuracy

Concentration (ppm) Mean recovery (ppm) %Recovery %RSD

50 53.36 106.73 13.24

100 99.97 99.97 2.20

150 156.43 104.29 11.44

Table 4.3: Bioanalytical validation parameters for HPLC – Precision

Parameters Concentration (ppm) Mean AUC±SD %RSD

INTRA-DAY 30 282744.3±9069.91 3.207813

Repeatability 70 596875.7±12052.21 2.019215

130 1234635±20870.24 1.690398

Parameters Concentration (ppm) Mean AUC±SD %RSD

INTER-DAY 30 304939.7±32946.14 10.80415

Intermediate 70 614730.7±26700.22 4.343402

130 1227362±31812.57 2.591948

Table 4.4: Bioanalytical validation parameters for HPLC - Robustness

Parameters Concentration 
(ppm) Mean AUC±SD %RSD Mean tR±SD tR %RSD

Temperature (28 °C) 30 254411.3±24557.00 9.652 7.35±0.190 2.591

(Temperature = 28 °C, 
FR=1, WL=286 nm)

70 569676±21122.96 3.707 7.31±0.179 2.449

130 1211031±23971.48 1.979 7.35±0.140 1.908

Flow rate (1.1 ml/min) 30 254718.3±24112.52 9.466 7.17±0.447 6.234

(Temperature = 25 °C, 
FR=1.1, WL=286 nm)

70 562721±32298.13 5.740 7.17±0.387 5.397

130 1180551±75971.21 6.435 7.17±0.394 5.491

Wavelength (285 nm) 30 263353±14303.72 5.431 7.42±0.160 2.149

(Temperature = 25 °C, 
FR=1, WL=285 nm)

70 581610.7±9903.595 1.702 7.40±0.123 1.666

130 1220872±9331.789 0.764 7.39±0.134 1.816
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Figure 9B: Pharmacokinetic profile (AUClast) (h*ng/mL)) for different animal groups.

Figure 10A: Calibration curve for PHL in plasma using RP-HPLC.

Figure 10B: Linearity overlay of PHL in plasma using RP-HPLC.
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Figure 11: DPPH assay measuring anti-oxidant activity.

Figure 12: ORAC assay measuring anti-oxidant activity.
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Figure 13: Anti-inflammatory assay (protein inhibition).

(209.50 lakhs; p<0.01; 224.56 lakhs; p<0.01) highlighting the 
pronounced antioxidant activity of PHL. The ORAC score is 
thus a reliable parameter, and more definitive as it employs a 
biological standard.67,68 Among several reports, it is evident that 
the stronger antioxidant potential of PHL is due to its multiple 
-OH groups.69 Moreover, the number, relative position of -OH 
groups, and presence of an alkyl chain make it distinctly effective 
than other dihydrochalcones.70 In antioxidant assays like FRAP, 
ABTS, and DPPH●, PHL has much lower IC50 values compared 
to its glycosylated congeners (phloridzin, trilobatin, naringin 
dihydrochalcone, and neohesperidin dihydrochalcone) asserting 
that the glycosylation of -OH reduces its antioxidant capacity, 
especially electron transfer, hydrogen atom transfer and formation 
of radical adducts.71 As was also observed for flavonoids like 
dihydromyricetin,72 baicalein, and baicalin.73

Anti-inflammatory Assay – Protein Denaturation

In the protein denaturation assay (Figure 13), to measure the 
percentage inhibition, both FPOX and PHL, at 100 μg/mL, had 
equivalent values (83.74% and 82.02% respectively) whereas 
FGEL was marginally lower (70.54%) when compared with the 
standard NSAID, aspirin (98% with IC50 ~20 μg/mL). A host of 
literature suggests that PHL exerts anti-inflammatory protection. 
Several autoimmune disorders that identify with inflammation 
as a core component, might be benefited from PHL and its 
formulations. PHL inhibits NF-κB/MAPK and GLUT1-driven 

cytokine release, enhances Nrf2/HO-1 antioxidant defence, and 
suppresses immune cell and tissue injury (inhibits the release 
of PGE2 and suppresses COX-2 expression) across various 
models.74,75 The anti-inflammatory property of PHL was thus 
retained as the formulations demonstrated prominent results.

CONCLUSION

We utilised a three-pronged approach in our study. First, 
utilising different polymers and techniques, a bio-enhanced 
oral formulation of PHL i.e., FPOX was developed and 
characterised using sophisticated tools, to demonstrate increased 
drug-permeation, solubility, and stability, as compared to FGEL 
and the corresponding API. Second, its BA in vivo and brain 
distribution, was established using a validated bioanalytical 
HPLC method. Third, the pronounced antioxidant and 
anti-inflammatory potential of PHL was boosted in its ASD i.e., 
FPOX through in vitro assays. Further studies can be carried out to 
explore the neuroprotective role of FPOX in behavioural animal 
models, establishing its significance as a potent therapeutic agent 
in conditions like AD.
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XRD: X-ray Diffraction; FTIR: Fourier-Transform Infrared 
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Table S1: Methods of optimizing the formulation

Solvent evaporation (SE)
In this method, a 1mg/ml solution was prepared by dissolving both, the drug and excipient, 
PHL and P188, in solvent (methanol) in a 1:1 ratio. MeOH was then allowed to evaporate and 
the physicochemical parameters were noted.

Melt-fusion (MF)
In a step-down fashion, 100 mg PHL was added to P188, P407 and GEL 48/16 in 03 ratios viz. 
1:10, 1:20, and 1:30. In the next set, two polymers were selected i.e., P188 and GEL 48/16 in the 
ratios 1:5, 1:3 and 1:1 to obtain the optimum combination that offered stability.

Cold-pressed technique (CP)

100 mg PHL was dissolved in different concentrations of polymers P188 and GEL48/16 – i.e., 
30%, 60%, and 90% solutions prepared in 10 ml distilled water and mixed thoroughly. After 
mixing, the solutions were kept overnight at cool temperature (4-8 ֯C) and its properties were 
observed after 24 hrs.


